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Preface

Tissue stem cells and their medical applications have become a major focus of research

over the last 10 years. The ethical issues surrounding the therapeutic use of stem-cell trans-

plantation, and in particular embryonic stem-cell transplantation, have also been the

subject of much attention, particularly in the popular media. In this book, we have

sought to provide a thorough and up-to-date summary of the current position of scientific

knowledge with regard to stem cells from a range of adult tissues, including the skin, the

intestine, and the liver. All the reviews are written by internationally regarded experts in

the field. The different chapters focus on a variety of aspects of stem-cell research includ-

ing the molecular biology of stem-cell regulation, experimental models of stem-cell

function, and the clinical applications of stem-cell biology. They also seek to address con-

troversial issues, such as the debate between stem-cell transdifferentiation and stem-cell

fusion, and the mathematical modeling of stem cells in tissues. We hope Tissue Stem

Cells will provide an essential reference for all those working in this field. We also

hope that this book, with its broad outlook and high-quality authorship, will be of interest

to all researchers and students and not just stem-cell biologists.

Christopher S. Potten

Robert B. Clarke

James Wilson

Andrew G. Renehan
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1
Mathematical Modeling of Stem Cells:
A Complexity Primer for the
Stem-Cell Biologist

Mark d’Inverno
Centre for Agent Technology, Cavendish School of Computer Science, University of
Westminster, London, U.K.

Neil Theise
Division of Digestive Diseases, Departments of Medicine and Pathology, The Milton and
Carroll Petrie Division of Beth Israel Medical Center, New York, New York, U.S.A.

Jane Prophet
CARTE, University of Westminster, London, U.K.

INTRODUCTION

Many of us have been fascinated by the straight line of ants stretching from food sources to

the anthills we found in our gardens. Taking a closer look, we found that this straight line

was made from hundreds of individual, industrious ants, each behaving energetically. If

we next focus on an individual ant’s behavior (from a modeling perspective, looking at

the individual elements of a system is often called the micro view), it is very easy to inter-

pret the behavior of the individual as unfocused and chaotic, and it is certainly very diffi-

cult to interpret its behavior as being purposefulwhen taken in isolation. It is only when we

take a step back and look at the behavior of the entire group (called the macro view) that

we can observe a purposeful global system of behavior. This purpose, bringing food back

to the anthill, emerges from the total of the individual behaviors and interactions of the

apparently undirected individual. Somehow, the sum of the local interactions of each

individual—responding only to their local environment—produces a stable, surviving

system, even though individual ants get lost or die.

This system is a commonly cited example of a large class of systems known as

complex adaptive systems. In this paper, we provide details of several examples of such

systems that illustrate some fundamental qualities and issues, before describing the prop-

erties of such systems in general. We will argue that this is precisely the paradigm to

understand the global behavior of stem cells. We also discuss some of the details of our

current project to model and simulate stem-cell behaviors using this paradigm.

1
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Simulating Ants

Using techniques from computer science, we can build an artificial model of ants to simu-

late the essential behavior of an ant colony by defining the behavior of each ant using the

same simple computational algorithm. Some readers might be unclear onwhat an algorithm

is, but conceptually it is no more than an automatic process, a clearly defined sequence of

explicit instructions. This process defines how the ant should behave, precisely and com-

pletely. Let us consider one possible way to codify an individual ant’s behavior as detailed

in the rules that follow. (This example is adapted from many examples of the ant algo-

rithm. The interested reader is encouraged to look at education.mit.edu/starlogo/and
cognitrn.psych.indiana.edu/rgoldsto/complex/for some excellent examples of complex

systems such as ant colonies.) There are three ordered rules that determine behavior:

Rule 1. Wander around randomly.

Rule 2. If you do happen to find some food, take it back to the anthill and leave a

trail of pheromones that will evaporate over time. Once you have done this

go back to Rule 1.

Rule 3. If you find a pheromone trail, then follow it in the direction that takes you

away from the anthill until either:

(i) You find food and can perform Rule 2, or

(ii) The trail disappears, in which case, go back to Rule 1.

It is a simple matter to set up this simulation. First, we build an artificial model of an

environment that is typically a two-dimensional space. This environment will contain the

ant colony and several sources of food scattered around within it. We then program each of

our ants with exactly the same algorithm described earlier. Lastly, we provide some initial

conditions for this simulation as follows:

1. Place the anthill at some location.

2. Place the food sources at other locations.

3. Create a reasonably large (typically greater than 100) number of ants.

4. Position each individual ant at some point close to the anthill.

The program can then be run. This means that each ant starts processing the rules; it

searches randomly and changes its behavior if it discovers entities in the environment,

such as food or pheromones. What is extraordinary about the first time most observers

see such an experiment is just how intelligent and sophisticated the simulated ant

colony behaves as a whole. They soon find the food sources and bring them back, bit

by bit, to the anthill. Some sources are found and depleted more quickly than others

but, in most cases, all the food is discovered and brought back to the anthill.

This example is often used as an exempler of a complex system (1). A complex

system is often described as one in which the overall behavior of a system is somehow

qualitatively different from that of the individual parts; the parts themselves behave as

though they are not goal-directed, whereas the global behavior of the system is meaning-

ful. In our current example, it is a simple matter to perceive the goal of the colony as

searching for, and returning home with, food. This meaning only arises or emerges

when looking at the whole system and comes from the collective behavior and interactions

of a set of simple elements called agents (2). Because each individual agent’s behavior or

interaction may have significant ramifications for the entire future of the system, the global

behavior of any such system cannot be predicted. Currently, there is no mathematical

system that can model complex systems in a sufficiently detailed way for such predictions

to be made. Only by running the simulation can we see what will happen in the future,

2 d’Inverno et al.
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given a specific initial state. It is practically impossible to predict what global behavior

will arise in general. Before we discuss agents, complex systems, and emergence in

more detail, we will first give descriptions of two other examples of systems where soph-

isticated global behavior arises through the very simple behavior of a large number of

interacting computational entities.

Simulating Populations: The Game of Life

One of the first and, at the time, most extraordinary examples of an algorithm-based

system that is often described as an example of a complex system is the so-called

Game of Life by John Conway (3), which he first proposed in the late 1960s. The aim

of constructing this artificial system was to show how the simplest set of rules for individ-

ual agents could be used to generate sophisticated global behavior that modeled some very

basic principles of birth, death, and survival in a homogenous population. By homogenous,

we mean that all agents (as with our simulated ants) had the same set of behavioral rules. In

this simulation, agents would survive or die depending on the conditions of their local

environment. If they were isolated or overcrowded, the agent would die. If neither was

the case, then the agent would survive and, furthermore, in some appropriate conditions

where there was neither overcrowding nor isolation, agents would be born into empty

locations.

The rules of this system were chosen such that the behavior of each population was

unpredictable and, after some revisions, the following set of criteria were developed:

1. There should be no initial configuration for which there is a simple proof (law)

that the population can grow without limit.

2. Even without any such laws some initial configurations can grow without limit.

3. Depending on the initial conditions, the population would either:

(i) change and grow but ultimately die,

(ii) settle into a stable equilibrium that would never change, or

(iii) enter an oscillating phase in which they repeat a cycle of two or more

periods endlessly.

Once again, there are simple agents (called counters) that can inhabit locations in a

two-dimensional grid environment. On each successive clock tick of the system (some-

times called a move and sometimes a generation in the system’s life history) there are

very simple rules about whether counters survive or die or whether new ones are born.

These rules are applied simultaneously as follows:

1. Survival. Every counter with either two or three neighboring counters survives

for the next generation.

2. Death.

(i) Each counter with four or more neighbors dies (i.e., is removed) because

of overcrowding.

(ii) Every counter with one or zero neighboring counter dies from isolation.

3. Birth. Every empty cell adjacent to exactly three neighbors is a birth cell and a

counter is created in this space on the next move.

What was so extraordinary about this system was that it was one of the first to show

how complex global behavior could emerge through the behavior and interaction of a

number of very simple agents. Depending on the initial conditions (which grid squares

had counters at the beginning of time, referred to as t ¼ 0), whole societies would see-

mingly rise then die or oscillate between different stable states, cycling endlessly. The

Mathematical Modeling of Stem Cells 3
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interested reader is encouraged to visit (4) to download and experiment with the

game itself.

Engineering Complex Systems: Robotic Rock Collection on Mars

Rather than wondering in amazement at the emergent global behavior of various systems,

it is often the case that we wish to design a system that has key global properties that arise

from a set of simple interacting agents. One of the best examples of this was in the work of

Steels (5), that was subsequently described excellently by Wooldridge (6). The problem

Steels set himself can be paraphrased as follows:

Suppose we want to collect samples of a particular type of rock on another planet such

as Mars. We don’t know where it is, but it’s typically clustered together. A number of

vehicle agents are available that can drive around the planet and later re-enter a mother

spaceship and go back to earth. There is no detailed map of the planet but it is known

that there are rocks, hills, and valleys that prevent the agents from communicating.

In a solution to this problem, Steels makes use of an agent architecture, first pro-

posed by Brooks, called the subsumption (7,8) architecture. In the subsumption architec-

ture, the different behaviors of an agent are layered with those lower-level behaviors that

are most critical to the agent and that take precedence over any higher-level behaviors. At

the time, Brooks’ work was revolutionary because most researchers believed that the only

way to build robots capable of sophisticated behavior was to use techniques from artificial

intelligence such as symbolic representation and reasoning. He suggested that intelligent

behavior (from the perspective of the individual or group) does not necessarily require

agents to have a sophisticated model of the world. He argued that intelligence could

emerge from simple systems that responded to the environment by stimulus-response

rules, as in the two examples we have discussed previously. In such systems, the environ-

ment provides a stimulus that causes a rule to fire and the agent responds with some beha-

vior that in turn affects the environment and so (possibly) the future behavior of itself and

other agents sharing the same environment.

He pioneered the idea that intelligent systems could be engineered in this way and

that intelligent behavior is an emergent phenomenon arising from the interaction of

societies of nonintelligent systems (7) as stated earlier. Subsumption architecture com-

prises eight task-achieving behaviors, each of which is implemented separately. The hier-

archy of layers reflects how specific the behavior is—the more specific the task, the higher

the level. In the case of the mobile robot, there are eight levels from zero to seven that

relate to contact avoidance, wandering, exploring, building maps, noticing change, dis-

tinguishing objects, changing the world according to goals, and reasoning about the beha-

vior of others.

The first step in the agent’s construction is to build the zeroth control level and, once

this has been tested, to build the first control level on top of the zeroth level. The first level

has access to the data in level zero and can also supply its own inputs to this layer to sup-

press the normal activity of the zeroth layer. The zeroth level continues to execute,

unaware that there is a higher level intermittently influencing its behavior. This process

is then repeated for each successive layer. Subsequently, each layer competes to control

the behavior of the robot.

Before Steels designed his subsumption architecture for each of the agents, he intro-

duced a gradient field, so that the agents could always locate the mother ship. For the agent

to find the mother ship, all it needed to do was move up the gradient. Then he programmed

the agent as follows. The first rule at level zero in the subsumption architecture and,
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therefore, the rule with the highest priority was concerned with obstacle avoidance. The

other rules can then be described in decreasing order of priority as follows. Note that

there are five levels.

Rule 1. If you detect an obstacle, then avoid it.

Rule 2. If you are carrying samples and at the mother ship, drop the samples.

Rule 3. If you are carrying samples and not at the base, then travel up the gradient.

Rule 4. If you detect a sample, pick it up.

Rule 5. Move randomly.

Using this set of rules, the agents are noncooperative. There are no interactions

between them and, there is certainly nothing that looks like global emergent system intel-

ligence. However, inspired by the ant colony example described earlier, he introduced a

new mechanism. The idea was that agents would carry radioactive crumbs that could be

dropped, picked up, and detected by passing agents. Using this simple technique, sophis-

ticated cooperation between the agents could now take place. The rules are almost iden-

tical except that Rule 3 is altered and there is a new level (Rule 5) introduced just before

the highest level behavior to obtain a six-level architecture. These new rules introduce

cooperation between the agents.

Rule 3. If you are carrying samples and you are not at the base, then drop 2 crumbs

and travel up the gradient.

Rule 5. If you sense crumbs, then pick up one crumb and travel down the gradient.

What was extraordinary about this work was that it showed that near optimal per-

formance could occur with a collection of very simple agents. Along with Brooks,

Steels was one of the first to show how intelligent systems could be designed from the

emergent behavior of simple interacting agents to achieve real tasks. From an engineering

perspective, the solution was also significant because it was cheap on computational

resources (these agents are really very simple!) and it was robust. And as with our ants,

one or two agents breaking down would not impact significantly on the overall system

performance.

In many senses, this was an attempt to harness the power of complex systems.

However, there is a very important but subtle point to realize here: the complexity was

predetermined; agents were specifically engineered to achieve an overall system behavior.

However, we can recapture the emergence by realizing that if the simple specification (rule

set) of each of the agents was shown to an observer, all but the most experienced program-

mer would not anticipate the optimal, collective, cooperative system behavior. To the

observer then, the system would be displaying emergence. In short, there is some sense

here of emergence being a personal phenomenon, that “emergence is in the eye of the

beholder” if you like. This is quite important, and we shall discuss emergence and other

issues relating to complex systems that we have touched on in our three examples in

the next section.

EMERGENCE

The systems we discussed earlier are some of the key original examples of computational

complex adaptive systems (9,10). There are many other noncomputational systems that

exhibit the same kind of emergent self-organization including (11) economies, social

organisations [human (12) or animal], embryologic development, the weather, traffic,

ecologies, growth of cities, the rise and extinction of species, and the diversity of
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immune system responses. One key factor that is common to all these systems is that there

is an emergent self-organization arising on the macro-scale from micro-scale interactions

of the individuals constituting the system.

There has been a great deal of debate about what constitutes such systems, but it is

essentially the notion that some kind of order or structure or intelligence occurs that is not

predetermined. Perhaps, the best definition of emergence (and certainly one of the most

cited) is given by Cariani (13). He first describes emergence as involving “the creation

of qualitatively new structures and behaviors, which cannot be reduced to those already

in existence” and then goes on to describe three kinds of emergence: computational, ther-

modynamic, and “relative to a model.”

Computational Emergence

The three examples we first described in this chapter can be seen as examples of

computational emergence in which complex global behaviors or structures arise from

local computational interactions. Cariani makes the point that such emergence occurs

only because of the observational frame through which the system is considered (i.e.,

the kind of person the observer is, and the degree of technical understanding of the

system’s underlying algorithms they have). He argues that because there is simply a set

of initial conditions and behavioral rules, there is a sense that everything is predetermined

and the consequence of this is that nothing is emergent. In Cariani’s view, therefore, the

game of life is not displaying emergence, because as soon as you encode it in a

program, you have by default defined the set of possible states for that program. Introducing

stochastic (random) elements into the program does not help either, he argues, because even

random elements are at some lower level of the computational process deterministic. That is,

the random parameters are themselves actually generated by deterministic algorithms.

A good way to understand how something at one level can be random but at another

lower level completely determined is in the tossing of a coin before a football game. The

home captain tosses the coin into the air and the opposition captain calls. From the per-

spective of both captains, as the coin is spinning in the air, whether the coin ends up

heads or tails is totally up to chance. Half the time it will be heads and half the time

tails, and that is all both captains know. If, however, the opposition captain was possessed

with extraordinary powers of perception and mathematical ability, they could work out the

rate of spinning, gravitational pull, air resistance, wind velocity, and so on and calculate

with all certainty whether the coin will land on its head or not. At this lower level then, the

tossing of a coin is a deterministic process completely decided by the laws of physics. As

soon as we return to the higher level of everyday human modeling and perception, we lose

this determinism, and nondeterminism is reintroduced.

In order to reintroduce emergence into work from multi-agent systems and related

disciplines such as Artificial Life, Cariani then moves toward introducing a more prag-

matic definition of emergence as being relative to a model.

Emergence Relative to a Model

While there is no “system emergence” with any computational system, there is clearly

emergence occurring from the point of view of the observer, and so Cariani provides

this very pragmatic view. (Recall our previous comment “emergence is in the eye of

the beholder.”) Emergence arises “relative to a model,” because an observer of a compu-

tational system does not typically have a detailed view of the processes that occur inside

the system. That is, the observational frame is incomplete and the observed emergent
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behaviors arise because they are based on issues that are outside of this frame. A more

succinct definition of this type of emergence is the “deviation of the behavior of a physical

system from an observer’s model of it.” Cariani summarizes this category as follows:

The emergence-relative-to-a-model view sees emergence as the deviation of the beha-

vior of a physical system from an observer’s model of it. Emergence then involves a

change in the relationship between the observer and the physical system under obser-

vation. If we are observing a device which changes its internal structure and conse-

quently its behavior, we as observers will need to change our model to track the

device’s behavior in order to successfully continue to predict its actions.

Thermodynamic Emergence

This category is a much stronger, physical view of emergence and is essentially character-

ized as the emergence of order from noise in the physical environment. Again though, it is

the phenomenon where nondeterministic processes at the micro-level lead to structures or

behaviors at the macro-level. The typical example of this type of emergence is when con-

sidering a particular gas such as oxygen. The nondeterministic behavior of electrons,

atoms, and molecules somehow leads to a stable gas with well-defined properties relating

to pressure, temperature, and volume at a higher level.

However, there is also some notion here of emergence relative to a model, even

though Cariani sees fit to distinguish it from computational emergence. Gas is only an

emergent property of molecules, because we do not fully understand how that process

works. If we could understand all the laws of the universe, then getting gas from molecules

might seem pretty obvious to us. Taking this view, it would seem that the only way to

understand the phenomenon of emergence is by having a model of the individuals (obser-

vers) who are perceiving it.

COMPLEX ADAPTIVE SYSTEMS WITH MULTIPLE

INTERACTING AGENTS

Although there is no agreed upon definition of exactly what constitutes either a complex

system (14), emergence (15), or even what an agent is (16), there are a number of general

properties that we list and outline here that have been instrumental in guiding our work in

modeling the society of stem cells:

. Order is emergent rather than predetermined.

. The system’s future is, in general, unpredictable.

. The basic entities of a complex system are agents. There is a huge debate that has

been raging for years about what constitutes an agent (16) but, in this context,

they are autonomous or semi-autonomous entities that seek to maximize some

measure of usefulness (this could relate to a goal, motivation, or utility) by

responding to the local environment according to a set of rules that define

their behavior. (This is sometimes referred to in more economically-biased

accounts as the agent’s strategy.)

. The individuals are not aware either of the larger organization or its goals and

needs. Clearly any single agent within the system cannot know the state and

current behavior of every other agent and, as a result, cannot determine its beha-

vior based on such complete global system information. Instead, the behavior of

agents is governed by rules based on the local environment.
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. Agents typically follow reactive rules that are typically of the form: if condition

then fire action. For example, a possible rule for an agent might be if there’s a

space next to me and I am currently too hot, then move into an empty space.

. Agents can perceive aspects of the environment they are in and can act so as to

change the state of the environment. Critically, in a complex system, agents must

affect the environment in such a way that the environmental change can (i) be

perceived by others and (ii) affect the behavior of others. (Recall the difference

between the noncooperative and cooperative versions of the robot vehicle rock

collectors.) That is, the agents must have a reasonable degree of interaction

beyond that of, say, simple obstacle avoidance (17).

. The rules of an agent will often contradict and there must be some mechanism

(possibly nondeterministic) for selecting from competing behaviors/rules. In
general, the behavior of an agent will not be deterministic.

. Agents may be equipped with the ability to adapt and learn rules so as to have a

more effective way of maximizing their usefulness in given situations. New rules

would try, for example, to make the agent more able to act effectively in a wider

variety of environmental situations.

. Rules may compete for survival. The more a rule is used in determining beha-

vior, the greater the chance that it has of surviving in the future. Rules that

are seldom or never used will have less chance of survival. Rules may change

randomly or intentionally and may be integrated for more sophisticated action.

. Agents are resource-bounded and can only perceive (or experience) their local

environment. Typically, they will also have the ability to determine what to

do next when there is incomplete or contradictory sensory information about

their local environment. It is also possible that agents might have access to

some global information.

. A few individuals or agents will not make a sustainable complex system. It is

only when the number of agents reaches a certain critical threshold that the

system will exhibit global, meaningful behavior.

Using these basic principles, we have built and are currently implementing a model

of stem cells and cell lineages. There are also several others who have done similar work

that we discuss briefly here.

MODELING STEM CELLS AND CELL LINEAGES AS

COMPLEX ADAPTIVE SYSTEMS

Although mathematical modeling of stem-cell lineage systems is critical for the develop-

ment of an integrated attempt to develop ideas in a systematic manner, it has not been a

research area that has received a large amount of attention. Over the last year or so,

there has been a noticeable climate change in this respect, and there is now a growing

awareness of the need to use mathematical modeling and computer simulation to under-

stand the processes and behaviors of stem cells in the body. Some reasons have been

pointed out by Viswanathan and Zandstra (18) in an excellent survey of mathematical

techniques for predicting behaviors of stem cells. We summarize the key points here:

. In the adult body, stem cells cannot be distinguished morphologically from other

primitive nondifferentiated cell types.

. Extracting stem cells from an embryo means sacrificing it, posing serious ethical

difficulties.
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. There is no way to determine whether any individual isolated cell is a stem cell

and to be able to model what its potential behavior might be. It is not possible to

make any definite statements about this cell. At best, it can be tracked and its

behavior observed, though clearly this behavior is simply one of many possible

paths. The notion of a stem cell refers to the wide-ranging set of potential beha-

viors that it might have that are influenced by internal, environmental, and sto-

chastic processes.

. The number of possible interactions and behaviors of a large number of stem

cells makes the system extremely complex in all the senses described earlier.

Theoretical simplifications are key to understanding fundamental properties.

There is, thus, a need for new theoretical frameworks and models that can be directly

mapped to a computer simulation and that look at the dynamic self-organization of

stem cells.

Before introducing a summary of our own work, we will consider some related

theoretical investigations. We first introduce the recent work of Agur et al. (19) as it is

very similar, algorithmically, to the game of life introduced earlier in this paper.

A Simple Discrete Model of Stem Cells

In their recent work, Agur et al. used a model very similar to that of the game of life to

understand what mechanism might be employed for maintaining the number of stem

cells in the bone marrow and producing a continuous output of differentiated cells. This

work is important, because it is one of the few examples where a mathematical model

has been used to show what properties of stem cells might be required to enable the main-

tenance of the system’s homeostasis.

Essentially, they model a niche as having the ability to maintain a reasonably fixed

number of stem cells, to produce a supply of mature (differentiated) cells, and to be

capable of returning to this state even after very large perturbations that might occur

through injury or disease. The behavior of a cell is determined by both internal (intrinsic)

factors (a local clock) and external (extrinsic) factors (the prevalence of stem cells nearby),

as stated by the authors as follows:

1. Stem-cell behavior is determined by the number of its stem-cell neighbors. This

assumption is aimed at simply describing the fact that cytokines secreted by

cells into the micro-environment are capable of activating quiescent stem

cells into proliferation and differentiation.

2. Each cell has internal counters that determine stem-cell proliferation, stem-cell

transition into differentiation, and the transit time of a differentiated cell before

it migrates to the peripheral blood.

The niche is modeled as a connected, locally finite, undirected graph, but for most

intents and purposes, we can visualize this as a two-dimensional space made up of grid

squares as in the game of life. Their model certainly applies for this topology.

Any grid square is either empty, or it is occupied by either a stem cell or a differen-

tiated cell. A stem cell is able to interpret messages from neighboring locations (horizontal

or vertical, not diagonal) such that it knows what is at those locations. Stem cells can

divide into two stem cells (called proliferation) or become determined cells (no division

takes place). Determined cells stay in the niche for a period and then eventually leave

to enter the bloodstream.
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There are three constant values (let us call them N1, N2, and N3) that are used to

reflect experimental observation. The first constant (N1) represents the time taken for a

differentiated cell to leave the niche. The second (N2) represents the cycling phase of a

stem cell; a certain number of ticks of the clock are needed before the cell is ready to con-

sider dividing. Finally, the third (N3) represents the amount of time it takes for an empty

space that is continuously neighbored by a stem cell to be populated by a descendent from

the neighboring stem cell. The rules of the model, expressed in simple English, are as

follows:

Rule for determined cells

1. If the internal clock has reached N1, then leave the niche. Reset local clock to 0.

2. If the internal clock has not yet reached N1 then increment is 1.

Rule for stem cells

1. If the counter at a stem-cell location has reached N2 and all stems are neighbors,

then become a differentiated cell. Reset the clock to 0.

2. If the counter of a stem cell is equal to N2, but not all the neighbors are stem

cells, then do nothing. Leave clock unchanged.

3. If the counter has not reached N2, then do nothing except increment the clock.

Rule for empty spaces

1. If the counter at an empty grid has reached N3 and there is a stem-cell neighbor,

then introduce (give birth to) a stem cell in that location. Reset clock.

2. If the counter at an empty grid has not reached N3 and there is a stem-cell neigh-

bor, then increase the clock.

3. If there are no stem-cell neighbors at all, then reset the clock to 0.

A move is just as it is in the game of life; the next state of the system is a function of

the clock, the state of the cell, and the state of the neighboring cells. All locations are then

updated simultaneously as before. As with the game of life, there are no stochastic

elements. The only real difference is that the agents have a local state (clock) that is not

present in the game of life. What is remarkable here is that this simple model allows

for sophisticated global behaviors to arise. All the basic common sense ground rules of

stem cells to proliferate, to remain quiescent, and to produce continuous supplies of differ-

entiated cells can be found in all the possible behaviors of this systems (That is, if you

discount extreme situations, such as where all the grids are occupied by stem cells.).

Moreover, there is always a sufficient density of stem cells in the niche and the system

never dies out.

Although there are a number of difficulties with this work, in particular the fact that

it requires spaces in the niche to have counters (rather than the cells as originally set out in

the text), it is one of the few attempts to capture observable qualities of stem-cell systems

in a simple mathematical model that can be simulated computationally. It is a very simple

model and, as a result, the authors were able to mathematically prove many properties of

their system, and their results are extremely important for paving the way for a more

sophisticated analysis of various stem-cell-like properties in the future.

What is perhaps most extraordinary about this work is how similar the basic algori-

thms are to that of the game of life and the fact that it took 30 years to get from a cute

mathematical game to cutting-edge work on the theoretical modeling of stem cells!
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Plasticity and Reversibility in Stem-Cell Properties

From a biological viewpoint, the model of Agur et al. does not allow any reversibility or

plasticity in the basic properties of cells. For example, once a cell has differentiated, it

cannot become a stem cell again (or, in a more continuous view, more plastic). Moreover,

once a cell has left the niche, it cannot return. A recent example, an approach that uses a

more sophisticated model and addresses these issues, is that of Loeffler and Roeder at the

University of Leipzig, who model hematopoietic stem cells using various (but limited)

parameters including representing both the growth environment within the marrow (one

particular stem-cell niche) and the cycling status of the cell (20–22). The ability of

cells to both escape and re-enter the niche and to move between high and low niche affi-

nities (referred to as within-tissue plasticity) is stochastically determined. The validity of

their model is demonstrated by the fact that it produces results in the global behavior of the

system that exactly matches experimental laboratory observations. The point is that the

larger patterns of system organization emerge from these few simple rules governing vari-

ations in niche-affinity and coordinated changes in cell cycle.

Another example, also from Loeffler, working with colleagues Potten and Meineke,

models movement and differentiation of small intestinal stem cells from the stem-

cell niche to the villous tip in a two-dimensional lattice-free cylindrical surface (23). In

this model, cells interact by viscoelastic forces. Simulations were compared directly

with experimental data obtained from observations of cells in tissue sections. These

showed that the model is consistent with the experimental results for the spatial

distribution of labeling indices, mitotic indices, and other observed phenomena using a

fixed number of stem cells and a fixed number of transit cell divisions. Moreover, the

model suggested a gradient, perhaps a diffusable protein, which could explain differen-

tiation of cells as they moved up the villus. Thus, not only did the model fit experimental

data already in hand, but it made predictions that could form the basis of new

investigations.

An Agent-Based Approach to Modeling Stem Cells

In our current work, we are building a more comprehensive formal model of cells as reac-

tive agents responding to local environmental factors that can maintain some balance of

cells under various conditions, using the criteria outlined in Section 3. The intention is to

provide a toolkit for researchers and students to investigate behaviors of stem-cell

systems, given a set of rules, environmental influences, and so on. As with Roeder and

Loeffer (22), we will also allow reversibility, plasticity, and nondeterminism, but we

model a greater number of internal and environmental parameters. As with the related

work we have discussed in this chapter, there is something in common here with the

“reverse engineering” approach of Steels and his design of robots to achieve an overall

system behavior. What we wish to do is build our model of a stem cell in such a way

that the overall system behavior has many of the observable qualities viewed in current

medical experiments.

Currently, all cells are modeled as agents with identical abilities, perceptual capa-

bilities, and rules. In line with Roeder and Loeffer (22), we see “stemness” not as a

“yes” or “no” quality of any given cell, but as a continuum of potential behaviors. The

more a cell has stemness, the more likely a cell is to behave in a stem-like way. The

agent model details how the internal state, the local environment (proteins, populations,

fluid pressure, and so on) affect the probabilities of behaving in certain ways, such as

moving to or from a niche and cell division.
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Their state will include information on how many divisions can occur, how likely

the cell is to stay in the niche, whether it’s more or less likely to divide, whether division

is symmetric or asymmetric, how sensitive the cell is to protein signaling in the micro-

environment, how likely it is to react to them once they are sensed, and so on. They

can also perceive local environmental conditions, such as the relative concentrations of

other stem cells and cells at various stages in the set of available lineages we model, as

well as various signaling proteins such as SDF1. Their behavior will be nondeterministic

and based on their current state and the state of the local environment. Emerging from this

nondeterministic micro view, we expect a stable dynamic system that can be re-instan-

tiated even after traumatic events.

Suppose, for example, that a certain stem cell is in a given environment. At any stage,

it will have some probability of dividing and, if it does, there will be some probability of

producing a daughter cell along one lineage and another probability of producing a cell

along an entirely different lineage, and so on. Because we cannot say for certain what

will happen—sometimes one action will happen and, in exactly the same situation, some-

times something else might happen—we introduce randomness or, more formally speak-

ing, nondeterminism into the system. As we stated earlier, most commentators argue that

some degree of nondeterminism is needed for a system to be a complex adaptive one. Self-

organization fails to emerge in completely determined systems.

Once we simulate these agents and run the system so that it is in a kind of stable equi-

librium (of the kind exemplified by the game of life example we described earlier), we can

then consider the effects of disease and life-threatening environments. It will be possible to

model and investigate what kinds of behavioral changes, even of a single stem cell because

of a chance mutation in its rule base, might lead to system imbalance or collapse. In other

words, do precisely defined rule changes mimic known clinical conditions?

This conceptual approach thus focuses on the fact that complex, adaptive systems typi-

cally have multiple equilibrium states where, for example, the number of agents of a particu-

lar kind may be kept constant. An equilibrium can be more or less stable: a very stable

equilibrium needs massive events (either internal or external) to affect it while a nonstable

one can be upset by relatively small events. These less-stable equilibria are more dangerous

for the safety of a system, as a tiny event may lead to massive system change or total system

collapse. Commonly cited examples are mass extinctions of species, collapse of stock

markets, and the demise of cultures and civilizations. It is often changes in the interactions

or behavior at the micro-level that affect phenomena such as mass extinctions.

Analogously, the failure of stem-cell systems is sometimes not merely due to the size

of the internal or external change: it may be simply a necessary result of the generally high

durability and sustainability, but complexity, of the cell system. Aplastic anemia, for

example, a complete failure of the hematopoietic system, may not have a specific precipitat-

ing event. Likewise, acute hepatitis A is usually benign and self-limited, but a very few

infected people suffer massive hepatic necrosis leading to death or the need for transplant.

The unpredictability of these events may relate to our limited understanding of pathogenesis,

but it might instead be inherent because the stem-cell system is a complex one.

In addition, we can use the formal model of our stem-cell complex system to build a

computer simulation of a large system of stem cells and progeny. As we described earlier

in this chapter, computer simulations have been very successful in showing how emergent,

global, self-organizing properties can arise through very simple descriptions of individual

behavior. However, the computational demands required to model large systems are enor-

mous, and we will have to use a grid cluster to perform this simulation of hundreds of

interaction agents.

The formal specification of our model is now being used as the blueprint to build the

simulation. Using logic we can prove that the simulation implements the model exactly
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and completely. As far as we are aware, this has not been achieved before and it means that

observed events produced by running the simulation can be carefully interpreted within

the semantic context of the formal structured model. Careful statistical analysis of our

simulated clinical events may shed a new and very different light on these dire

occurrences.

RAMIFICATIONS FOR CURRENT THINKING

A new perspective from which to debate some of the key contested issues of adult stem-

cell research arises when one considers cell lineages from a complex systems approach.

For example, the longstanding debate as to whether stem-cell lineages are determined

or stochastic processes becomes clear (22). As in the work of Loeffler and colleagues,

the stochastic elements are required to obtain the observable results. Indeed, the increasing

number of articles on the reversibility of gene restriction makes the stochasticity of lineage

fate unavoidable in conceptualizing issues of cell plasticity (24,25). These theoretical

notions are backed up by the results of both clinical studies (26) and single-cell culture

and gene-expression experiments (27,28) where a greater variability of gene-expression

pathways is revealed than would be expected from a complete determinism.

In this paper, we do not go into a detailed discussion of these findings, but we wish to

make it clear that the evidence now strongly indicates a nondeterministic view. This is

crucial for our complex-system interpretation to be appropriate: if we conceive of cell

lineages as complex and adaptive, then stochasticity is implicit because fluctuations are

necessary for self-organizing systems to explore new possibilities.

Another current controversy concerning adult stem-cell lineages relates the often

low engraftment from bone marrow into other system organs: often less than five

percent, sometimes less than one percent, in the absence of overt, severe injury (29,30).

Some have argued that even if bone marrow plasticity can be demonstrated, such low

levels of engraftment from the blood are physiologically trivial and insufficiently robust

to be of relevance to tissue maintenance (31).

However, if we consider these alternate lineage phenomena as parts of a complex

adaptive system, it reveals to us that the converse is more likely to be true. The documen-

ted low level of apparently random fluctuation, this “quenched disorder” that we men-

tioned earlier, is precisely what allows the system to be adaptive. Going back to our

ants example, it is only the small percentage of ants straying from the main path that

enables the formation of new paths to food in the event that the current line becomes inter-

rupted or the food source runs out. From the complex system point of view, the low-level

engraftment fluctuations are critical: without them, robust responses to injury might not be

so efficient or even possible.

It is precisely this intermediate level of stochastic variation, somewhere between a

fully determined system (where all events can be predicted; the behavior of each element

is simply a function of the current state of the whole system) and a totally nondetermined

system where any event can happen at any time (referred to as “chaos”) that makes cell

lineage systems, and therefore our own bodies, complex, adaptive, and alive.

CONCLUSION

We believe that recent experimental evidence makes it clear that it is increasingly necess-

ary to use formal, computational models to investigate the nature of stem-cell systems

rather than stem cells in isolation. There are several key reasons. First, adult stem cells
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cannot be easily isolated; indeed, it may be that it is only by looking at their behavior in a

system, not in isolation, that we can tell what kind of cell we were originally looking at.

Second, even if we were able to track the behavior of a cell in the body, it would only tell

us about one of the possible behaviors of the original cell; it tells us nothing about the

potentially infinite array of behaviors that may have been possible if the environment

and the chance elements had been different. Third, there is evidence to suggest that mech-

anical forces on cells are critical in determining stem-cell behavior. If this is the case, then

any act of withdrawing cells from the original system would potentially affect that cell

irrevocably (32). Fourth, by removing a cell from its original and natural habitat, the

new environmental conditions will influence future behavior and lead to misleading

results. Fifth, it is the totality of the stem cells as a system in the human body that is import-

ant. A key quality of the system is its ability to maintain exactly the right production of

cells in all manner of different situations.

In response, therefore, we have developed a formal model that reflects many of the

key experimental and recent theoretical developments in stem-cell research. Using tech-

niques from multi-agent systems, we are currently building a complex, adaptive system

to simulate stem-cell systems in order to provide a testbed from which to be able to inves-

tigate their key properties in general and to formulate new experiments to identify the

underlying physiological mechanisms of tissue maintenance and repair.
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INTRODUCTION

Many recent experimental findings on heterogeneity, flexibility, and plasticity of tissue

stem cells are challenging the classical stem-cell concept of a pre-defined, cell-intrinsic

developmental program. Moreover, a number of these results are not consistent with the

paradigm of a hierarchically structured stem-cell population with a unidirectional deve-

lopment. Nonhierarchical, self-organizing systems provide a more elegant and compre-

hensive alternative to explain the experimental data.

Within the last decade, our modeling attempts in stem-cell biology have evolved

considerably and now encompass a broad spectrum of phenomena, ranging from the cel-

lular to the tissue level. On the basis of our results, we advocate abandoning the classical

assumption of a strict developmental hierarchy and, instead, understanding stem-cell

organization as a dynamic, self-organizing process. Such a concept makes the capabilities

for flexible and regulated tissue function based on cell–cell and cell–environment inter-

actions the new paradigm. This would permit the incorporation of context-dependent

lineage plasticity and generation of stem-cell heterogeneity, as a result of a dynamically

regulated process. This perspective has implications for a prospective characterization

of tissue stem cells, for example, regarding gene expression profiles and genetic regulation

patterns.

To be validated, such concepts need a rigorous examination by quantitative and pre-

dictive modeling of specific, biologically relevant tissues. In this chapter, we provide some

general ideas on how to proceed with such theories and illustrate this with a working

model of hematopoietic stem cells applied to clonal competition processes. Furthermore,
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we give an example of how to include the possible effects of a spatial arrangement of cells

into the proposed new stem-cell paradigm.

DEFINING TISSUE STEM CELLS

“Is this cell a stem cell?” This frequently posed question implies the idea that one can

decide about the capabilities of a selected cell without relating it to other cells and

without testing its capabilities functionally. We argue that this is a very naive and unrea-

listic point of view. To explain this perspective, let us start by taking a look at the defi-

nition of tissue stem cells, which has been extensively discussed elsewhere (1,2). Stem

cells of a particular tissue are a (potentially heterogeneous) population of functionally

undifferentiated cells, capable of (i) homing to an appropriate growth environment

(GE), (ii) proliferation, (iii) producing a large number of differentiated progeny, (iv)

self-renewing their population, (v) regenerating functional tissues after injury, and (vi)

having flexibility and reversibility in the use of these options. Within this definition,

stem cells are defined by virtue of their functional potential and not by an explicit, directly

observable characteristic.

This choice of a functional definition is inherently consistent with the biological role

of a stem cell particularly linked to the functional tissue-regeneration feature. This kind of

definition, however, imposes difficulties as, in order to identify whether or not a cell is a

stem cell, its function has to be tested. This inevitably demands that the cell be manipu-

lated experimentally while subjecting it to a functional bioassay. This, however, alters

its properties. Here, we find ourselves in a circular situation. In order to answer the ques-

tion whether a cell is a stem cell, we have to modify it. In doing so, we unavoidably lose

the original cell and, in addition, may only see a limited spectrum of responses. In analogy

to the Heisenberg’s uncertainty principle in quantum physics we call this the uncertainty

principle of stem-cell biology. In simple terms, this principle states that the very act of

measuring the functional properties of a certain system always changes the characteristics

of that system, hence, giving rise to a certain degree of uncertainty in the evaluation of its

properties. We believe that this analogy holds true for the functional tissue stem cells in a

very fundamental sense. Therefore, all statements that we can make about stem cells will

necessarily be probabilistic statements about the future behavior under particular

conditions.

CONCEPTUAL CHALLENGES IN TISSUE STEM-CELL BIOLOGY

One essential aspect of the given definition of tissue stem cells is the flexibility criterion.

There is accumulating, experimental evidence for flexibility and reversibility. We would

like to highlight a few of these, preferably related to the hematopoietic system.

It is now widely accepted that tissue stem cells are heterogeneous with respect to

functional properties such as cycling activity, engraftment potential, or differentiation

status, and to the expression of specific markers such as adhesion molecules or cell-

surface antigens. However, recent experimental evidence is accumulating that these prop-

erties are able to reversibly change (3–12). Many authors have described the variability in

the proliferative status of hematopoietic stem cells. One important finding in this respect is

the fact that primitive cells may leave the cell cycle for many days and even months, but

that almost all re-enter cycling activity from time to time. Consequently, there is no pool of

permanently dormant stem cells (13,14). Experimental evidence is also provided for
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reversible changes of the stem-cell phenotypes involving differentiation profiles, adhesion

protein expression, and engraftment/homing behavior associated with the cell-cycle status

or the point in the circadian rhythm (6,15). There is increasing evidence that the expression

of cell-surface markers (e.g., CD34) on hematopoietic stem cells is not constant but may

fluctuate. The property can be gained and lost without affecting the stem-cell quality

(5,16). Other groups investigated hemoglobin switching of hematopoietic stem cells in

the blastocyst GE. Geiger et al. (17) showed that the switch from embryonic/fetal-type
to adult-type globin is reversible. Furthermore, there is a lot of indirect evidence for fluc-

tuations in the stem-cell population based on the clonal composition of functional cells.

Chimerism induced by transplantation studies in cats and mice has been shown to fluctuate

with time (18–22), indicating variations in the composition of active and inactive tissue

stem cells. For the intestinal crypt, there is good evidence for a competition process of

tissue stem cells within the individual crypts. This competition leads to a fluctuation of

the clonal composition with a dynamic instability leading to crypt fission (23,24).

Similar observations were made following retroviral marking of individual stem-cell

clones that highlight the relative differences of inheritable cellular properties between

stem-cell clones and their impact on the competitive potential (25–29). Another level

of flexibility was found for lineage specification within the hematopoietic tissue. It is pos-

sible to bias the degree of erythroid, granuloid, or lymphoid lineage commitment by

several maneuvers altering the growth conditions in different culture systems (4,30).

The present concept of explaining the fluctuations observed in lineage specification is

based on a dynamic network of interacting transcription factors (31–37). Cross and

Enver (38) put forward the concept of fluctuating levels of transcription factors with

threshold-dependent commitment.

Moreover, there is a rapidly growing library of literature that tissue stem cells speci-

fied for one type of tissue (e.g., hematopoiesis) can be manipulated in such a way that they

can act as tissue stem cells of another tissue (e.g., neuronal, myogenic) (39–43). As

suggested by experimental observations on these tissue plasticity phenomena, microenvir-

onmental effects seem to play an essential role in directing cellular development. Very

clearly this tissue plasticity represents a particular degree of flexibility consistent with

the above definition. On the other hand, this phenomenon explains the necessity to

include the homing to a specific GE into the stem-cell definition.

Motivated specifically by these experimental results on stem-cell plasticity, a debate,

whether the view of a strict, unidirectional developmental hierarchy within tissue stem-

cell populations is still appropriate, has been initiated (8,44–50). Although the general

existence of tissue-plasticity properties is widely accepted, the underlying mechanisms

(e.g., trans-differentiation, de-differentiation, or cell fusion) and the relevance of this plas-

ticity potential in normal in vivo systems or even in clinical settings is still unclear. Fur-

thermore, high-throughput analysis of genomic data (e.g., gene-expression profiling) and

signaling studies offer the chance to extend our knowledge on tissue stem cells to the mol-

ecular level (32,51–53). Because classical stem-cell concepts are not able to explain all

these experimental findings consistently, new conceptual approaches and theoretical

models are required.

PREDICTIVE THEORIES AND QUANTITATIVE MODELS

Within the natural sciences, a model is understood as a simplifying abstraction of a more

complex construct or process. In contrast to experimental models (e.g., animal or in vitro

models), we will focus on theoretical models. Theoretical models in biology include
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qualitative concepts, that is, descriptive representations, and quantitative models, that is,

mathematical representations, of a biological process. In contrast to qualitative concepts,

quantitative models allow for an analytical, numerical, or simulation analysis.

The more we realize that we cannot prospectively determine stem cells directly, the

more we need theoretical approaches to cope with the complexity. We believe that there is

a tremendous need for general and specific theoretical concepts of tissue stem-cell organ-

ization, as well as for related quantitative models, to validate the concept by comparison of

model predictions and experimental results. Such a theoretical framework of tissue stem-

cell functioning will have several advantages: The model predictions can assist biologists

to select and design experimental strategies, and they help to anticipate the impact of

manipulations to a system and its response. Modeling is able to discriminate similar

and to link different phenomena. Specifically, models originating from the same principles

adapted to different systems (i.e., tissues or cell types) may help to understand common

construction and regulation principles. Furthermore, they contribute to the understanding

of latent mechanisms or crucial parameters of biological processes and may predict new

phenomena; subsequently, we give a list of general requirements, which quantitative

models should fulfill, in order to be suitable to serve as the bases for a theoretical frame-

work of tissue stem-cell organization. The model cells must consistently fulfill the criteria

listed in the definition of tissue stem cells. This has the following implications:

. The models based on the populations of individual cells to follow clonal devel-

opment conform with the uncertainty principle, and enable the considerations of

population fluctuations.

. They must consider GEs and the interactions between the cells.

. The system has to be dynamic in time and possibly in space.

. The system requires assumptions on mechanism to regulate proliferation, cellu-

lar differentiation, and cell–cell/cell–GE interactions.

. The model concept must be comprehensive in the sense of being applicable to

the normal unperturbed in vivo homeostasis as well as to any in vivo or in

vitro assay procedure. This criterion requests that system-measurement inter-

actions must be consistently considered.

A NEW PERSPECTIVE ON STEM-CELL SYSTEMS

The basic concept of a functional definition of tissue stem cells (see above) has proven

useful. This definition implies that one does not require stemness as an explicit attribute

of cells, but rather considers it as a functional endpoint. Therefore, any concept on tissue

stem cells has to specify assumptions about the mechanisms that potentially control the

regenerative and proliferative potential of these cells such as proliferation, differentiation,

maturation, lineage specification, and homing. Hence, the task is to design a dynamic

process that drives and controls the cellular attributes. The leitmotifs here are the aspect

of capabilities (i.e., actual and potential expression of cellular properties), of flexibility,

and of reversibility. Apparently these aspects are controlled by the genetic and epigenetic

status of the cells and by the activity of the signal transduction pathways including the

transcription factor networks. Clearly, it is presently impossible to describe these pro-

cesses in any reasonable detail. It will, therefore, be necessary to propose a simplified

basic scheme of the cellular dynamics.

One possibility to consistently explain the variety of experimental phenomena

without explicitly assuming a predefined stemness property of the cells has been developed

by our group recently. This approach radically differs from other concepts presented so far
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in the literature. It strictly avoids assumptions that conclude with direct or indirect labeling

of particular cells as stem cells, a priori. We rather attribute to all model cells only func-

tional properties (e.g., proliferating or not having an affinity for homing to a particular GE,

sensitivity to particular growth factors, etc.) and request that the system behavior changes

these properties such that the population fulfills the functional criteria of the stem-cell

definition.

To explain our conceptual approach, let us consider the activity of genes relevant for

the behavior of tissue stem cells. There may be circumstances when sets of genes are

insensitive to activation despite the availability of regulatory molecules. This is the case

if, for example, epigenetic constellations prevent accessibility or if key regulator mol-

ecules such as transcription factor complexes are lacking (54–57). Therefore, we will con-

ceptually distinguish two levels of gene activity control. Level 1 is qualitative and decides

whether a gene is accessible for activation or not (sensitive or insensitive). Level 2 is quan-

titative and describes the degree of gene expression in a sensitive gene. Within this

concept of a two-level control, a gene may not be expressed for two very different

reasons. It may either not be sensitive (level 1 dynamics), or it may be sensitive but

there is no—or only minor—activation due to lack of challenge (level 2 dynamics).

State-transition graphs can be used to characterize this two-level dynamics. If they

contain only self-maintaining and irreversible acyclic transitions between states, a popu-

lation can be self-maintaining but not self-renewing (Fig. 1A). In contrast, Figure 1B and

1C illustrates state-transition graphs, which are characterized by reversible transitions.

X YX Y YX

(A)

(B)

(C)

X YY

X X YYX Y

X Y X

X Y

Figure 1 Examples of simple state-transition graphs according to level 1 and 2 dynamics. X and Y

illustrate certain genes or functionally related gene clusters. Whereas the color is coding for the level

1 dynamics status (black: sensitive, white: insensitive), the font size illustrates the quantitative

expression level according to level 2 dynamics. (A) Irreversible loss of cellular properties due to per-

manent level 1 inactivation. Only self-maintenance of XY state is possible. (B) Due to reversible

changes (plasticity) with respect to level 1 dynamics (sensitive, insensitive), true self-renewal of

XY state is possible. (C) Reversibility (plasticity) of XY state due to changes with respect to quan-

titative level 2 dynamics.
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This would imply the property of true self-renewal, in the sense that cellular properties can

be re-established even if they had been lost or down-regulated before.

Furthermore, we assume that the preferred direction of cellular development is

dependent on GE-specific signals. Therefore, alternating homing to various GEs would

yield a rather fluctuating development. In such a setting, the influence of the environments

would be considerable, in particular, the frequency of transitions between them. For

example, Figure 2 illustrates how signals from different GEs can influence the cellular

fate, that is, the trajectories of cells within a property (e.g., gene expression) space,

with respect to level 2 dynamics. Although only explained for level 2 dynamics, growth

environmental signals could also affect transient or permanent inactivation of genes,

that is, the level 1 dynamics.

Taken together, such a general concept of GE-dependent dynamics of reversibly

changing cellular properties is a possibility to explain processes of self-renewal and differ-

entiation in tissue stem-cell systems.

In the following section, we will demonstrate how this concept, implemented into a

quantitative, mathematical model, has been applied to one specific tissue stem-cell system

to explain dynamical processes of clonal competition in the hematopoietic system.

MODELING OF THE DYNAMICS OF CLONAL COMPETITION

IN HEMATOPOIETIC STEM CELLS

Applying the principles described in the previous section to the hematopoietic stem-cell

system leads to the concept of within-tissue plasticity (2,58), which will be described sub-

sequently. We assume that cellular properties of hematopoietic stem cells can reversibly

change within a range of potential options. The direction of cellular development and the

decision whether a certain property is actually expressed depend on the internal state of the

cell and on signals from its GE. Individual cells are considered to reside in one of two GEs

(GE-A or GE-V). The state of each cell is characterized by its actual GE, by its position

in the cell cycle (G1, S, G2, M, or G0), and by a property (a), which describes its affinity

to reside in GE-A. Cells in GE-V gradually lose this affinity, but cells in GE-A are able to

gradually regain it (level 2 dynamics). Furthermore, cells in GE-A are assumed to be non-

proliferating (i.e., in G0), whereas cells in GE-V are assumed to proliferate with an

X

Y

GE−I

X

Y

GE−II

X

Y

repeated GE changes

Figure 2 Dependency of cellular development on GE. This figure illustrates the actual position of

a cell (†) and the preferred developmental directions (arrows) with respect to level 2 dynamics of

cellular properties X and Y (e.g., gene expression) depending on the actual GE. Alternating between

different GEs can induce fluctuating expression of cellular properties (quantitative plasticity), as

illustrated in the right-most panel by one possible example trajectory. Abbreviation: GE, growth

environment.
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average generation time tc. The transition of cells between the two GEs is modeled as a

stochastic process. The corresponding transition intensities (probabilities of GE change

per time step a and v) depend on the current value of the affinity a and on the number

of stem cells residing in GE-A and GE-V, respectively. If the attachment affinity a of

an individual cell has fallen below a certain threshold (amin), the potential to home to

GE-A is inactivated (level 1 dynamics). These cells are released from the stem-cell com-

partment and start the formation of clones of differentiated cells. Figure 3 gives a graphical

illustration of the model structure and of the cell number dependency described in the

model by the transition characteristics fa and fv.

A mathematical representation of this concept has been implemented in a computer

program. Using extensive simulation studies we could demonstrate that this model can

describe a large variety of observed phenomena, such as heterogeneity of clonogenic

and repopulation potential (demonstrated in different types of colony formation and repo-

pulating assays), fluctuating clonal contribution (observed in chimeric animals or in indi-

vidual clone tracking experiments), or changing cell-cycle activity of primitive

progenitors (described by the use of different S-phase labeling studies) (22,58,59). One

of these phenomena—the competition of different stem-cell populations in mouse chi-

meras—will subsequently be used as an example to illustrate the potential of mathematical

modeling in describing and explaining biological observations.

In order to apply the model to a mouse chimera setting, that is, to the coexistence of

cells from two different mouse strain backgrounds (DBA/2 and C57BL/6) in one

Figure 3 Schematic representation of the model concept. (A) The lower part represents GE-A and

the upper part GE-V. Cell amplification due to proliferation in GE-V is illustrated by growing cell

numbers (cell groups separated by vertical dots represent large cell numbers). The attachment affi-

nity a decreases by a factor 1/d per time step in GE-V, but it increases by a factor r per time step in

GE-A. The actual quantity of the affinity a is sketched by different font sizes. If a fell below a critical

threshold amin, the cell lost its potential to switch to GE-A, and a is set to zero (represented by empty

cells). Transition between GE-A and V occurs with intensities a ¼ (a/amax)fa and v ¼ (amin/a)fv,
which depend on the value of a (represented by the differently scaled vertical arrows) and on the cell

numbers in the target GE. Typical profiles of the cell number-dependent transition intensities fa and

fv for different values of attachment affinity a shown in panels (B) and (C). Abbreviation: GE,

growth environment.

Theoretical Concepts of Tissue Stem-Cell Organization 23

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


common host, we consider two populations of cells within one model system. These popu-

lations potentially differ in their model parameters d, r, tc, fa, or fv. This approach allows

the analysis of the influence of these model parameters on the competitive behavior of the

two cell types and, therefore, on the dynamics of chimerism development.

Simulation studies lead to two major qualitative predictions for the chimeric situa-

tion: first, the model predicts that small differences in model parameters may cause

unstable chimerism with a slow but systematic long-term trend in favor of one clone;

second, it is predicted that the chimerism development depends on the actual status

(i.e., cell numbers) of the entire system. For example, system perturbations by stem-

cell transplantation after myeloablative conditioning, cytokine, or cytotoxic treatment,

are expected to result in significant changes of chimerism levels at a short timescale.

These predictions are also supported by previously reported experimental results on the

contribution of DBA/2 (D2) cells to peripheral blood production in C57BL/6 (B6)-D2

allophenic mice (18). In these animals, the D2 contribution declines over time, but can

be reactivated by a bone marrow transplantation into lethally irradiated B6-D2-F1

(BDF1) mice.

To subject our qualitative model predictions to an experimental test and to investi-

gate whether these phenomena could be explained consistently by one single parameter

configuration of the model, a specific set of experiments was performed. To quantitatively

compare experimental data and simulation results, we investigated the chimerism kinetics

in primary and secondary B6-D2 radiation chimeras. The detailed experimental procedure

has been described elsewhere (22). Briefly, primary irradiation chimeras were constructed

by transplantation of fetal liver (FL) cells isolated from B6 and D2 mice into lethally

irradiated BDF1 mice. To measure chimerism levels, blood samples were drawn from

each chimera at various time points after transplantation. The percentage of leukocytes

derived from D2, B6, and BDF1 was assessed by flow cytometry. To determine the

effect of serial bone marrow transplantation on the chimerism dynamics, secondary trans-

plantations were performed. Herein, bone marrow cells from individual chimeric donors at

different time points after primary transplantation of FL cells were transplanted into

cohorts of 5 and 12 lethally irradiated female BDF1 mice, respectively. Identical to

primary hosts, the chimerism was determined by repeated peripheral blood samples in

these secondary chimeras.

To simulate the chimeric development of individual mice, the actual status of each

stem cell, characterized by its attachment affinity (a), its position in the cell cycle, and its

current GE (GE-A, GE-V, or pool of differentiated cells), is updated at discrete time steps

(22). Additionally, the actual number of stem cells in GE-A, GE-V, and of differentiated

cells is recorded at these time points. To determine the number of peripheral blood leuko-

cytes in the simulations, the pool of mature cells (Fig. 3A) is used. Hereby, it is assumed

that the number of mature leukocytes is proportional to the number of cells released from

the stem-cell compartment. Details of amplification, differentiation, and maturation within

the precursor cell stages are neglected in the current model version. Chimerism levels are

obtained by calculating the D2 proportion among model cells within the mature leukocyte

compartment.

Due to the assumed stochastic nature of the GE transition of stem cells, individual

simulation runs produce different chimerism levels even though identical parameter sets

are used; therefore, to determine the mean chimerism levels under a specific parameter

set, repeated simulation runs are performed. To illustrate the average behavior, the

mean chimerism levels are determined at each time step.

Starting from a parameter configuration previously demonstrated to consistently

explain a variety of experimental phenomena in the nonchimeric situation, we fit the

24 Roeder et al.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


simulation outcome to the observed chimerism development in primary irradiation chi-

meras initiated with a 1:4 ratio of transplanted D2 and B6 fetal liver cells. Due to the docu-

mented difference between D2 and B6 cells with respect to their cycling activity, we

assumed different average generation times. However, solely assuming this difference is

not sufficient to explain the observed biphasic chimerism development. Therefore, we

performed a sensitivity analysis of the model parameters controlling the cellular develop-

ment, that is, the differentiation coefficient (d), the regeneration coefficient (r), and the

transition characteristics fa and fv. We found that only differences in the transition charac-

teristics induce the observed biphasic pattern. Although the qualitative chimerism devel-

opment was primarily determined by the transition characteristics, the maximally reached

D2 levels are dependent on the ratio of initially engrafting D2 and B6 cells. Optimal par-

ameter values of the initial D2 proportion of engrafting stem cells and of the shape par-

ameters of the transition characteristics fa and fv have been determined by fitting

simulation results to experimental data using an evolutionary strategy. For technical

details of the fitting procedure and for a description of the specific form of the transition

characteristics, we refer to the work of Roeder et al. (22).

The data points in Figure 4A show the experimentally observed chimerism develop-

ment in unperturbed radiation chimeras together with an average simulation using the

fitted set of model parameters. Without any further change of the model parameters,

our simulations demonstrate that the experimentally observed heterogeneity of chimerism

development in different experiments can be explained by variations in the initial D2:B6

ratio (Fig. 4B). To test whether these parameter configurations (obtained for the compe-

tition situation in chimeric systems) are also able to explain differences in the reconstitut-

ing behavior of nonchimeric D2 and B6 systems, we simulated the reconstitution of

nonchimeric systems using the D2 and the B6 parameter sets, respectively. It could be

shown (22) that the simulations are able to reproduce the differences in the time scales

of reconstitution between D2 and B6, which had been observed experimentally.

Furthermore, using the same parameter configuration, simulations predict that a

reduction of the total stem-cell pool size, as assumed for the transplantation setting,

induces an initial elevation of the D2 contribution in the host (compared to donor chimer-

ism prior to transplantation) followed by a gradual D2 decline (Fig. 4C). This is consistent

with the experimental results obtained by the transplantation of bone marrow cells from a

primary radiation chimera at day 133 after first transplantation into secondary cohorts of

lethally irradiated BDF1 mice, which clearly show a reactivation of the D2 contribution in

the peripheral blood (data points in Fig. 4C).

These results provide an experimental test of our novel concept of tissue stem-cell

organization based on the within-tissue plasticity idea for the situation of competitive

hematopoiesis. Using a parameter configuration obtained by fitting the model to one

specific data set, the mathematical model made several predictions for the situation of

clonal competition and unstable chimerism. We demonstrated that this single parameter

configuration can explain the majority of the presented phenomena in the chimeric situ-

ations and is also consistent with the variety of further phenomena analyzed before

(22,58,59). It should be noted that parameter adjustments for the simulation of each indi-

vidual data set would provide even better model fits. However, it was our main goal to

validate the model by the application of one parameter configuration to several indepen-

dent data sets.

Our results suggest that chimerism levels, observed in the peripheral blood, depend

on the actual dynamic status of the stem-cell system. The simulation studies reveal that

variations in strain-specific cellular properties of stem cells, which sensitively affect the

competitive behavior in a chimeric situation, do not necessarily influence their growth
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and repopulating potential in a nonchimeric system. These findings point to the relative

nature of stem cells and their repopulating potential in general. Therefore, stem-cell poten-

tial must not be regarded as an isolated cellular property, but has to be understood as a

dynamic property taking into account the individual cellular potential, the cell–cell and

the cell–microenvironment interactions. This has potentially important implications for

the treatment of clonal disorders, gene therapeutic strategies, or tissue engineering pro-

cesses where is the goal to control the competitive potential of a specific cell type or clone.

SPATIO-TEMPORAL STEM-CELL ORGANIZATION

The assumption of different GEs suggests that a spatial component might also influence

tissue stem-cell organization. This hypothesis is supported by several experimental find-

ings (60–63); however, it is ignored in the stem-cell model discussed so far. In the follow-

ing, we show that the spatial arrangement of cells in a stem-cell compartment and the
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Figure 4 Simulation results on chimerism development. (A) Data points (open circles) represent

the observed chimerism levels (mean+ SD) in primary radiation chimeras with � illustrating the

initial D2:B6 ratio in the transplant. The solid line shows the simulated chimerism of mature

model leukocytes (average of 100 simulation runs). (B) Effect of the initial D2:B6 ratio: data

points represent the results (mean+ SD) from three independent experiments using different D2

proportions of the transplant. Solid lines represent corresponding average simulation results using

identical parameter sets but different initial D2 proportions: 85%—black, 50%—dark gray,

30%—light gray. (C) The circles show the experimentally observed peripheral blood leukocyte chi-

merism in a primary radiation chimera (single values) and in a corresponding cohort of secondary

host mice (mean+ SD). The solid lines show average simulations for the chimerism development

in the secondary chimeras.
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related effects on the system behavior can consistently be incorporated into the concepts

described earlier.

First of all, an extension of the described model to incorporate spatio-temporal

dynamics requires an explicit physical representation of the cells. As real cells, the

model cells need to have a shape, a volume, and specific biomechanical properties. Fur-

thermore, they need to be able to detect shape and stress changes within their local

environment by sensing the degree of their own extension or compression. Thereby,

these models need to describe a link between shape changes and functional processes

such as proliferation, differentiation, and apoptosis. As a consequence, basic effects of

tissue organization can be attributed to cell contact formation between the basic individual

cells and their local GE.

Due to recent experimental advances (64–66), the possibilities to collect new infor-

mation on biophysical parameters of cells and tissues are rapidly improving. Utilizing this

information, a specific class of so-called “individual cell-based biomechanical models

(ICBMs),” is now available. Recently, we have shown that this model class is capable

of explaining the complex spatial growth and pattern formation processes of epithelial

stem-cell populations growing in vitro (67). ICBMs permit one to model the growth

and pattern formation of large multi-cellular systems as they tie properties averaged on

the length scale of a cell to the macroscopic behavior on the cell population and tissue

level. Consequently, they allow for an efficient simulation and, therefore, permit the analy-

sis of spatial arrangements of large cell populations on large timescales. Thus, ICBMs

enable approaches to cell differentiation, maturation, and lineage specification accounting

for tissue formation and regeneration (68,69). A number of different individual-based

models of cell populations have been studied so far (70).

In the following list, we describe the basic properties of a lattice-free ICBM, which

have been introduced to extend our concepts on stem-cell organization to more general

spatio-temporal dynamics.

. In the spatial model, we assume that an isolated cell adopts a spherical shape. As

the cell comes into contact with other cells or with the substrate, its shape

changes. Cells in contact form adhesive bonds. With decreasing distance, their

contact areas increase and so does the number of the adhesive contacts.

. The attractive cell–cell and cell–substrate interaction is assumed to be domi-

nated by receptor–ligand interactions. We assume homogeneously distributed

receptors/ligands on the cell surfaces and the substrates. Accordingly, the

strength of attraction is proportional to the product of the size of the contact

area AC, the number of receptor–ligand complexes, and the strength of a

single bond.

. Contact formation is accompanied by cell deformations. These deformations

lead to stress in the cell membranes and cytoskeletons resulting in repulsive

interactions. In our model, we approximate a cell by a homogeneous, isotropic,

elastic object.

. Furthermore, we consider a subdivision of the cell cycle into two phases: the

interphase and the mitotic phase. During the interphase, a proliferating cell

doubles its mass and its volume. We model the cell growth process by increasing

an intrinsic (target) volume VT of the cell by stochastic increments. After the VT

reached twice the standard volume V0, the cell enters the mitotic phase and is

split into two daughter cells of equal target volume V0.

In order to enable the model cells to couple shape changes to processes such as prolifer-

ation, differentiation, and apoptosis, we consider a hierarchy of different regulation
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mechanisms (Fig. 5), namely, (i) a biomechanical-mediated form of growth inhibition

(contact inhibition), (ii) an anchorage-dependent growth inhibition (anchorage-dependent

growth), and (iii) an anchorage-dependent programed cell death (anoikis).

In simulation studies, we have investigated the consequences of modifying the par-

ameters for cell–substrate adhesion, the cell-cycle time, and have studied how this affects

the morphology, the biomechanics, and the kinetics of the growing cell population (67).

We found that in particular the cell-substrate anchorage has a significant impact on the

population morphology (Fig. 6). For instance, cells within a monolayer undergo contact

inhibition of growth only for strong cell–substrate anchorage. Thus, anoikis (anchorage-

dependent programed cell death) only substantially contributes to growth control in case

of low cell–substrate anchorage, or if contact inhibition is deficient. Whether a variation

of the substrate anchorage can initialize the formation of self-organized and spatially

AC=0
Cell is removed with rate wA<1/t

AC=0
Cell is not able to start growth

VA<Vp

Cell is not able to start growth

biomechanical mediated 

growth inhibition

(contact inhibition)

anchorage dependent

growth inhibition

(anchorage dependent

growth)
anchorage dependent

programmed cell death

(anoikis)

Figure 5 Cellular regulation mechanisms controlled via cell–cell and cell–substrate contacts and

cell deformation/compression. AC is the contact area to the substrate; VA the actual cell volume; Vp a

threshold volume.

Figure 6 Top view of the macroscopic morphology of growing cell populations with N ¼ 10,000

cells. Cell anchorage strength: (A) 200 mN/m and (B) 600 mN/m. The shaded value of the cells is a

marker of the cell target volume VT. Dark shaded cells indicate imminent cell division.
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structured clonogenic units (cell niches), which are able to reproduce themselves, remains

an open question.

Our model analysis on epithelial cell layers predicts that weak substrate anchorage is

accompanied by a continuous cell shedding out of the basal layer and consequently by an

ongoing self-renewal of the population (Fig. 6A). In contrast, strong anchorage results in

stable growth and an aging population (Fig. 6B). However, the property of self-renewal is

also conserved in the latter case and perturbations, for example, emanating from the

induced death of cells, would be followed by an immediate re-growth of the population.

The proposed ICBM links properties of individual cells and the substrate on a small

spatial scale to the macroscopic spatio-temporal dynamics of a cell population. All cells

were assumed to be capable of proliferation and able to produce an unlimited number

of progeny. Thus, each cell has the potential to self-maintain the population and to regen-

erate (self-renew) after injury. In this respect, the cells comply with the stem-cell criteria

introduced earlier. However, the capabilities to differentiate and to undergo lineage spe-

cification are not yet included in our model representation at the moment. The challenge

is to develop a generic theoretical framework of cell–environment interactions, which is

controlling these processes. For that purpose, one may allow for cell-specific parameters,

which fluctuate due to varying interactions of the cells with their local environment. In

other words, one may consider reversibly changing biophysical properties of the cells,

combining the general concept of within-tissue plasticity and the concept of spatial

effects of tissue stem-cell organization.

How does the cell microenvironment actually influence the cell properties? Exper-

imental studies demonstrate that cells adapt their shape to micro-patterned structures

(71,72) and sense their stiffness (73,74) and composition (60,75), thereby changing

their growth and differentiation properties. This may include changes of their own specific

gene expression. Models of tissues with spatio-temporal organized stem-cell compart-

ments, such as the intestinal mucosa might have to consider all these effects and will be

a considerable challenge.

CONCEPTUAL NOVELTY AND ACHIEVEMENTS

The concepts proposed earlier may change the paradigm of the thinking about stem

cells. Rather than assuming that these cells are specialized in the first place, we suggest

that they are selected and modified due to interactions with the GE. Their properties are

considered to fluctuate permanently so that some cells meet a situation of expansion

and growth. Therefore, tissue stem cells are conceived as cells capable of behaving in a

variety of ways and, hence, it is their potential and the flexibility to use this potential

that matters.

We argue that it is conceptually misleading to consider stemness as a specific prop-

erty that can be determined at one point in time without putting the cells to functional tests.

The potential of stem cells relates rather to the complexity of the state-transition graphs

describing the potential dynamics of gene/protein activation than to the actual activity

status in one of these states. This has implications for attempts to define tissue stem

cells, for example, by gene- or protein-profiling (76–81). There are several problems

that we envisage. First, molecular profiles obtained by high-throughput technologies

(e.g., micro-arrays) are mostly measured on cells obtained from negative selection pro-

cedures leading to a heterogeneous mixture of cells. Second, the assays typically represent

snapshots at one point in time. However, such snapshots give little insight into the poten-

tials and the dynamic responses of a (stem) cell population. It would be essential to track
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the molecular profiles over time in various experimental settings putting the system under

various modes of stress. Such an approach is necessary to sketch the topology of gene/
protein activity networks and to identify (potentially reversible) developmental and regu-

latory pathways. Third, to conform with the functional definition of tissue stem cells, it

will be crucial to correlate the molecular activity network to the functional capabilities

of the cells in functional assays. Hence, all techniques based on snapshot measurements

of some surface markers or gene activity patterns must be considered as surrogate tech-

niques. At present we cannot see the possibility for a molecular definition of tissue

stem cells, disregarding functional aspects as a reference point. Thus, we are reluctant to

believe that tissue stem cells can be defined by a “tissue-stem-cell chip.” Such an approach

would ignore the two basic aspects of stem-cell potentiality and of cell growth–

environment interaction. Furthermore, the uncertainty principle discussed would still

apply and all statements could only be made in a probabilistic sense. However, gene-/
protein-profiling approaches are still a possibility to select cells with properties required

for (potential) stem cells and one can expect a more detailed insight into the mode of

stem-cell operation by investigating the underlying mechanisms. In particular, one can

hope for test procedures to screen functional capabilities of tissue stem cells.

There are a number of further predictions arising from the proposed mathematical

models. One basic prediction is that two twin cells originating from the same mother

cell put into different GEs will take different development paths. This is, however, also

predicted if they are placed into identical GEs. The ongoing fluctuations will eventually

lead to different fates. Another prediction concerns clonal evolution. All our model simu-

lations presented are based on a simultaneous activity of several co-existing tissue stem

cells. They generate several clones and the situation is polyclonal at any given point in

time. This should always be evident shortly after introducing some genetic markers

(e.g., retro- or lentiviral marking). However, there are fluctuations and some active

stem cells become silent (or get lost) and others are activated. Thus, the clones contribut-

ing to tissue formation change with time. Actually, in the long run, the pattern is predicted

to change. If one could label all cells in a tissue with a unique marker, our simulations

would predict that coexistence is impossible in the long run and that descendents from

one clone will eventually generate all active stem cells in the tissue. This conversion to

long-term monoclonality is a consequence of fluctuations. It would, however, not be poss-

ible to know in advance which clone will be the winner. Hence, we predict that depending

on the time scale of measurement, it is equally valid to argue that stem-cell systems are

polyclonal (actual activity) andmonoclonal (descendent status) at the same time. A detailed

understanding of the long-term dynamic features will be important in gene therapy based on

random insertion of genes into tissue stem cells. A third important model prediction con-

cerns the role of self-renewal. If one has a stem-cell system with a homogenous population

of cells, self-renewal and self-maintenance are actually equivalent. In stem-cell systems

with heterogeneity the distinction is very important. One can prove that systems that are

only capable of self-maintenance can live for a long time but will, with certainty, die out

at some point in the future. The reason is that once a sub-population at the root of the

network is lost it cannot be recovered. Self-renewal is a mandatory prerequisite for a

system that is structurally robust against repeated damage and extensive stress. We, there-

fore, predict that self-renewal is an essential property of stem-cell systems, but it may be a

very slow and selective process and, therefore, difficult to detect.

Our reasoning has emphasized the role of cell–cell and cell–microenvironment

interactions. This implies that specific attention needs to be paid to the role of the micro-

environment, which is a complex subject itself. GEs encompass an element of spatial

neighborhood to other stem cells and matrix cells, ways to adhere to them and ways to
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receive signals (growth factors, direct cell contacts, gap junctions, and pseudopods). GEs

may home a cell for a certain while and can then be called a niche. However, such niches

may have limited life times, and currently little is known about the dynamic changes of

GEs. Any kinetic changes present will, however, increase the fluctuations in the stem-

cell population. Our approach to include biomechanical properties of cells and, therefore,

to include a spatial component into the control of cellular fates is one possible way to get

more insight into the underlying mechanisms of cellular interaction.

In summary, our modeling approaches prove that one can conceive regenerative

tissue systems fully consistent with the functional definition of stem cells, without assump-

tions on unidirectional hierarchies, preprogramed asymmetric divisions, or other assump-

tions implying a priori, the entity of predetermined tissue stem cells. It has been shown by

our modeling that functional, self-organizing systems with stochastic components (sources

for generation and for elimination of variance) are powerful, alternative concepts to

explain tissue stem-cell organization consistently. We, therefore, propose a revised con-

ceptual view on tissue stem-cell organization, replacing the classical perspective of a pre-

defined stem-cell entity by considering stem-cell potential as a system property resulting

from dynamically controlled cell–cell and cell–microenvironment interactions (Fig. 7).

Concluding from these conceptual insights, the major experimental challenge is, in

our opinion, to explore the potential repertoire of cell populations containing tissue stem

cells, that is, to focus on the scope of skills rather than on selected individual abilities.

Also, modeling approaches need to be extended in several regards. First, more simulation

studies are required to demonstrate that the concepts proposed comply with a broad spec-

trum of data. Furthermore, it will be important to show that the same general model prin-

ciples hold for tissue stem cells as diverse as the blood-forming stem cells, epithelial stem

cells, and other systems. The major challenge in the field of theoretical modeling,

however, is the design of predictive models, which can bridge the different levels of

description (i.e., tissue, cells, and molecules) and, hence, link a molecular description

of tissue stem cells to the functional definition. It is evident that modeling, besides the

new bioinformatic methods in data analysis, will be important to link data from all

these three description levels into one comprehensive framework.
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EVOLUTION OF MECHANISMS OF MAMMALIAN TISSUE CELL

GENETIC FIDELITY: THE NEEDS OF A FEW

Although DNA is thought of as the most stable known biological molecule for storage and

retrieval of phenotypic information required for the production and functional integration

of mammalian tissue cells, it is still quite mutable on the timescale of mammalian life-

spans. It is estimated that one of every 1500 of the 3 billion base pairs of DNA in a

human cell undergoes either a chemical conversion or a replicative mismatch each day

(1–3). Highly efficient DNA repair mechanisms revert most of these changes, but those

that escape are the engines of creation in the DNA code. On the evolutionary timescale,

the mutable nature of DNA is thought beneficial to species by giving rise to variants

that are more fit for survival. However, for individuals, the same mutability leads to

chronic diseases such as cancer, adversely affects offspring, and may contribute to

tissue aging.

Most adult tissue cells contain a copy of the genome of their zygotic precursor. The

importance of the fidelity of a given cell’s copy to the health of a mammal depends on that

cell’s position in the cell kinetics architecture of its tissue of residence. The majority of

mammalian tissues are formed by arrays of repeating micro-anatomical tissue units

(e.g., pits, crypts, columns, follicles, papillae, and tubules) that undergo reiterative devel-

opment throughout the adult lifespan. This process has been referred to as cell renewal or

tissue turnover (4–7). As a result of cell renewal, genetic fidelity may not matter much at

all in most adult tissue cells, because their lifetimes in tissues are short compared with the

mammalian lifespan (6–10).

Although the specific rates vary, most mammalian tissues undergo continuous cell

turnover. This property is best described for epithelia (4–7,9,10), but it has even been

observed in tissues like those of the brain that, until very recently, were considered by

many to be devoid of cell renewal (11). Invariably, cell renewal division in mammalian

tissues is compartmentalized. It is limited to relatively undifferentiated cells found exclu-

sively in discrete segments of repeating tissue units. Cell production by these cells
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replenishes associated larger segments of the unit that contain differentiating cells and

mature terminally arrested cells. As expired or damaged terminal cells are lost from dif-

ferentiated segments of tissue units because of natural tissue processes such as apoptosis

and wear, they are replaced by the immigration of differentiating progeny from divisions

in the associated proliferative segments of tissue units. One of the best-studied examples

of this cell kinetics architecture is the small intestinal epithelium. The repeating crypt-

villus unit of this epithelium exemplifies the micro-anatomical insulation of generative

cells from their adjoining maturing differentiating descendants (7,9,10).

Two types of cells are postulated to co-exist in the proliferative compartments of

renewing tissue units, adult stem cells (ASCs) and their proximate dividing progeny, vari-

ably called progenitor cells or early transit cells. The non-stem-cell progeny proceed along

a developmental path that involves overlapping programs of division, cell-cycle arrest,

maturation, and terminal differentiation. In contrast, ASCs persist in a state characterized

by phenotypic immaturity and long-term division capacity (12). The founding motivation

for invoking two cell types, instead of only one, was primarily a mathematical logic, with

little scientific verification (12,13). The proliferative compartments of tissue units have no

known entry point for an exogenous source of new cells and there is a continual exit of

differentiating progeny. Thus, to maintain its relatively undifferentiated phenotype, the

proliferative zone must possess a mechanism for asymmetric self-renewal (13). It must

continuously produce cells that become mature differentiated cells, while preserving suf-

ficient immature generative cells to maintain the zone.

Both stochastic and deterministic mathematical models have been advanced to

account for ASC asymmetric self-renewal, but the answer to this vexing cell kinetics

riddle remains elusive (12,14). Mathematically, the two models are equivalent, but bio-

logically they have fundamentally different consequences. In stochastic constructs,

individual stem cells are permitted to undergo direct differentiation to a non-stem cell phe-

notype. ASC differentiation, which alone would result in extinctions of tissue units, is

balanced by symmetric ASC divisions that produce two ASCs (12,15). In deterministic

constructs, ASCs do not differentiate into non-stem cells (12,13,16,17). Their programmed

state is individual asymmetric self-renewal in which each cell division produces a new

ASC and a non-stem cell daughter. Tissue requirements for multiplication of tissue

units are met by regulated shifts of ASCs to transient symmetric self-renewal. Although

intense effort has been brought to bear on the question of the exact mathematical form

of ASC asymmetric self-renewal in tissues over the past two-and-a-half decades, it has

proven to be a single challenging problem in mammalian cell biology, and to this day it

remains unresolved.

The discussion of the nature of cell identities in the proliferative zones of tissue units

has been a major driving force for ideas on the role of gene mutation in tissue disease etiol-

ogy, especially carcinogenesis. The basic concept that is gaining wider recognition and

acceptance is that non-stem cells (i.e., progenitor cells, transit cells, and terminally differ-

entiated cells) do not have sufficient lifetimes in tissues to be frequent sources of cancer

cell development. Mutations would have to disrupt their programed march through differ-

entiation, maturation, and terminal arrest to final death or loss from the tissue before they

could be effective in tumorigenesis. Although not impossible, the alignment of mutations

and tissue alterations required for such an effect is considered too improbable to account

for most cancers (6–8,10).

It is more likely that the cells in which carcinogenic mutations matter most are

ASCs. Mutations in ASCs are inherited by all of their progeny and their descendants.

For cancers that may require multiple genetic changes, long-lived ASCs provide incubator

genomes for accumulation of mutations that are passed on to progeny cells. Even though
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transit cells and terminal cells might inherit sufficient alterations from their ancestral ASCs

to initiate tumor formation, their turnover kinetics is still postulated to be sufficiently rapid

to flush them from the tissue before they can do so. In contrast, the originating mutations in

ASCs, being in long-lived retained cells, are able to initiate cancers (6–8,10).

The ASC-subtended tissue unit, or tissue turnover unit (8), may be the fundamental

biological unit for cancer and other pathological processes that develop in the post-

embryonic tissues of diverse mammalian species and potentially other vertebrate

species as well (18). This paradigm predicts that the key determinants of cancer develop-

ment will not be simply mutation rate and total body cell number. Instead, they will be the

number of long-lived ASCs, the relative number of non-stem cells in their turnover units

(6), cell transit rates through turnover units relative to lifespan, and the rates of mutation

fixation by the stem cells. Although there are still many intriguing facets of the ASC turn-

over unit that remain to be elucidated, this basic concept resolves perplexing problems in

cancer cell biology such as Peto’s paradox (18–20) and the cellular basis for cancer stem

cells (21). It also focuses the discussion of the evolution of mechanisms for tissue cell

genetic fidelity sharply on the need for ASCs to remain error-free until mammals reach

reproductive maturity.

AN EXACT DEFINITION FOR THE LONG-LIVED NATURE OF ASCs

In light of the historical basis for the above discussion (6,7,10,13) and the writings of

others on the topic as well (22–24), the recent excitement over the revival of the

concept of tumor stem cells (21) is both an amusing and welcomed development. In a

similar vein, there is one aspect of the previous characterization of normal ASCs, and simi-

larly cancer stem cells, that is so imprecise that its wide acceptance and usage is rather

surprising. This is the convention that ASCs are “long-lived.”What does it mean for a con-

tinuously dividing cell to be “long-lived?” As division occurs with renewal of nearly all

cellular constituents (semi-conservatively replicated molecules such as DNA and centro-

somes being exceptions), with each ASC division, a newly made ASC is born. Therefore,

ASCs are not long-lived at all. As individuals, they are, in fact, rather short-lived.

Now this point is not a frivolous semantic. Recognizing it and refining the scientific

language used to discuss it is critical for the formulation of applicable ideas about the

nature of ASC genetic fidelity. A more exact characterization of ASCs is that their pheno-

typic program is long-lived. The adult “stemness” (13) program has at least two identifi-

able components: the ASC’s genome sequence and its phenotypic expression. Alterations

in either of these can have dire effects on the tissue units that stem cells subtend, and,

accordingly, the tissues and mammals in which they reside. Although the stemness phe-

notype is ultimately derivative of the ASC’s genomic DNA sequence, the epigenetic,

post-transcriptional, post-translational, and extra-cellular determinants, which are not

explicitly encoded in an ASC’s genome, may also play a role in the maintenance of the

stemness phenotype. The main goal of this chapter is to review published evidence for

mechanisms that function to preserve the DNA sequence of ASCs and contemplate

their possible consequences for mammalian tissue function.

Before specifically addressing mechanisms of mutation avoidance, a further step of

refinement of the precept of “long-lived” is needed. If DNA, which is continuously syn-

thesized in cycling ASCs, were randomly segregated at mitosis to non-stem cell daughters,

then the long-lived entity responsible for stemness would be the information encoded by the

DNA and not the DNA molecules per se. This is because both newly synthesized DNA

strands and hybridized older template strands would be randomly segregated to non-stem
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progeny. With a geometric rate of dilution, similar to the ASCs in which they reside, old

DNAmolecules would continuously be replaced by newmolecules from semi-conservative

DNA replication. In this scheme, when a mutation occurred in an ASC, its fixation in

the genetic code of the ASC compartment would be the event that eroded stemness. This

would occur even though its actual DNA molecules were not long-lived at all. Thus, the

only long-lived feature of ASCs would be the unique information they held, the complete

program for constructing and maintaining their tissue units. Mutations that became fixed in

their short-lived DNA molecules would become a fixed part of their information code.

We turn now to how such mutations in ASCs may arise.

MUTAGENESIS MECHANISMS IN ASCs

A discussion of the nature of mutagenesis mechanisms in ASCs must begin with acknowl-

edgement that very little is known about the exact origin of mutations within mammalian

somatic tissue cells in general. Unlike germline mutations that can be deciphered directly

by analyses of gene mutations in offspring (25,26), the nature of somatic cell mutations has

been largely inferred from observations made with cultured cells (20), transgenic engin-

eered reporter mice (27), and analyses of diseased tissues such as tumors (20). Each of

these approaches has contributed to important advances in understanding mammalian

cell DNA mutagenesis, culminating in an exhaustive catalogue of the many ways (1–3)

in which mutations may arise. However, each has shortcomings because of their indirect

nature (20,27). For example, in the case of mutations detected in tumors, it is difficult to

determine whether they are responsible for the observed tissue pathology or secondary to

it. In some specific cases, the mutation signature is sufficiently specific to support infer-

ence of the responsible mechanism with a high degree of confidence. An example of

this is C to T transitions that occur as a result of the higher rate of spontaneous deamination

of C to T at methyl-CpG sites (28). For most somatic mutations, such a specific contextual

feature is not available. Thus, although there are a large number of possible mechanisms

of mutation in mammalian tissue cells in vivo, which actually occur and their relative

frequencies are unknown. This being the case for mammalian tissue cells in general, it

follows, of course, that the answers are even more elusive for more rare ASCs.

The calculated potential mutagenic events in a single cell per day are an astounding

number. Janion (1) puts it at 2� 106 affected base pairs. If each of these were productive

for mutation, the human genome would sustain a mutation rate of approximately 0.1% per

base pair per day, which would soon lead to error catastrophe and cell death. Of course, this

does not occur because of the remarkable network of DNA repair machines that function in

mammalian cells (2,3). In a recent accounting, the number of known human DNA repair

genes was noted as 130 (29). These molecular systems work to keep spontaneous and

damage-induced mutation rates exceedingly low in mammalian tissue cells (2,3). In

fact, it is so low as to be a formidable technical challenge to direct detection, quantification,

and characterization of mutations in mammalian tissues. By using sensitive mutational

spectrometry approaches, a handful of investigators have attempted this feat (reviewed

in Ref. 30). However, the majority of these studies have evaluated mutations in mitochon-

drial DNA, because it has higher per cell gene copy number than nuclear DNA, and the

fewer nuclear DNA analyses are limited to target regions of only a few chosen genes.

Despite the limitations of mutational analyses performed with cultured cells, esti-

mates from them for spontaneous mutation rates in a few specific genes (1–2� 10210/
base pair/cell generation; 20) agree very well with estimates based on the more direct

determinations of germ cell mutation rates (2–4� 10210/base pair/cell generation; 26).
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Germ cells are specialized ASCs responsible for gametogenesis in fetal (oogenesis) and

adult (spermatogenesis) mammals. Therefore, although inherited mutations are limited

to a subset of genes that can be evaluated, the mechanisms responsible for them may be

very relevant to mechanisms that determine mutations in ASCs of somatic tissues. In a

similar fashion, as both tumor-derived cell lines and spontaneously immortalized cultured

cell lines are likely to be derived from mutated ASCs (17,31,32), some aspects of their

mutation rates and mutation spectra may be relevant to mutagenesis in ASCs in vivo.

Mutations in mammalian cells occur as a result of at least three events: DNA

damage, repair of DNA damage, and replicative DNA synthesis. In theory, DNA

damage could be due to several mechanisms, including environmental agents such as

ultraviolet light, ionizing irradiation, and genotoxic chemicals; oxidative damage from

reactive products of cellular metabolism; or spontaneous chemical disintegration (1,2).

However, with the exception of ultraviolet light and skin cell mutagenesis, the available

data indicate that human tissue cell mutations are ultimately produced by the action of

DNA polymerases (30,33), either as a result of unrepaired mis-incorporated bases

during replicative DNA synthesis (6) or error-prone DNA repair synthesis (34–36). In

fact, half of the estimated 2� 106 daily base pair exchanges in mammalian cells are cal-

culated to be due to mismatch repair (1). Consistent with this idea, in mutational spectra

analyses of inherited mutations, the average rate of single nucleotide substitutions was

about 25 times greater than that of any other type of mutation (25). Single base substi-

tutions also predominate the spectra of spontaneous mutations recovered for three differ-

ent adult somatic tissues in transgenic reporter mice (27).

The foregoing discussion of observations and concepts suggests the inference that

the predominant basis for mutations in ASCs is mis-incorporation of nucleotides by

either replicative DNA polymerases or repair polymerases. Allowing this interpretation,

there is still one remaining essential question. What is the relative contribution of these

two types of DNA synthesis to fixation of mutations by ASCs? A mutation is fixed when

it becomes a stable change in the DNA sequence that is no longer recognized by DNA

repair mechanisms. The number of mutations fixed per cell generation, as a result of the

action of a given DNA polymerase, will be a function of the number of base incorpor-

ations by the polymerase and its mis-incorporation rate. It is now well appreciated that

although many previously described error-prone repair polymerases have high error rates

on undamaged DNA, their fidelity at sites of DNA damage is comparable to that of

replicative polymerases (3,35). Considering that the 6 billion bases incorporated by

replicative polymerases during each human cell-cycle dwarfs, the estimated 1 million

sites of damage (1) available to repair polymerases, an excellent case can be made

that the origin of most mutations in ASCs will be the result of mis-repaired errors of

replicative DNA synthesis. A quantitative treatment for this conclusion is given a

later section.

IMMORTAL DNA STRAND CO-SEGREGATION AND A CARPENTER’S

RULE FOR GENETIC FIDELITY IN ASCs

The first formal conceptualization of the idea that ASCs must have evolved additional

mechanisms beyond basic DNA repair processes to reduce their fixation of mutations

was presented by Cairns nearly 30 years ago (6). Cairns observed that estimates of

tissue gene mutation rates predicted significantly higher rates of cancers in adult human

somatic tissues than were observed. Given the place of ASCs in tissue cell kinetics archi-

tecture, this discrepancy led him to consider how ASCs might avoid mutations that occur
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as a result of replication errors, which he proposed were a major source of carcinogenic

mutations. On the basis of the earlier studies by Lark et al. (37), indicating non-random

mitotic chromosome segregation in embryonic mouse cells, Cairns proposed a remarkable

hypothesis for a unique mechanism of chromosome segregation that could ensure that

ASCs did not acquire mutations that resulted from “unrepaired” errors of replicative

DNA polymerases (6). In the present refinement of the hypothesis, these errors are referred

to as “mis-repaired” to recognize the high efficiency of DNA repair systems (1–3). As will

be discussed in detail in “Estimation of the mutation-avoidance effect of an immortal DNA

strand mechanism in ASCs,” it is more likely that replication errors are mis-repaired by

mismatch repair DNA polymerases than that they go unrepaired at all.

Cairns suggested that ASCs, which divide continuously with asymmetric cell kin-

etics throughout life, would quickly accumulate transforming mutations before the repro-

ductive age of humans, unless the cells possessed a unique mitotic chromosome

segregation mechanism. The traditional view of mitotic chromosome segregation is

based on the characteristics of meiotic chromosome segregation. After semi-conservative

DNA replication, paired sister chromatids, each made of an old template DNA strand and a

newly synthesized DNA strand, segregate at mitosis, one to each new daughter cell. A fun-

damental aspect of the segregation event is that it is random and independent, meaning that

there is an equal probability for either sister chromatid to go to either new daughter cell;

and the manner in which one chromatid pair segregates does not affect another.

Cairns proposed that mitotic chromosome segregation in ASCs lacked these funda-

mental properties. Instead, it was non-random and dependent in nature. To fully understand

Cairns’ idea, it is important to recognize that the four DNA strands in paired sister chroma-

tids differ in age. At mitosis, DNA strands of three different ages are present in each set of

paired sister chromatids. Because replication is semi-conservative, both paired sister chro-

matids contain a newly synthesized DNA strand. However, their parental DNA strands are

older and unequal in age. Because of the inheritance pattern of semi-conservative DNA

replication, one of the parental strands was made in the previous cell generation, but the

other is �2-cell generations old, depending on whether it was synthesized in its grandpar-

ent cell or an even earlier ancestor. In symmetrically cycling mitotic cell populations,

random segregation of chromosomes bearing these oldest DNA strands leads to their

dilution among chromosomes with younger DNA strands. Thus, the inherent “age asym-

metry” of the genome is lost by randomization at each mitotic metaphase.

Cairns proposed that asymmetrically cycling ASCs continuously co-segregate to

themselves the chromosomes that have the oldest DNA strands, thereby preserving the

inherent age asymmetry of their genome. This mechanism would effectively allow them

to repeatedly use the same DNA template for replication and segregate all mis-repaired

replication errors made in newly synthesized DNA copies to their transient progeny

cells. This hypothesis is referred to as the “immortal DNA strand hypothesis” (6), with

reference to the predicted longevity of the oldest template DNA strands in ASCs.

The mutation-avoidance mechanism proposed by Cairns operates by a “carpenter’s

rule.” When building, good carpenters do not use sequentially cut boards to measure sub-

sequent boards, because of the well-known problems of copy drift and error amplification.

Thus, all measurements are made with either a ruler or a single carefully measured first

template. The immortal strand hypothesis predicts that ASCs follow the same rule. At

ASCs’ inception, an original DNA strand for each chromosome is selected as a template.

These template strands are thereafter retained by ASCs through repeated cycles of asym-

metric cell division by co-segregation of the sister chromatids that contain them. There-

fore, all copied DNA with mis-repaired bases is passed on to transit cell progeny and

eventually lost from the tissue as a result of cell turnover.
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IMPLICATIONS OF THE CARPENTER’S RULE FOR ASC AGING,

CELL KINETICS, AND DNA REPAIR FUNCTIONS

The carpenter’s rule imposed on ASCs by the immortal DNA strand hypothesis has

several noteworthy implications for ideas on ASC function. First of all, it provides a

physical basis for ASC longevity. The long-lived nature of the stemness program in

the ASC compartment is predicted to be physically embodied in immortal DNA

strands. By preserving the sequence and integrity of immortal DNA strands, ASCs

are predicted to achieve the main evolutionary goal of preserving the function of their

subtended tissue units well beyond the time of reproductive maturity. However, the

selection to protect the fidelity of the stemness code may have come at the cost of

later cumulative defects in the chemical integrity of immortal DNA strands (38). Any

poorly repaired chemical damage (from reactions with exogenous or endogenous

agents or chemical disintegration) to immortal DNA strands will accrue in stem cells,

leading to their eventual malfunction and/or death. (The consequences of actively

repaired lesions will be addressed at the end of this section.) Such events in ASCs

may contribute to reductions in tissue cellularity and proliferative capacity associated

with chronological age (38).

If the carpenter’s rule proves to be a fundamental biological law for the ASC func-

tion, then the issue of stochastic versus deterministic asymmetric self-renewal in ASC

compartments will finally be resolved. Cairns’ original formulation of the immortal

DNA strand hypothesis was predicated on the idea of deterministic asymmetric cell

kinetics by ASCs (6). An implicit precept for the hypothesis is that immortal DNA

co-segregation only occurs in cells dividing with deterministic asymmetric cell kinetics

that require deterministic asymmetric self-renewal. Each cell division produces a new

ASC and a non-stem cell daughter. The latter of the two, thereafter, divides with

symmetric cell kinetics to produce an expanded lineage of differentiating progeny cells.

By retaining the immortal DNA strand complement, each successive new ASC preserves

the stemness program for its tissue unit.

Now, on the other hand, if ASCs renewed as prescribed by stochastic asymmetric

models, then all the cells in the stem cell compartment would have an equal probability

of exiting as a result of differentiation events. With time, immortal DNA strands in any

given stem cell and, accordingly, stemness identity would be lost due to a combination

of differentiation and dilution. When an ASC with a set of immortal DNA strands under-

went differentiation by chance, any immortal template strands that it contained would be

lost from the compartment. Moreover, symmetric divisions by ASCs would result in ran-

domization of immortal DNA strands among newly synthesized DNA strands in one of the

two ways, depending on whether the mechanism functioned during symmetric mitoses that

produced two ASCs.

In the first case, if the implicit ideas of the immortal DNA strand hypothesis held,

then symmetrically dividing stem cells would simply not co-segregate chromosomes

with their oldest template DNA strands. In the second, even if the co-segregation mech-

anism still functioned, it would no longer have the same effect. Each one of the two

newly born ASCs from symmetric divisions would get a set of DNA strand copies that

would become immortal DNA strands at its next mitosis. One cell would get its

parent’s immortal DNA strands, whereas the other would have to specify a new set.

Thus, in either case, a stochastic self-renewal program is predicted to cause rapid dilution

of the original ASC DNA templates among mutation-bearing copied DNA strands due to

either mitotic randomization or continual replacement in new ASCs produced by sym-

metric cell divisions. This inherent dilution of immortal DNA strands combined with
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their continuous removal for the ASC compartment by chance stem-cell differentiation

events would quickly erode any advantage they might provide.

A common objection to the immortal DNA strand hypothesis is that well-known

DNA modification mechanisms would wreak havoc on such a mechanism. To address

this caveat, it has been suggested that ASCs may suppress error-prone DNA repair and

DNA recombination activities. The well-known greater sensitivity of cells in adult stem

compartments to exogenous agents that damage DNA supports this idea (10,39).

However, the formidable challenge of accurately quantifying the activities of suspected

DNA repair systems in rare stem cells in adult tissues has, thus far, precluded further pro-

gress in evaluating these hypotheses experimentally.

Although it has not been possible to measure DNA repair and recombination in

ASCs directly, recent developments in ideas in the DNA repair field suggest that

reduction of error-prone DNA repair and DNA recombination efficiency may not be

necessary for ASCs to realize an advantage from immortal DNA strands. There are

three main categories of DNA modification activities to consider for their impact on

the predicted effectiveness of the carpenter’s rule in maintaining the genetic fidelity of

ASCs: repair of DNA replication mismatches, repair of damage in immortal DNA

strands, and mitotic recombination in the form of sister chromatid exchanges (SCEs).

Repair of mismatches that occur during copying of immortal DNA strands poses no pro-

blems. If unrepaired, or more likely mis-repaired, the DNA copy with the error is segre-

gated to a non-stem-cell daughter at the next mitosis. Given the speed and efficiency of

DNA repair mechanisms, most mismatches will be repaired; and, as discussed in “Esti-

mation of the mutation-avoidance effect of an immortal DNA strand mechanism in

ASCs,” a small fraction will be mis-repaired and therefore persist as mutations. The like-

lihood of the immortal DNA strand template being altered during this event is very small,

because mismatch repair is strand-specific, targeting only mis-paired bases in the newly

synthesized DNA strand (2,40).

There is nothing in the conceptualization of the immortal DNA strand hypothesis

that imbues immortal DNA templates with immunity from the many different types of

damage encountered by DNA (1–3). If such damages were repaired by the previously

envisioned error-prone DNA polymerases, the ASC genetic code would be eroded in

short order. However, the recent discovery of translesion polymerases, which faithfully

replicate across a variety of forms of DNA damage (2,3,35), provides a solution by

which ASCs might tolerate many forms of DNA damage while safeguarding their stem-

ness code. Although translesion polymerases have lower fidelity when replicating unda-

maged DNA, their error rate at sites of their targeted damage matches that of replicative

polymerases (3,35). Their key advantage, for the purpose of this discussion, is that they

obviate the suggested necessity for repair of damaged immortal DNA strands. Even if

translesion polymerases do occasionally introduce errors into newly synthesized DNA

strands (2,36), the immortal strand mechanism would ensure their segregation to non-

stem cell daughters. As better tools for identification and isolation of ASCs become avail-

able, it will be of interest to know whether translesion DNA polymerases are more highly

expressed in ASCs when compared with their non-stem cell progeny.

On initial consideration, SCEs may appear to pose an obvious serious complication

for an ASC carpenter’s rule. Like many sought after properties of ASCs, the actual spon-

taneous rate of SCE in these cells is unknown. If spontaneous SCE rates determined from

tissue cell preparations and cultured cells apply, in the absence of a specific suppression

mechanism, the expected number of SCEs in ASCs would range from one to 10 at each

mitosis (41,42). Given estimates of several thousand divisions in the lifetime of some

ASCs (10), this number of SCE rates could be viewed to neutralize the advantages of
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an immortal strand mechanism. However, such a conclusion misses the purpose for which

the carpenter’s rule was postulated. Its purpose is to reduce the risk of ASC malfunction,

disease, and death prior to the attainment of reproductive success. The ideal of an ASC that

never acquires a mutation is incompatible with the biological reality that many cancers do

occur; and they occur most probably as a result of cumulative mutations in ASCs.

However, many cancers occur late in life after reproductive maturity at a time when

their evolutionary impact on species survival is minimal.

Thus, it is important to recognize that, implicitly, the immortal DNA strand mech-

anism was never envisioned to be perfect. Because of its presence, ASCs will accrue detri-

mental gene mutations at a reduced rate. Because of its imperfections, ASCs will

eventually fix sufficient mutations to precipitate their malfunction, death, or neoplastic

transformation. Both SCEs and repair of certain types of DNA damage may cause

mutations in immortal DNA strands. The balance among replication errors retro-fixed

into immortal strands by SCEs, DNA repair-induced mutations, and stable unrepaired

damage in immortal strands will be an important determinant of ASC function. As

alluded to earlier in this chapter on the subject of ASC aging mechanisms, accumulated

stable damage in immortal DNA strands could compromise DNA replication and gene

transcription, leading to malfunction and death. DNA repair and SCE would renew immor-

tal DNA strands at the cost of introducing mutations that could ultimately lead to aberrant

functions such as neoplastic transformation.

In the special context of ASCs undergoing immortal DNA strand co-segregation,

SCEs might have another untoward effect on cell viability that would not occur in non-

stem cells. If immortal DNA strands have stable, dominant, distributive marking (e.g.,

at a minimum of two widely separated sites) for co-segregation to the ASC, then, after

an SCE, both the two new hybrid sister chromatids might be recognized for segregation

to the ASC. Such an event would effectively be a non-disjunction, resulting in aneuploidy.

The ASC would acquire an extra chromosome, and the non-stem-cell daughter would lose

one chromosome. Such gene dosage imbalances are often lethal, especially if more than

one chromosome is involved. This idea suggests another potential explanation for the

greater sensitivity of ASC compartments to DNA damaging agents that may also

induce SCEs (6,10).

ESTIMATION OF THE MUTATION-AVOIDANCE EFFECT OF AN

IMMORTAL DNA STRAND MECHANISM IN ASCs

Mathematical modeling has been undertaken as a means to evaluate predictions of the

immortal DNA strand hypothesis with respect to observed cancer rates in some human

populations (6). However, quantitative mathematical modeling to estimate the magnitude

of the effect of an immortal DNA strand mechanism on ASC mutagenesis has not been

reported. In an elementary fashion, this question can be addressed by considering the esti-

mated number of replication errors relative to the number of repair synthesis errors in the

absence of an immortal DNA strand mechanism. Mismatch errors from both sources will

be repaired by the high-fidelity mismatch repair system with equal efficiency. Therefore,

the final relative rate of mutation by the two mechanisms will be directly related to their

relative number of respective errors of each cell generation. The number of errors per

cell generation for a given type of DNA synthesis will be related to the number of base

incorporations and the error rate of the responsible DNA polymerase. On the basis of

these ideas, the magnitude of the effect of an immortal DNA strand mechanism on

ASC mutagenesis can be estimated.
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An estimate can be developed from the following calculations. One million DNA

base pair exchanges are estimated to occur during each 24-hour human cell generation

as a consequence of repair of modified or damaged bases (1). Depending on the kind of

damage, either base excision repair (BER) or nucleotide excision repair (NER) is respon-

sible. Three different DNA polymerases perform repair synthesis for BER and NER. They

are pol-beta, pol-delta, and pol-epsilon (43). pol-Beta has an in vitro determined average

substitution error rate of approximately 7� 1024 (44). This rate is a log higher than that of

pol-delta and pol-epsilon (44) and is, therefore, the limiting rate that determines the

number of DNA repair synthesis errors per cell generation. Multiplication of the pol-

beta error rate (7� 1024 per base incorporated) by the estimated number of bases incor-

porated by BER and NER repair synthesis per cell generation (1� 106) yields�700 errors

per cell generation. This value is a maximal expectation for the number of errors that

would occur as a consequence of repair synthesis before the action of the mismatch

repair system. On average, half of these errors, �350, would be expected in the oldest

DNA strands in the cell. If every one of these errors was subsequently acted on by the

high-fidelity mismatch repair system, which is thought to use pol-delta and pol-epsilon

(2,43; average substitution error rate equals 8� 1026 per base incorporated, 44), then

the final number of mutations is estimated to be 0.003/cell/generation (Fig. 1). For a

human cell with 3� 109 mutable base pairs, this corresponds to an estimated damage-

dependent mutation rate in template DNA strands of 1� 10212/base pair/cell/generation
as a result of DNA damage and repair.

Figure 1 Estimate of the expected mutation avoidance effect of an immortal DNA strand mech-

anism in ASCs. ASCs divide asymmetrically to replace themselves (circle) while simultaneously

producing transit cell progeny (TC; squares). Asymmetric self-renewal proceeds with a non-

random immortal DNA strand co-segregation mechanism that is modeled to yield an ASC mutation

rate of 0.003/day as a consequence of DNA damage events. This low mutation rate is a consequence

of the 0 term for mutations due to replication errors. In contrast, transit cells that divide symmetri-

cally with random chromosome segregation are estimated to acquire an additional approximately

4 mutations per day as a result of replication errors. This nearly 1000-fold greater mutation rate,

not experienced by ASCs, is the magnitude of the protection from mutations that is predicted to

be afforded by an immortal DNA strand mechanism.
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When considering the number of replicative polymerase errors, for the purposes of

this analysis, only those occurring in newly replicated strands need to be considered. It is

estimated that 1� 106 replication errors occur per 24-hour cell generation (1,44) and these

are repaired by the mismatch repair system. Multiplying by the mismatch repair synthesis

substitution error rate of 8� 1026 (approximate for pol-delta and pol-epsilon; 44) gives a

value of �8 errors due to replication per cell generation. In the absence of an immortal

strand mechanism, half of these, �4, would be fixed by stem cells (Fig. 1). For a

human cell with 3� 109 mutable base pairs, this corresponds to an estimated replica-

tion-dependent mutation rate of 1� 1029/base pair/cell/generation as a result of DNA

replication errors. This rate is in good agreement with mutation rates determined for inher-

ited mutations and cultured cell mutations (1–4� 10210/base pair/cell/generation,
20,26; “Mutagenesis mechanisms in ASCs”). Thus, this analysis provides quantitative

support for the earlier proposal (“Mutagenesis mechanisms in ASCs”) that the main mech-

anism for mutation in mammalian tissues is mis-repaired replication errors.

When the carpenter’s rule of an immortal DNA strand mechanism is active, the ASC

mutation rate is predicted to be equivalent to the damage-dependent rate (1� 10212). In its

absence, ASCs are predicted to experience the dramatically higher replication-dependent

mutation rate (1� 1029). Therefore, an immortal strand mechanism is predicted to afford

ASCs a 1000-fold reduction in mutation rate compared with rates in their non-stem-cell

progeny. Given estimates of 5000 cell divisions for human intestinal stem cells during

the human lifespan (10), about 15 mutations are predicted. So, a small number of

mutations are predicted to affect critical genes only rarely. Therefore, it may be that par-

ticular forms of DNA repair in immortal strands, that have not been considered in this

treatment and which have a higher error rate, and SCEs, which would continuously

retro-fix replication-dependent mutations in immortal DNA strands at a low rate, may

be responsible for conversion of ASCs to cancer cells.

EVIDENCE FOR IMMORTAL DNA STRAND CO-SEGREGATION

IN ASCs

The earliest evidence for non-random mitotic chromosome segregation is found in the

elegant experiments of Lark et al. (37,45–48) with cultured mammalian cells and plant

root tips. Lark was motivated to examine the symmetry of chromosome segregation in

eukaryotic cells because of his earlier ideas on mechanisms of bacterial chromosome seg-

regation (47,48). Lark proposed that the essential units of genetic segregation in bacteria

were the individual template DNA strands. He postulated that both had to be attached to

the bacterial cell wall, on either side of the future septum, before DNA replication could be

initiated. This control point was proposed as a mechanism to ensure that each new bac-

terial daughter cell received a complete copy of the genome. Many of Lark’s ideas on

this topic have subsequently been confirmed experimentally (49).

From the single bacterial chromosomes, Lark advanced the idea of stable attachment

of template DNA strands to a parent cell structure for the more complex segregation of

numerous eukaryotic chromosomes. He looked for evidence of non-random mitotic seg-

regation by cohorts of sister chromatids that contained one unlabeled DNA strand that

existed before the introduction of 3H–thymidine. This DNA inheritance tracer is incorpor-

ated into all DNA strands synthesized after its addition. In these studies, the presence of

co-segregating chromosomes with an unlabeled DNA strand was detected by quantifying

the amount of radioactivity in daughter cells after two generations of continuous labeling

with 3H–thymidine. If chromosome segregation were random, the distribution of
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radioactivity per cell would be predicted to be uniform. If non-random chromosome

co-segregation occurred as envisioned by Lark, then the distribution would be bimodal,

with two equal-size populations of daughter cells that differ by a factor of 2 in their
3H–DNA content. According to the modeling, the population with the greater amount

of radioactivity would contain chromosomes with two labeled DNA strands and the popu-

lation with the lesser amount would contain chromosomes with one labeled and one

unlabeled DNA strands. Consistent with the proposal for non-random chromosome segre-

gation, bimodal distributions were observed for cells in plant root tips, primary cultures of

embryo fibroblast, and a hamster cell strain (37,45–48).

In complementary experiments, it was also shown that if these cells were cultured

with 3H–thymidine for a one-generation period followed by a one-generation period of

culture with the 3H–thymidine removed, then about half of the cells released their

entire previously incorporated label. This finding was predicted if non-random chromo-

some segregation occurred. It was consistent with a co-segregation of chromosomes

that contained a previously unlabeled oldest template DNA strand. After the first gener-

ation of labeling, these strands would become paired with newly synthesized 3H–thymi-

dine containing DNA strands and co-segregate together. After the next period of labeling

without 3H–thymidine, they would become hybridized again with newly synthesized

DNA, but it would be unlabeled. Their previously hybridized labeled DNA complement

would now reside in their sister chromatids. Thus, at mitosis, cells co-segregating the

chromosomes with the oldest DNA templates would effectively release their entire

label. In studies with plant root tips, these label-releasing segregations were visualized

by autoradiography of cells in anaphase and telophase. These images show a highly asym-

metric localization of radioactivity to one set of segregating chromosomes (46,47). The

relatively label-free complement of chromosomes would contain the oldest complement

of template DNA strands that would later become Cairns’ immortal DNA strands (6).

Lark’s ideas met with much resistance from geneticists who then and now adhere

fervently to the paradigm of random chromosome segregation (47). However, this long-

standing precept is based entirely on experimentation for meiotic chromosome segre-

gation. Results from meiotic chromosome segregation studies have been applied to

mitotic chromosome segregation by analogy, and there have been very few studies that

have addressed this issue for mitosis by direct experimentation. The main unavoidable

shortcoming of Lark’s proposal was that he suggested it for all eukaryotic cells. Although

not noted at the time of his studies, it can now be appreciated, retrospectively, that all the

cells that Lark observed to exhibit non-random chromosome segregation were likely to

share the same special property, deterministic asymmetric cell kinetics (“Evolution of

mechanisms of mammalian tissue cell genetic fidelity: the needs of a few”). It is now

recognized that early passage murine embryo fibroblasts (31) and somatic stem cells in

the root tip (50) divide with deterministic asymmetric cell kinetics. Asymmetrically divid-

ing ASCs in cultures of primary adult tissue cells and pre-senescent cell strains become

progressively diluted by their symmetrically dividing progeny (31,32), which are pre-

dicted to exhibit random chromosome segregation; and all cells in cultures of symmetri-

cally dividing tumor-derived cell lines are expected to display random segregation. Lark’s

observations are well explained by these new concepts. The best distinction was observed

for non-random chromosome segregation in primary cell cultures of mouse and plant cells.

With a cultured hamster cell strain, the distinction was less dramatic and with tumor-

derived HeLa cells it was not evident (47,48).

The earliest attempts to demonstrate the existence of immortal DNA strands in adult

mammalian stem cells in vivo applied the label-release strategy of Lark, and also introduced

a new strategy, called label retention (51). In concept, the label-retention strategy required
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that DNA inheritance tracers such as 3H–thymidine be incorporated into immortal DNA

strands prior to their selection for co-segregation. Potten et al. (52) developed two different

strategies for this purpose. They either labeled juvenile mice with 3H–thymidine prior to

completion of gut development or labeled adult mice after gamma irradiation to induce

crypt regeneration in the small intestinal epithelium. In both procedures, autoradiography

detects rare cells in the stem-cell compartment of intestinal crypts that retain 3H radioac-

tivity for extended periods after other crypt cells are label-free. Subsequent labeling of

mice with another DNA inheritance tracer, bromodeoxyuridine (BrdU) that can be detected

with specific antibodies, was used to demonstrate that about 90% of detected label-retaining

cells (LRCs) incorporate BrdU. This result indicates that these cells continue to cycle

actively, as expected for ASCs. Moreover, after the BrdU labeling period, although they

continue to retain 3H radioactivity, they rapidly lose their BrdU label at a rate consistent

with release as a result of non-random chromosome segregation. It is also noteworthy

that in this remarkable demonstration, no LRCs with BrdU are produced, further validating

the need for the two special strategies for labeling immortal DNA strands.

In a more recent study, Smith (53) applied the approach of Potten to demonstrate that

LRCs in the mammary epithelium of the mouse also exhibit label retention/release kin-

etics indicative of immortal DNA strand co-segregation. Cells with this property were

detected in a mammary epithelium ASC transplantation model. The transplanted

mammary epithelium tissue fragments were shown to contain adult mammary stem

cells based on their ability to confer serial repopulation.

In Smith’s studies, it was possible to introduce label into label-retaining breast epi-

thelium cells during allometric expansion in response to estradiol administration after

tissue transplantation. This feature suggests that hormone-induced allometric growth of

the mammary epithelium proceeds by symmetric divisions of adult mammary stem

cells followed by their initiation of asymmetric cell kinetics and immortal DNA strand

co-segregation. Smith proposes that the well-known effect of parity to reduce breast

cancer incidence in rodents and humans may reflect parity-induced ASCs that cycle asym-

metrically with a mutation-protective immortal DNA strand mechanism (53).

The recent work of Potten et al. (52) is by far the best-reported evidence for immor-

tal DNA strand co-segregation in ASCs in vivo. Although the mammary epithelium

studies of Smith were performed in transplanted tissues (53), it seems very likely that

the cell processes defined will also be found in normal mammary epithelium. However,

these studies together address only two ASC compartments in one species, leaving open

the question of how general the mechanism is for ASCs in different tissues and in different

mammalian species. A strong teleological argument can be made that, given the import-

ance of ASC genetic fidelity in mammalian evolution, if an immortal DNA strand mech-

anism occurs in one tissue, it will occur in all tissues that possess ASCs that cycle

throughout the mammalian lifespan. In support of this proposal, there is a very common

experimental observation reported for many other renewing tissues that may indicate

immortal strand co-segregation in their ASC compartments. LRCs have been reported

in a diverse collection of ASC compartments in several different mammalian species,

including: mouse oral mucosae (54,55), epidermis (54–56), and hair follicles (57,58);

hamster oral mucosae and epidermis (59); rat pancreas (60), kidney (61), and colonic

epithelium (62); and human embryonic and fetal epidermis in organ culture (63). In

many of these studies, the introduction of DNA base analogues occurred at times in

fetal and neonatal development (54,55,57–60,63) or tissue regeneration (56) when immor-

tal DNA strands are predicted to undergo establishment (52,53). In some cases, LRCs

were observed to persist for approximately as long as half an animal’s lifespan, despite

several rounds of cell division (58).
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Surprisingly, although in all cases LRCs have been regarded as ASCs, the basis for

their label retention has not been uniformly attributed to immortal DNA strands retained as

a result of non-random chromosome segregation in ASCs. In fact, although many reports

have discussed this basis as a possibility (54–56,58,59,61), many have not considered it at

all (57,60,62,63). In at least one case, an attempt was made to show that LRCs in the epi-

dermis of the mouse had cell kinetics that ruled out an immortal DNA strand mechanism

(56). However, the authors of this report did not consider that immortal DNA strands

might be re-established during tissue regeneration. Therefore, their conclusions are equiv-

ocal at best.

Much of the hesitation to interpret LRCs as evidence of non-random chromosome

segregation is due to the pervasive idea that ASCs divide rarely during the adult mamma-

lian lifespan. The origin of this idea can be traced to Lajtha (13,54,63), who put forth the

hypothesis that ASCs might have low division frequencies compared with their transit cell

progeny. Over the years, hypothesis has become dogma. Thus, LRCs have been primarily

interpreted to be infrequently cycling ASCs that incorporated label because of a rare cycle

during a period of labeling. Thereafter, because of their infrequent cycling, they are

expected to retain the label for long periods. Given the complex nature of tissues’ cell kin-

etics architecture, there are likely to be different classes of “LRCs,” not all of which are

ASCs. In fact, this feature has been noted. Depending on the time of labeling (e.g., neo-

natal vs. adult; 57) and the time of assessment after the labeling period (54,55,59), the

basis for detected LRCs may differ. Even under the same conditions of detection, LRCs

differ quantitatively in the amount of label they retain (54,55,58,59). However, in all

reported cases, rare cells are detected that maintain close to their initial level of label

after very long periods. In these cases, if the cells have divided more than five times

after their incorporation of label, then the retention of label is consistent with non-

random co-segregation of immortal DNA strands. This is because five generations of

random chromosome segregation would reduce a chromosomal label to about 3% of its

starting level, which is undetectable in typical label-retention analyses.

Despite this straightforward approach to clarifying the basis for LRC, very few

groups have independently evaluated the cell kinetics of LRCs detected in their studies.

Only Potten’s group and Smith performed this evaluation in the ideal manner, simul-

taneously in situ without additional experimental manipulations. Their independent

confirmation of active cycling by rare LRCs in intestinal crypts and mammary epithelium

was essential to the conclusion that these cells retain immortal DNA strands (52,53).

Another group has shown that LRCs detected after labeling colonic pit cells in adult

rats continue to cycle at a low rate (62). However, for two reasons, the significance

of their findings is difficult to decipher. First, because they labeled adult animals, the

disposition of the label is less certain. Immortal DNA strands are not predicted to be

elaborated, unless as a result of new pit maintenance formation or as a result of label-

induced (BrdU) tissue injury and regeneration. Second, the independent measurement

of proliferation was not performed for individual LRCs. So, a small subpopulation of

more actively cycling LRCs would have been overlooked. Several groups have also

observed evidence that growth promoters (54) and tissue injury (58,61) can induce the

active proliferation of some LRCs, and in one study LRCs were shown to be quiescent

prior to tissue injury (61).

Thus, few studies have evaluated the cell kinetics of LRCs in the ideal manner

required to discern whether some are in fact the manifestation of immortal DNA strand

co-segregation in ASCs. The present availability of specific antibodies that detect indepen-

dent markers of cycling cells (Ki67 antigen, proliferating cell nuclear antigen, cyclins,

histone H2b) makes this issue quite straightforward to address. However, the ideal
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experiment is that of Potten and Smith (52,53), in which LRCs are shown to incorporate a

second DNA base analog (BrdU) and then rapidly release it while still retaining their orig-

inal label.

On a final note, it is quite instructive to realize that only recently have there been

direct experimental assessments of Lajtha’s hypothesis that ASCs divide infrequently.

These evaluations were performed with cell populations enriched for murine hemato-

poietic stem cells (HSCs). Although, as predicted by Lajtha, isolable HSCs were found

to cycle at lower rates than their progeny, to the surprise of many, quantitatively, they

cycled frequently compared with the scale of the murine lifespan (64,65). If the estimated

cycling rate for HSCs were shared by ASCs in other tissues, it would be more than suffi-

cient to allow for interpretation of LRCs as cells that harbor immortal DNA strands. As

luck would have it, LRC analyses have not been reported for the HSC compartment,

which poses a greater experimental challenge because of the absence of well-defined ana-

tomical landmarks. However, it might be possible to combine flow cytometric enrichment

procedures with a label-retention strategy to look for LRCs in this ASC compartment as

well. With the a priori evidence that ASCs in this compartment cycle sufficiently, detect-

ing LRCs would further strengthen the case that ASCs safeguard their genetic fidelity with

an immortal DNA strand co-segregation mechanism. In addition, isolated populations

enriched for HSCs might be more accessible than ASCs in other tissues for investigation

of the molecular basis of non-random chromosome segregation.

Recent studies in cell culture promise more accessible experimental models for the

investigation of molecular mechanisms responsible for non-random chromosome segre-

gation. Merok et al. (38) demonstrated that genetically engineered cultured cell lines

with conditional asymmetric cell kinetics exhibit immortal DNA strand co-segregation.

The main cells used for these studies were p53-null murine embryo fibroblasts engineered

to conditionally express normal levels of the wild-type p53 protein (31). When the con-

ditional p53 gene is off, the cells divide with symmetric cell kinetics. However, under

culture conditions that induce normal levels of p53 protein, the cells switch to asymmetric

cell kinetics (31). The kinetics are characterized by cycling adult stem-like cells that con-

tinuously produce a non-cycling, non-stem-cell daughter every 20–24-hour cell cycle.

Two different strategies were used to demonstrate that immortal DNA strand co-

segregation occurred only in asymmetrically cycling adult stem-like daughter cells. The

first was label retention as described for in vivo studies. BrdU was introduced into cells

under conditions of symmetric cell kinetics, when non-random chromosome segregation

did not occur. Thereafter, cells were induced to cycle asymmetrically in BrdU-free

medium. In this experiment, cycling adult stem-like cells were shown to co-segregate a

set of chromosomes that contained the same BrdU-labeled DNA strands for at least

seven generations, the longest period that was evaluated (38). The second strategy was

continuous labeling as first described by Lark et al. (37). Symmetrically cycling and asym-

metrically cycling cells were compared after introduction into BrdU-containing medium

for several generations of division. Although the chromosomes of symmetrically

cycling cells became uniformly labeled with BrdU, asymmetrically cycling adult stem-

like cells maintained chromosomes that had one unlabeled DNA strand, corresponding

to their non-randomly co-segregated immortal DNA strands. It is of note here, with

respect to the earlier described mammary epithelium studies of Smith (53), that a less

studied cell line, which also showed evidence of non-random chromosome segregation

by the continuous-labeling method, was a mouse mammary epithelial cell line (C127; 38).

These studies with cultured ASC models provided for the first time direct visualiza-

tion of immortal DNA strands’ co-segregation and confirmation of their predicted chemi-

cal topology in large numbers of cells. Consistent with the critical role of ASCs in
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tumorigenesis, the p53 cancer gene was implicated as a key determinant of immortal DNA

strand co-segregation mechanisms in vivo. There is a large body of scientific literature that

considers the primary function of p53 in tissues to be regulation of cellular responses to

DNA damage. The work of Merok et al. (38) raises the hypothesis that p53 may also func-

tion as a carpenter to ensure the genetic fidelity of asymmetrically self-renewing ASCs.

The relationship between p53 genotype and responses to DNA damage may reflect

these basic ASC functions. The demonstration of immortal DNA strand co-segregation

in a cultured cell model provides for the first time opportunities to evaluate predictions

of the impact of immortal DNA strand co-segregation on cell mutation rates and to eluci-

date the responsible cellular mechanisms. In 1969, Lark (47) considered that perhaps “all

new templates were attached to a common segregation apparatus which was distinct from

the one to which all old templates were already attached.” Now, 36 years later, the tools

are in hand to test this hypothesis directly. The outcomes of these evaluations are predicted

to inform many longstanding problems in mammalian biology, among them discovery of

the nature of ASCs in tissue youth and age, health, and disease.
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INTRODUCTION

The human brain is composed of more than 100 billion neurons and more than 10 times

that many glia, and in spite of having a wide variety of functions and morphology depend-

ing on the individual site, they function superbly as a single community. Neural stem cells

(NSCs) can be described as the source of this wide variety of cells. Stem cells are generally

defined as cells that fulfill four conditions (1). They are capable of (1) proliferation,

(2) self-renewal, (3) multipotency, and (4) tissue-repair ability (discussed subsequently),

and NSCs are likely to fulfill those conditions. In mice, NSCs are known to be maintained

by self-renewal from the time they first appear around embryo, day 8.5, until adulthood. A

lineage relationship between embryonic and adult NSCs, however, has not been demon-

strated. Experiments have shown that it is possible to selectively culture NSCs in the pre-

sence of growth factors by monolayer culture on an adhesive substrate (2) and by

suspension culture (3), which is called the “neurosphere method” (Fig. 1). As they differ-

entiate into the neurons, astrocytes, and oligodendrocytes that comprise the central

nervous system (CNS) when the growth factors are removed, they can be said to

possess multipotency. In adult mammalian brains in vivo, NSCs or NSC-like cells have

been shown to be involved in neurogenesis under physiological conditions at particular

sites, that is, such as the subventricular zone (SVZ) of the lateral ventricle and the subgra-

nular zone (SGZ) of the hippocampal formation (4–6). Furthermore, recent reports have

suggested that NSCs also have the ability to partly repair the damaged CNS (7,8).

IN VIVO LOCALIZATION OF NSCS

NSCs are present from the developmental period until adulthood, and they are maintained

throughout life (9) (Fig. 2). Depending on the stage of development, the mitotic cycle

starts at 7 to 10 hours, is 18 hours in the late fetal period, and on the order of several
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Figure 1 Neurosphere culture. NSCs can be selectively grown in the presence of the growth factor

EGF or FGF-2, and they form cell aggregates called neurospheres. When the cell population com-

posing a neurosphere is broken apart, similar neurospheres form again (self-renewal); and when the

growth factor is removed and they are cultured on an adhesive substrate, neurons, astrocytes, and

oligodendrocytes are produced. Abbreviation: NSCs, neural stem cells. Source: From Ref. 12.

(See color insert.)

Figure 2 NSCs are maintained in the perventricular area all through the animals. NSCs are present

as “purple cells,” throughout the animals’ lives. These cells have been given several different names

(neuroepithelical cells, radial glia, SVZ astrocytes). Abbreviations: NSCs, neural stem cells; SVZ,

subventricular zone. Source: From Ref. 9. (See color insert.)
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days in adulthood (10). NSCs can be extracted in test tubes by the selective culture

method, but can they be prospectively identified and isolated without going through

that procedure? And how do they behave in vivo?

What Are NSCs?

NSCs could be defined as cells that have the ability to generate the multiple cell types of

CNS (multipotency) and are capable of self-renewing (11). However, this definition is

fairly conceptual. How should NSCs be defined empirically? One of the breakthroughs

in NSC research has been the development of a selective culture method for NSCs by

Samuel Weiss and co-workers in 1992 called the “neurosphere method” (3), in which

floating clonal colonies of cells are formed. A cell group that contains NSCs is cultured

in serum-free liquid culture medium containing the mitogen epidermal growth factor

(EGF) and/or fibroblast growth factor-2 (FGF-2) in insulin, transferrin, serine, and

progesterone. The viability of the cells, other than stem cells, is impaired in serum-free

culture medium, which makes it possible to start growing only NSCs, capable of surviving

in serum-free medium. When this is done, the proliferating NSCs form neurospheres, and

the neurospheres float in nonadhesive culture conditions. Moreover, when the neurospheres

that have been produced are divided into individual cells and cultured in serum-free culture

medium as described earlier, new neurospheres are produced in the same way. Removal

of the mitogens EGF and FGF-2 from the above serum-free liquid culture medium

induces them to differentiate and three types of cells are generated: neurons, astrocytes,

and oligodendrocytes. Thus, the neurosphere method makes it possible to amplify NSCs

that possess multipotency and are capable of self-renewal (Fig. 1) (12).

The advantages of the neurosphere method are: (i) enabling NSCs to be grown in an

undifferentiated state [which is still difficult to achieve with hematopoietic stem cells

(HSCs)] and (ii) enabling the multipotency and self-renewal capacity of NSCs to be eval-

uated numerically, and at the same time it makes it possible to define NSCs empirically as

“cells that have the ability to form neurospheres when cultured in vitro.” The “cells that

initiate neurosphere formation when cultured in vitro” are called “neurosphere-initiating

cells (NS-ICs).” Their neurosphere-forming efficiency is referred to as NS-IC activity

and the numerical data make it possible to compare cell populations whose relative

NSC content differs. In the fetal CNS, the NS-ICs are highly enriched in proliferating

cells located in the ventricular zone, where NSCs are likely to be present in vivo (13).

As previously described, NSCs or NSC-like cells have been shown to be involved in

the production of new neuronal cells under physiological and pathological conditions in

the adult mammalian CNS in vivo. However, the identity of NS-ICs and NSCs in the

adult mammalian forebrain has been debated (6,14). In mammalian forebrain, adult

NSCs are likely to be relatively quiescent (15), GFAP expressing subpopulation of cells

(type B cells) located in the SVZ of the lateral ventricle (14) that can give rise to new

neurons migrating into the olfactory bulb. Type B cells (NSCs) give rise to Dlx-2 positive,

transit-amplifying cells (type C cells) that in turn give rise to migrating neuroblasts (type A

cells) (Fig. 3). Recent report by Doetsch et al. (16) showed that, in addition to NSCs (type B

cells), Dlx-2-positive transit amplifying cells (type C cells), which do not have strong self-

renewal capacity but have high mitotic activity, have the ability to form neurospheres (16).

Identification and Isolation of NSCS

In the hematopoietic system, the prospective identification of stem cells (HSCs) has been

achieved either by using a method to combine antibodies that recognize cell surface
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antigens (17,18) or by using that method in combination with other methods (19), which

greatly contributed to our understanding of HSCs. On the other hand, our understanding of

the biology of NSCs has lagged far behind that of HSCs. This has been due in part to the

lack of available methodologies for the prospective identification or purification of NSCs,

as well as to the lack of in vivo repopulation assays, capabilities that have proven of

seminal value to studies of the HSC (20). In recent years, however, methods for the pro-

spective identification of stem cells have been developed for the CNS as well. First, there

is a method in which a gene for a fluorescent protein, such as enhanced green fluorescent

protein (EGFP) or enhanced yellow fluorescent protein (EYFP), is introduced and

expressed downstream of the gene expression control region of a marker gene that is selec-

tively expressed in NSCs (20). Genes that are known to be selectively expressed in NSCs

are the genes encoding the intermediate protein Nestin (21,22), the RNA-binding protein

Musashi-1 (23–25), and the transcription factor Sox family (Fig. 4) (26,27). We have pro-

duced transgenic mice that express the fluorescent protein EGFP under the control of the

NSC-selective second intronic enhancer element of the nestin gene and succeeded in

concentrating NSCs without using the neurosphere method (12,28). Many similar tech-

niques have been reported, but actually there is the problem of having to introduce

genes from outside. Second, there are techniques in which NSCs are collected by using

antibodies to surface antigens, as in the HSCs and neural crest stem cells (NCSCs),

prospectively identified as p75þP02 (29). It was recently reported that it is possible to

isolate cells at different stages of differentiation in the nervous system, such as NSCs,

neuronal progenitor cells, glia progenitor cells, etc., by using combinations of antigens,

such as the cholera toxin B subunit (ChTx), tetanus toxin fragment C (TnTx), and

A2B5 (30). A recent study indicated that the cells collected from the telencephalon of

E13 rats in the ChTx2TnTx2A2B52 Jones fraction were NSCs, that those in the

ChTxþTnTxþ fraction were neurons or neuronal progenitors, and that those in the

A2B5þJonesþ fraction were either neurons or glia. The group of cells in the adult

mouse brain that has a diameter of 12mm or more weakly express CD24 and bind

weakly with peanut agglutinin has been identified as a cell group that possesses high

neurosphere-forming ability in vitro (31). Third, there are techniques (32,33) that do

not use exogenously introduced genes or surface antigens (34,35). These techniques

involve the use of a cell sorter and identify stem cells based on parameters that indicate

Figure 3 NSCs in the adult SVZ. Slowly dividing GFAP-positive cells (type B cells) in the sub-

ventricular zone SVZ are said to be NSCs in the adult. Since under conditions that would selectively

kill fast-dividing cells (type C cells) by exposing animals to the anti-cancer drug AraC, the slowly

dividing type B cells are AraC-resistant, and the type C cells subsequently reappear. Neurogenesis is

thought to proceed by the cell lineage as illustrated in the figure. Representative markers expressed in

type B, C, and A cells are shown in the figure. Abbreviations: NSCs, neural stem cells; SVZ, sub-

ventricular zone. (See color insert.)
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the size and internal structural complexity of the cell, the degree of cell uptake of Hoechst

33342, etc. We used a cell sorter to fractionate mouse corpus-striatum-derived cells

according to two parameters: forward scattering (FSC), which indicates cell size; and

side scattering (SSC), which indicates the complexity of the internal structure of cells.

We evaluated them by means of the neurosphere method (33). The results showed that

this technique makes it possible to concentrate NSCs by fractionating extremely large

cells, 20 mm or more in diameter (GATE8), at any developmental stage. Although this

technique separates stem cells according to degree of uptake of Hoechst 33342, as that

may be a property common to all stem cells, this cell population is referred to as “side

population (SP)” cells. A cell population in the hematopoietic system that has strong

Hoechst 33342 efflux capacity due to strong expression of ABC transporters, functions

as stem cells (36) and they were given that name because of their characteristic

fluorescence-activated cell sorting (FACS) pattern. A great deal of significance was

attached to this because of the possibility that it might be a common property of stem

cells and allow stem cells from other organs to be concentrated as well. By combining

the characteristics of possessing strong ability to efflux Hoechst 33342 and having charac-

teristic cell surface antigens, we succeeded in almost completely purifying hematopoietic

stem cells in terms of “Tip”-SP CD342 c-Kitþ Sca-1þ Lin2 cells (19). We then demon-

strated the presence of SP cells in the CNS as well and conducted an analysis to define the

cell population by comparing it with the nestin-EGFP transgenic mice, which had already

been analyzed (33). Although a Notch1-positive undifferentiated cell population was very

frequently enriched in the SP cell group during the embryonic period, it was found to

contain many other cells besides NSCs. No SP cells were detected in the top 10% of

the cell population in terms of EGFP fluorescence intensity, where NSCs are thought to

be enriched based on the analysis of nestin-EGFP transgenic mice. On the other hand,

the high frequency of matching the NSC fraction in adults (.12mm, CD24 low/PNA
low) suggested that it might correspond to the stem-cell population in adults, as was

reported previously (31).

Figure 4 Expression of Musashi-1 and Sox21, which are strongly expressed in NSCs/progenitor
cells, in the telencephalon of fetal mice. Immunohistochemistry of E14 mouse cerebral cortex with

antibodies to Sox21 and Musashi-1. Source: From Refs. 24, 27. (See color insert.)
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In Vivo Localization of NSCS

In addition to isolation of NSCs with a cell sorter, vigorous research is being conducted on

the localization and dynamics of NSCs in vivo. Cells called “radial glia” have been

reported to function as NSCs at least in the fetal period (37–39). That discovery is said

to have been made by conducting serial observations of the neurosphere-forming ability

of cells isolated with GFP under the control of the gfap gene promoter as the marker

(37) and of radial glia labeled with retrovirus vector (38) and Dil (39), with the results

showing that the radial glia, which had been thought to be the support cells of neurons

that migrate vertically through the cerebral wall, give rise to astrocytes and neurons

as well.

Studies to identify NSCs in the adult have been attracting a great deal of attention in

recent years. As already described, in the adult mammalian brains, NSCs or NSC-like cells

are thought to be present in the SGZ of the hippocampal dentate gyrus (40) and the SVZ

facing the lateral ventricle in the forebrain, and neurogenesis by GFAP-positive astrocytes

is said to occur at these sites (14,41). On the other hand, there is also a report of the pre-

sence of NSCs in the ependymal cell layer by Frisen’s group (42). According to that report,

Notch1-positive cells are present in the ependymal layer, and when they were collected by

using the Notch1 antibody, predominantly neurospheres were formed. When Dil, a

pigment coexisting in the lipid bilayer of membranes, was injected into a lateral ventricle,

ependymal cells were labeled with Dil. Some time later neurons labeled with Dil were

detected in the pathway to the olfactory bulb; thus, investigators claimed that the ependy-

mal cells were NSCs. However, questions about the experiment remain, including whether

labeling with Dil really occurs only in the ependymal cells. Actually, it has been reported

that when ependymal cells and SVZ cells were directly harvested from mouse brain and

their NS-IC ability and differentiating ability were compared, while the ependymal cells

divided, they only formed small neurospheres and could not be subcultured, and the epen-

dymal cell-derived neurospheres were incapable of producing neurons (41). There has also

been a report of neurosphere-initiating ability in a cell population that was Nestin-positive

and glia-marker- and ependymal-cell-marker-negative (31). The notion that NSCs are

present in the ependymal cell layer has not received much support from the above findings.

The finding that Lex/SSEA-1, which is expressed by embryonic stem (ES) cells, etc., is

also expressed in the adult SVZ and that neurosphere formation occurs predominantly

in the Lex/SSEA-1-positive cell group has been reported as the basis for the claim that

NSCs are present in the SVZ in the adult (34). That report stated that as Lex was not sim-

ultaneously expressed in the ependymal cell group and that no neurospheres were formed

by it, there is little possibility of ependymal cells being NSCs.

CONTROL OF THE SELF-RENEWAL AND DIFFERENTIATION

OF NSCS

Differentiation into Neurons and Differentiation into Astrocytes

It is known that mainly neurons are produced in the CNS in the early embryonic period and

that glia, including astrocytes and oligodendrocytes, are produced later. When NSCs

obtained from E10 to E17 brain tissue were actually compared in a monolayer culture

system, mainly neurons were produced in the E10 system, but the ability to produce

neurons had declined in the E17 system and gliogenesis occurred (43). All through

the development, the NSCs are present for a long time, from the early embryonic

period until adulthood, and they appear to play a role in tissue formation by exquisitely
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controlling growth and differentiation according to the time and the environment. How are

the maintenance and differentiation of NSCs controlled?

Differentiation toward neurons is positively controlled by basic helix–loop–helix

(bHLH)-type transcription factors, such as Mash1 and Neurogenin, and they are referred

to as proneural bHLH factors (44). They form heterodimers with E proteins, such as E47/
E12, which are expressed ubiquitously in a wide variety of tissues, and activate transcrip-

tion by binding to a sequence called the E box. They promote the process of differentiation

from NSCs toward neurons and are thought to be involved in neuron production. The

bHLH-type transcription factors are also involved in the production of specific neuron

types as they mutually repress each other. With respect to astrocytic differentiation, on

the other hand, progress is being made in analyzing the control of the gfap gene transcrip-

tion by diffusible factors, including cytokines. Astrocytic differentiation is induced syner-

gistically by leukemic inhibitory factor (LIF), a member of the IL-6 superfamily, and by

BMP2, a member of the TGF-b superfamily. It is now known that during the process, their

respective downstream factors, STAT3 and Smad, form complexes with the co-activator

protein, p300/CBP and activate transcription of the gfap gene (45). On the other hand,

differentiation into astrocytes is known to be inhibited by repression of their signals by

the proneural bHLH factor Neurogenin1 (Ngn1) (46). Astrocytic differentiation is prema-

turely induced earlier during the development of Ngn/Mash1 double knock-out mice,

which suggests that the expression level of proneural bHLH factors not only promotes

differentiation toward neurons in the early embryonic period, but also controls the timing

of the differentiation toward astrocytes that occurs in the late embryonic period (47).

Another reason why differentiation toward astrocytes does not occur in the early

embryonic period is that the CpG sequence of the STAT3-binding region on the gfap

gene promoter is highly methylated during that period, and it has been shown to be

demethylated on mouse E14 (48). This methylation interferes with the binding of phos-

phorylated STAT3 to the gfap gene promoter, suggesting that expression of GFAP no

longer occurs in the presence of LIF or the gp130-STAT3 signaling in neurons in

which division has ended as a result of inactivation of gfap gene transcription. This

type of epigenetic modification of chromatin is also suspected of having become an

important control mechanism of cell differentiation switching.

Role of Notch Signaling in Deciding the Fate of NSCS

Notch signaling in the control of NSC differentiation has also been attracting interest.

Notch is known to be a single-transmembrane-domain-type protein containing 36 EGF

repeats and to be activated by stimulation by ligands in adjacent cells. Notch gene was

originally discovered in Drosophila, but its structure is also conserved in the mouse,

and it is thought to have an important function in relation to the development of

various organs including CNS (49). The Notch signal transmission mechanism is well con-

served from invertebrates to mammals. It is activated by binding to the same membrane

protein ligands, Delta and Serrate (Jagged), and transmits the signal into the nucleus.

Thus, the signal is activated by ligands expressed in neighboring cells. The activation

essentially occurs after ligand binding because the intracellular ligand is cleaved by the

protease presenilin, which possesses g-secretase activity (50), and the signal is transmitted

by direct translocation of the intracellular domain into the nucleus. There it forms a

complex with the transcription control factor RBP-J/CSL and activates expression of

its target gene E(spl), in Drosophila, or Hes1 or Hes5, in mammals, which encodes a

bHLH-type transcription control factor. This signal is known to constantly act in an inhibi-

tory manner on neurons being produced in the process of development of the CNS and
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PNS in Drosophila. Notch receptors are strongly expressed in the periventricular area of

the mouse CNS from the embryonic period until adulthood and an analysis in relation to

Hes1 and Hes5 has suggested a role of Notch signaling in maintaining the undifferentiated

state of NSCs and inhibiting their differentiation into neurons (51,52). Hes1 is the mam-

malian homolog of the Drosophila Notch-signaling effector molecule E(spl) and is a

bHLH-type transcriptional repressor. As stated earlier, Hes1 has a functionally redundant

relationship with the Hes family member Hes5 and has been shown to function as a down-

stream effector molecule of Notch1 (52). We analyzed the role of Notch/Hes1 signaling in
maintaining NSCs and deciding their fate by analyzing the NSCs of Hes1 knock-out mice

(51). The results of analyses by the neurosphere method, low-density monolayer culture

method, etc., showed that the self-renewal ability of the NSCs was reduced in the Hes1

knock-out mice and that at the same time the fate decision of NSCs toward the neuron

cell lineage was promoted and differentiation by NSCs into neurons had increased.

When these results are considered together with the fact that the Hes1 gene product is

the downstream target of Notch signaling, the Notch signal would appear to inhibit the

fate decision of NSCs toward the neuronal lineage as well as to positively inhibit the

self-renewal ability of NSCs.

Recently, however, there have been reports that Notch signaling does not simply

inhibit neuron differentiation and maintain undifferentiation, but may vigorously

promote differentiation into glia cells as well (53–56). The retina is composed of six

types of neurons and of glia cells called, Müller glia, and expression of Müller glia

markers was confirmed in rat retina cells after active-type Notch was introduced into

them (54). Moreover, as they differentiated into Müller glia even when Hes1 was intro-

duced and they did not express glia markers when the Hes1 dominant negative type

was introduced, Notch signaling has been reported to play an important role in the pro-

duction of Müller glia. Although the mechanism of Notch signaling in glia cell production

is unclear, based on these reports, a model in which Hes1 and Hes5 activate genes that

promote glia differentiation is possible. On the other hand, the RBP-J/CSL-binding
sequence, which is present in the promoter region of the Hes1 and Hes5 genes, is also

present in the promoter region of the gfap gene and there is also a report that Notch signal-

ing decides differentiation (or activation of transcription of the gfap gene) toward astro-

cytes directly, without any mediation by Hes1, Hes5, etc. (57). It has been shown that

the transcriptional co-repressor NcoR inhibits astrocytic differentiation by NSCs and

neural progenitor cells and represses transcription of the gfap gene by physically interact-

ing with RBP-J/CSL, which binds directly to the repressor region of the gfap gene promo-

ter (57,58). Upon Notch1 activation, N1-ICD translocates into the nucleus to form a

complex with RBP-J/CSL (59), thereby converting RBP-J/CSL from a transcriptional

repressor into an activator and stimulating transcription of its target genes, including

the gfap gene. Thus, it is tempting to hypothesize that transient activation of Notch1

de-represses gfap gene by recruiting N1-ICD into the CSL complex through exclusion

of NcoR from the CSL complex bound to the gfap gene promoter. Consistent with this

hypothesis, removal of NCoR is indeed sufficient to induce GFAP expression both in

vivo and in vitro (58). However, detailed molecular studies are needed to determine

whether the transcriptional activator complex containing N1-ICD and CSL is maintained

on the gfap gene promoter during astrocytic maturation.

On the other hand, there is also a report that although Notch signaling is essential to

maintain NSCs in an undifferentiated state, it has no effect on astrocytogenesis based on

the loss-of-function studies of presenilin, which possesses g-secretase activity (60). NSCs

induced from ES cells in which the RBP-J, related to Notch signaling, had been knocked

out; NSCs derived from mice lacking presenilin1 were used in that study and the use of the
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neurosphere method showed reduced neurosphere formation by NSCs derived from these

mutants. Both RBP-J-deficient NSCs and presenilin-deficient NSCs showed a greater

tendency to differentiate, notch type compared to the wild-type. When active-type Notch

was introduced into wild-type NSCs, they were maintained in the undifferentiated state.

The investigators also reported that they had not obtained any results that would indicate

a role of Notch signaling in promoting their differentiation into astrocytes. Thus, though

some of the reports on the relation between Notch signaling and gliogenesis are contradic-

tory, the discrepancies are thought to be attributable to differences in the timing of the intro-

duction of active-type Notch and the role of Notch signaling in the developmental stage.

More recently, we immunohistochemically investigated the state of activation of the

Notch1 signal in the development process in the mouse forebrain region in situ by using an

antibody that specifically recognizes active-type Notch protein (Notch1 proteolytic frag-

ment cleaved by g-secretase). We found that the Notch1 signal was activated in the

growth process of NSCs/precursor cells in the embryonic period and in the early stage

of the process of astrocyte differentiation from radial glia and that it was repressed in

the neuronal cell lineage (61) (Fig. 5). Interestingly, the active form of Notch1 was

below the threshold of immunohistochemical detection in the astrocytes in the SVZ,

where NSCs are thought to be maintained in the adult brain (61). This indicates that

some mechanism other than Notch1 signaling may be involved in the maintenance of

adult NSCs; this point is discussed in the following section.

Self-Renewal and Long-Term Maintenance Mechanism of NSCs

How is the self-renewal and maintenance of the undifferentiated state of NSCs regulated

by signaling? The most likely possibility seems to be that they are regulated by extrinsic

factors such as the microenvironment, including cell adhesion and cell interactions, at the

site where the cells are located. The first extrinsic factor candidates that can be cited are the

Figure 5 Activation of Notch1 signal during CNS development. The Notch1-activation pattern,

determined by anti-activated Notch1, is likely to be associated with a self-renewal of NSCs, the inhi-

bition of neurogenesis, and astrocytic differentiation. Note that Notch1 is transiently activated in the

astrocytic differentiation of radial glia, not in the fully matured astrocytes. Abbreviations: CNS,

central nervous system; NSCs, neural stem cells. Source: From Ref. 61.
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NSC mitogens EGF and FGF-2. They promote the self-renewal of NSCs and make it poss-

ible to subculture them long-term in vitro (62,63). Moreover, it has recently been shown

in vitro that activation of the IGF-I receptor by IGF-I is essential for promotion of stem-

cell division by EGF and FGF-2. However, as the cycling time of adult NSCs is very slow

(average in the corpus striatum: 15 days) (64) or mitosis has almost stopped, it cannot

be completely explained by these mitogens alone and thus other factors appear to be

necessary to maintain adult NSCs in an undifferentiated state. Shimazaki et al. (65)

recently discovered that one of them is a signal mediated by gp130. gp130 is a receptor

subunit common to the members of the Class I cytokine family (CLC/CLF, CNTF,
CT-1, IL-6, IL-11, LIF, and Oncostatin M) and it is known to activate transcription

factor STAT1/3 via JAK kinase and repress expression of the target gene, as well as to

activate the signal transmission pathway of the RAS-MAPKinase system and

P13Kinase system via the docking protein Gab1. The signal mediated by gp130 has

been shown to have a variety of biological actions in addition to maintaining mouse ES

cells undifferentiated; and it is known to be required in the CNS development for the sur-

vival of specific neurons, such as motor neurons, the survival of oligodendrocytes, and

differentiation into astrocytes. As stated above, the signal mediated by gp130 has attracted

particular attention as possibly causing NSCs to differentiate into astrocytes by coupling

with the BMP signal (45). Nevertheless, in an analysis of knock-out mice for the LIF

receptor (LIFR), which is a receptor subunit required for activation of gp130 signal trans-

mission by CNTF, LIF, etc. Shimazaki et al. (65) demonstrated that the gp130 signal

promotes maintenance of NSCs in the undifferentiated state, the same as in ES cells.

When NSCs are suspension cultured in the presence of EGF or FGF-2, they form

single-cell-derived aggregates called neurospheres and can be made to grow for long

periods, but they never grow in response to CNTF or LIF. In contrast, human NSCs are

more difficult to subculture for long periods than rodent NSCs, but subculture has been

reported to be easier when LIF is added to culture medium containing EGF and FGF-2

(66). Shimazaki et al. (65), therefore, first investigated the dynamics of NSCs in mice

lacking LIFR, but they did not detect any difference from the wild-type in number of

NSCs that they were able to confirm by neurosphere formation in the corpus striatum

of E14 mice lacking LIFR (LIFR2/2). However, when the LIFR2/2 NSCs were subcul-

tured seven times or more in vitro in the presence of EGF, cell growth became impossible

in low-density cultures. Subsequent subculture by high-density culture was possible, but

neurosphere-forming ability had been lost, and the cells assumed a fibroblast-like form.

Even when these fibroblast-like cells were adhesion cultured in the absence of EGF,

which are ordinary differentiation conditions, they failed to differentiate and died.

These findings indicate that LIFR is essential for long-term maintenance of NSCs

in vitro. Well then, is LIFR actually also involved in the long-term maintenance of

NSCs in vivo? This issue was addressed by analyzing the heterozygotes of LIFR

knock-out mice (67). Shimazaki et al. (65) determined the number of NSCs in the adult

striatum of heterozygotes (LIFRþ/2) by the neurosphere method and the number of pro-

genitor cells they generated by labeling by BrdU uptake, and they compared them with the

wild-type. The results suggested that LIFR is necessary in NSCs to maintain them in vivo

at least from birth until adulthood. However, it was unclear from these results alone

whether LIFR promotes the self-renewal of NSCs or is necessary for survival. Then,

Shimazaki et al. (65) intraventricularly injected adult mice with CNTF or EGF or both

for six days and monitored changes in the numbers of NSCs in the corpus striatum and

concluded that CNTF promotes self-renewal of NSCs rather than their survival. In other

words, the LIFR/gp130 signal appears to promote self-renewal during NSC division.

However, it is still unclear at which stage in brain development it is prominent, especially
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after birth, that is, whether it is only in the early postnatal stage when large numbers of glia

are produced or whether it is similar in the adult as well. With regard to the molecular

mechanisms, whether STAT3 is the chief control factor for self-renewal, as in ES cells,

and how the RAS-MAPKinase pathway and the PI3Kinase pathways are involved also

remain to be elucidated. Interestingly, the activation of gp130 in NSCs was shown to

rapidly increase Notch1 expression, indicating a link between gp130 signaling and

Notch1 in regulating NSC self-renewal (68).

Needless to say, in addition to extrinsic factors, cell autonomous intrinsic factors are

involved in the self-renewal of NSCs. What are the candidates for such intrinsic factors

involved in the self-renewal of NSCs? Stem cells derived from various tissues (e.g.,

HSCs and NSCs) are thought to share several parts of their self-renewal mechanism

(69) and the fact that NSCs (23,24,70), intestinal epithelial stem cells (71,72) and other

epithelial stem cells (or stem-like cells) (73,74) all share expression of the RNA-

binding protein Musashi1, may be one basis for this. Musashi1 binds to the 30UTR of

m-Numb mRNA and activates the Notch1 signal by repressing translation of m-Numb

mRNA (25,75), and it has been postulated to increase the self-renewal of the stem cells

among these cells and to be responsible for maintaining them in the undifferentiated

state (25,76) (Fig. 6). By analyzing the upstream signals involved in the regulation of

Musashi1 expression in the future, we hope to elucidate the entire signal mechanism

that leads to the self-renewal of these stem cells.

Recently, the polycomb group transcriptional repressor Bmi-1 was shown to be

required for the postnatal maintenance of HSCs as well as for the self-renewal of NSCs

and NCSCs (77,78), suggesting that a common mechanism regulates the self-renewal

and postnatal persistence of diverse types of stem cells. Furthermore, the detailed clonal

analyses showed that Bmi-1 is required for the self-renewal of NSCs and NCSCs, but

not for proliferation of restricted neural progenitors from the gut and forebrain, suggesting

that Bmi-1 dependence distinguishes stem-cell self-renewal from restricted progenitor

proliferation, at least in the CNS and PNS. Determining the integrative interactions of

Figure 6 Function of Neural RNA-binding protein Musashi 1 in the Notch1-activation and self-

renewal of NSCs. An RNA-binding protein, Musashi1 inhibits the translation of m-Numb, a Notch1

antagonist, thereby inducing the Notch1 signaling and the self-renewal of NSCs. Abbreviation:

NSCs, neural stem cells. Source: From Ref. 25. (See color insert.)
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extrinsic and intrinsic factors involved in the self-renewal of NSCs and other stem cells

will be of considerable interest.

CONCLUSION AND PERSPECTIVES

The term “regenerative medicine” has come into general use. The word “regeneration”

seems to mean returning a lost function or part to its original state after it has been lost,

and it is often used coupled with “stem-cell system.” Treatment of one degenerative

disease of the CNS, Parkinson’s disease, by transplantation of brain cells derived from

fetuses has already been tried, and obvious efficacy has been confirmed (79,80).

However it should be noted that neural transplantation is still at an experimental stage

in the treatment of Parkinson’s disease due to the use of fetal tissue, including lack of suf-

ficient amounts of tissue for transplantation in a large number of patients, variation of

functional outcome due to poor standardization, and ethical issues (80). Against this back-

ground, research on stem-cell technology has flourished in recent years and naturally their

biological aspects are often taken up by the mass media precisely because of the expec-

tation of clinical applications. Of course, if stem-cell technology can be used to treat

degenerative diseases of the CNS, with degenerative efficacy and safety there could be

no better news for patients. However, there is no doubt about the need for much greater

basic medical analysis in the future (11,12).
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INTRODUCTION

A long history of scientific interest is associated with the mammary gland because of its

seminal role in infant nutrition and well being, and because it is often afflicted by cancer

development. In fact, before the beginning of the twentieth century, there were already

more than 10,000 scientific references to published articles relating to mammary

biology (1). It was an interest in cancer and cancer development in the breast that

brought about the first series of experiments that led to our current concept of tissue-

specific mammary epithelial stem cells. The occurrence of what appeared to be premalig-

nant lesions of the glandular epithelium led DeOme et al. (2) to develop a biologic system

to recognize, characterize, and study hyperplastic nodules in the mammary glands of

mouse mammary tumor virus (MMTV)-infected mice. These investigators developed a

surgical method for removing the endogenous mammary epithelium from the fourth

mammary fat pad. Subsequently, the “cleared” pad was used as a site of implantation

where suspected premalignant lesions could be placed and their subsequent growth and

development could be observed. Using this approach, they were able to show that both

premalignant and normal mammary implants could grow and fill the empty fat pad

within several weeks. During this growth period, the premalignant implants recapitulated

their hyperplastic phenotype, whereas normal implants produced normal branching

mammary ducts. Serial transplantation of normal and premalignant outgrowths demon-

strated that while normal implants invariably showed growth senescence after several gen-

erations, hyperplastic outgrowths did not. It soon became apparent that any portion of the

normal mammary parenchyma could regenerate a complete mammary tree over several

transplant generations, suggesting the existence of cells capable of reproducing new

mammary epithelium through several rounds of self-renewal. However, it was some

time later before this property was recognized as representative of the presence of

mammary epithelial stem cells (3).
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AGING AND REPRODUCTIVE SENESCENCE

The discovery that all portions of the mouse mammary gland appeared competent to regen-

erate an entire new gland upon transplantation triggered a series of papers relating to the

reproductive lifetime of mammary cells (4–7). It was determined that no difference

existed in the regenerative ability of mammary tissue taken from very old mice versus

that taken from very young mice during serial transplantation. In addition, neither repro-

ductive history nor developmental state had a significant impact on the reproductive

longevity of mammary tissue implants. The ability of grafts from old donors to proliferate

equivalently to those from young in young hosts suggested to these authors that the lifespan

of mammary cells is primarily affected by the number of mitotic divisions rather than by the

passage of chronological or metabolic time. The authors in a series of experiments tested

this where mammary implants were serially transplanted. In one series, fragments were

taken from the periphery of the outgrowth for subsequent transplantation. In the other,

the fragments for transplant were removed from the center. The supposition was that the

cells at the periphery had undergone more mitotic events than those in the center and there-

fore peripheral tissue would show growth senescence more quickly than tissue near the

center. Outgrowths from fragments taken from the periphery repeatedly showed senescent

growth in earlier passages when compared to those generated from implants from the

centers of outgrowths (5). The authors concluded that the growth senescence in trans-

planted mammary epithelium was related primarily to the number of cell divisions. In con-

trast, mouse mammary epithelial cells could be transformed to unlimited division potential

either spontaneously, by MMTV infection, or by treatment with carcinogens (4,8). At the

time this observation was taken to signify that “immortalization,” that is, attainment of

unlimited division potential, was an important early step in malignant transformation.

More recently, Medina et al. (9) have shown that mammary epithelium from p532/2
mice also exhibits an “immortal” phenotype upon serial transplantation. This is a striking

discovery because of the essential role that p53 signaling plays in the maintenance and

genomic stability of the stem cells within the crypts of the small intestine. For example,

radiation sensitivity is absent in the intestinal crypt stem cells in p53 null mice (10).

With respect to transplantation of mammary fragments to epithelium-free fat, exten-

sive studies indicate that rat mammary epithelium shows similar clonogenic activity to

that of the mouse. In fact, rat mammary implants grow extensively to complete glandular

structures within “cleared” mousemammary fat pads (11). In addition, there is a similar indi-

cation that all parts of the rat gland have regenerative capacities. Little is known regarding the

regenerative ability of human breast upon transplantation. Humanmammary fragments were

maintained and could be stimulated to functional differentiation inmousemammary fat pads,

but did not grow extensively (12). Xenografts of human breast in immuno-compromisedNu/
Numice have been shown to exhibit a mitogenic response upon exposure to increased levels

of estrogen and progesterone (13). Because of the lack of a functional transplantation assay

for human breast epithelium, virtually nothing is known about its growth, longevity, or

capacity to self-renew, although emerging techniques for transplantation of human breast

cells into the sub-renal capsules or cleared and humanized mammary fat pads of recipient

mice should enable this to be tested in the near future (14,15).

IN VITRO STUDIES

Dispersed mouse mammary epithelial cells have been shown to be able to recombine and

grow to form a new gland within the epithelium-free mammary fat pad (16–19). In these

72 Smith and Clarke

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


experiments, both normal and transformed mammary outgrowths were developed, indicat-

ing that both normal and abnormal mammary cells could exist within any given apparently

normal glandular population. More recently, irradiated feeder cells have been employed to

propagate primary cultures of mouse mammary epithelium. Under these conditions, the

cells were maintained for nine passages and produced normal mammary outgrowths

upon introduction into cleared mammary fat pads (20). The number of dispersed

mammary cells required to produce a positive take, that is, form a glandular structure

within the fat pad increased with increasing passage number. This observation applies

to all mouse mammary epithelial cell lines that have been developed in vitro and main-

tained through serial passages. Eventually, with passage, as with the fragment implants,

either no growth is attained or neoplastic development is achieved when the cells are

placed into cleared fat pads (21). Some mouse mammary cell lines that were grown for

various periods in culture demonstrated an extended reproductive lifespan when reintro-

duced into cleared mammary fat pads and transplanted serially. The resulting outgrowths

appeared in every way to be normal and did not exhibit hyperplastic or tumorigenic growth

(22). The authors concluded that the immortalization phenotype could be dissociated from

the preneoplastic phenotype and suggested that these mammary cell lines may represent

an early stage, perhaps the earliest, in progression to mammary tumorigenesis. Human

breast epithelium in culture endures at least two growth senescent periods before progres-

sing to an immortalized population. The molecular events accompanying these conver-

sions have been studied very extensively (23). Nothing from these in vitro studies has

shed any light on either the biology or characterization of human mammary epithelial

stem cells.

During the last decade, a number of authors have investigated the endpoint of the

clonogenic capacity of dispersed rodent mammary epithelial cells in limiting dilution

transplantation experiments (24–27). Both in the mouse and in the rat, 1000–2000

mammary epithelial cells represent the smallest number required for the establishment

of an epithelial growth in a fat pad. Earlier, it was shown that genes could be intro-

duced into primary mammary epithelial cell cultures with retroviral vectors. Sub-

sequently, the genetically modified epithelial cells were reintroduced into cleared

mammary fat pads for evaluation in vivo (28). Although stable transduction of gene

expression could be achieved in a high percentage of mammary cells in culture, recov-

ery of these retroviral-marked cells in regenerated glandular structures was only poss-

ible when virtually 100% of the implanted cells were stably modified. It was

determined that this resulted from the fact that only a very small proportion of the

primary epithelial cells inoculated were capable of contributing to tissue renewal in

vivo. This was the first indication that only a subset of the mammary epithelial popu-

lation possessed the capacity to regenerate mammary tissue upon transplantation. From

this followed the possibility that this cellular subset represented the mammary epithelial

stem-cell compartment.

For two entirely different purposes, dispersed rat and mouse mammary cells were

tested for their ability to form epithelial structures in empty fat pads at limiting dilution.

The possibility that lobule and ductal lineage-limited cells existed among the mouse

mammary epithelial population was investigated based upon the common observation

that lobular development could be suppressed in transgenic mouse models when ductal

branching morphogenesis was unaffected. The results of this study provided evidence

for distinct lobue-limited and ductal-limited progenitors in the mouse mammary gland

(24). Figure 1 depicts a growing implant in an impregnated host, and both ductal branching

morphogenesis and lobulogenesis occur simultaneously under these circumstances. In

Figure 1A, an arrowhead indicates the growing terminal end bud of a duct, while the
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Figure 1 Agrowingmammary implant is shown in top panel (A). The outgrowth is 11 days old and

is in the cleared mammary fat pad of a four-day pregnant host. Active ductal growth and elongation is

present with the extension of ducts occurring radially from the implant. Terminal end buds (arrow-

head) are enlarged and actively growing, and along the subtending ducts, small secretory acini

(arrows) are developing. Estrogen, progesterone, and prolactin signaling through their cognate recep-

tors (ER, PR, PrIR) are essential in this activity. An illustration in bottom panel (B) indicates the type

and location of pluripotent mammary epithelial cells and their respective progeny.
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small arrows point out developing secretory acini on the subtending duct. Figure 1B

represents our current understanding of the location and type of mammary epithelial pro-

genitors. In an effort to establish the total number of clonogenic cells in the rat mammary

gland as a measure of radiogenic susceptibility to cancer induction, Kamiya et al. (25,27)

conducted similar experiments. These authors found that like the mouse, rat mammary

glands possessed distinct lobule-committed and duct-committed progenitors. In the

mouse, it was shown in clonal-dominant mammary populations that both of these pro-

genitors arose from a common antecedent, that is, a primary mammary epithelial stem

cell (26).

As described earlier, efforts to propagate mammary epithelial cells in continuous

culture and subsequently demonstrate their ability to reconstitute the mammary gland in

vivo have met with limited success. A different approach to understanding mammary epi-

thelial cell lineage was applied by using cell surface markers to distinguish basal (myo-

epithelial) from luminal (secretory) epithelial cells. With fluorescence-activated cell

sorting (FACS), human mammary epithelial cells were separated into myoepithelial

(CALLA-positive) and luminal (MUC-positive) populations and evaluated for their

respective capacity to produce mixed colonies in cloning assays (29,30). These authors

reported that individual epithelial cells bearing luminal markers alone or both luminal

and myoepithelial surface markers could give rise to colonies with a mixed lineage phe-

notype. Cells bearing only the CALLA marker (basal/myoepithelial) were only able to

produce like epithelial progeny. Using a similar approach, another group (31) demon-

strated that CALLA-positive (myoepithelial) and MUC-1 positive (luminal) mammary

epithelial cells could be purified to essentially homogeneous populations and maintained

as such under certain specific culture conditions in vitro. Expression of distinctive keratin

gene patterns and other genetic markers also characterized these disparate cellular popu-

lations. It was further demonstrated that only the luminal epithelial cell population was

able to produce both luminal and myoepithelial cell progeny in vitro, providing further

evidence that the multipotent cellular subset in mammary epithelial tissue resided

among the luminal rather than the myoepithelial lineage. More recently, this same

group has shown that unlike myoepithelial cells from normal glands, tumor-derived myoe-

pithelial cells were unable to support three-dimensional growth when combined with

normal luminal cells in vitro (32). This deficiency was shown to be due to the inability

of the tumor myoepithelial cells to express a specific laminin gene (LAM1) product.

Mouse mammary epithelial cells have been FACs separated according to their

luminal or myoepithelial surface markers. Subsequent study of these different populations

in vitro gave results that agree with those reported for human cells. The cells capable of

giving rise to mixed colonies in cloning studies were only found among the ceIls

bearing luminal epithelial cell markers (33).

Another approach using FACS-purified cells was reported by Clayton et al. (34) who

predicted that stem/progenitor cells in the human breast may be either double positive

(DP) for CALLA and MUC-1 or possibly double negative (DN). When they analyzed

colony formation on either mouse embryonic or human mammary fibroblast feeder

layers, they found that DN cells gave mostly luminal only, some myo-epithelial only,

and a few mixed colonies. In contrast, DP cells gave rise to approximately equal

numbers of either luminal or myoepithelial only colonies, some mixed lineage colonies,

but also some DP and DN cell colonies. This suggests that DP cells may be capable of

self-renewal, an important defining characteristic of a stem cell.

A tissue culture approach previously applied to brain stem cells has been neuro-

sphere suspension cultures in which the capacity of a stem cell for self-renewal can be

measured. This culture method prevents adherence of cells to the tissue culture plastic
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and induces cell death by anoikis due to lack of attachment. Since differentiated mammary

epithelial cells require attachment for survival (35), this method has been applied to human

mammary epithelial cells (36). Mammospheres (MS) were demonstrated to be clonal and

produced by approximately 1/250 cells. MS contain both luminal and myoepithelial cell

markers and can form mixed colonies when dispersed and plated on feeder layers or into

three-dimensional culture in matrigel. On passage of dispersed MS cells, a similar number

form MS (1/250), which suggests that symmetric self-renewal divisions occur under these

conditions. However, the addition of Notch receptor agonists increases the number of MS

by 10� suggesting the Notch signaling pathway can stimulate mammary stem-cell self-

renewal (37).

MAMMARY STEM-CELL MARKERS

Several recent studies have demonstrated that the multipotent cells in mammary epi-

thelium reside within the luminal cell population in humans and mice (31,33).

However, no specific molecular signature for mammary epithelial stem cells was revealed.

Smith and Medina (3) presented an earlier marker that held promise for identifying

mammary stem cells in the ultrastructural description of mitotic cells in mammary epi-

thelial explants. These investigators noticed that mouse mammary explants, such as

mammary epithelium in situ, contained pale or light-staining cells and that it was only

these cells that entered mitosis when mammary explants were cultured.

Chepko and Smith (38) analyzed light cells in the electron microscope utilizing their

ultrastructural features to distinguish them from other mammary epithelial cells. The

following basic features expected of stem cells were applied in the ultrastructural evalu-

ation: division-competence (presence of mitotic chromosomes) and an undifferentiated

cytology (Fig. 2). Figure 2 shows the side-by-side appearance of an undifferentiated

large light cell (ULLC) and a small, undifferentiated light cell (SLC) in a secretory

acinus of a lactating rat mammary gland. The pale-staining (stem) cells are of distinctive

morphology; therefore, their appearance in side-by-side pairs or in one-above-the-other

pairs (relative to the basement membrane) was interpreted as the result of a recent sym-

metric mitosis. In addition to pairs, other informative images would be of juxtaposed

cells that were morphologically intermediate between a primitive and differentiated mor-

phology based on the number, type, and development of cytoplasmic organelles. Cells

were evaluated for cytological differentiation with respect to their organelle content and

distribution, that is, cells differentiated toward a secretory function might contain specific

secretory products, such as milk protein granules or micelles, which have been ultrastruc-

turally and immunologically defined (39). In addition, the presence and number of intra-

cellular lipid droplets, the extent and distribution of Golgi vesicles, and rough endoplasmic

reticulum (RER) attest to the degree of functional secretory differentiation of a mammary

epithelial cell. These features are characteristically well developed in the luminal cells of

active lactating mammary gland. Myoepithelial cells are flattened, elongated cells located

at the basal surface of the epithelium, and their prominent cytoplasmic feature is the pre-

sence of many myofibrils and the absence of RER or lipid droplets.

In a retrospective analysis of light and electron micrographs, a careful and detailed

scrutiny of mammary tissue was performed to determine the range of morphological fea-

tures among the cell types that had previously been reported. The samples evaluated

included mouse mammary explants, pregnant and lactating mouse mammary glands,

and rat mammary glands from 17 stages of development, beginning with nulliparous

through pregnancy, lactation, and involution (38,40–42). From this analysis, we were
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able to expand the number of cell types in the epithelium from two secretory (or luminal)

and myoepithetlal cells to five distinguishable structural phenotypes or morphotypes. Our

observations strengthened the conclusion that the undifferentiated (light) cells are the only

cell type to enter mitosis. The undifferentiated cells were found in two easily recognized

forms: small (�8 microns) and large (15–20 microns). Mitotic chromosomes were never

found within the differentiated cells, namely, secretory and myoepithelial cells, suggesting

that they were terminally differentiated and out of the cell cycle. Using all of the above

features, we were able to develop a more detailed description of the epithelial subtypes

that comprise the mammary epithelium.

The characteristics used to develop a standardized description of five mammary epi-

thelial cellular morphotypes were: staining of nuclear and cytoplasmic matrix, cell size,

cell shape, nuclear morphology, amount and size of cytoplasmic organelles, location

within the epithelium, cell number, and grouping relative to each other and to other mor-

photypes. These characteristics were used to perform differential cell counts and morpho-

metric analysis of the cell populations in rat mammary epithelium (38). Figure 3 presents

an illustration of each mammary cell type and can be used on both the light and electron

levels to help form a search image for recognizing them in situ. The five morphotypes we

recognize in rodent mammary epithelium are a primitive small light cell (SLC), a ULLC, a

very differentiated large light cell (DLLC), the classic cytologically differentiated luminal

cell (LDC), and the myoepithelial cell. We described three sets of division-competent cells

in rodent mammary epithelium and demonstrated that mammary epithelial stem cells and

Figure 2 In a secretory acinus from a lactating rat mammary gland, SLC and ULLC appear

juxtaposed, suggesting they result from a single mitotic event. To the right, a second pair is

present where only the SLC is completely within the plane of section. Portions of its undifferentiated

neighbor (Ip) and (UP) are seen beside it. Differentiated secretory mammary epithelial cells (LDC)

lie on either side in an adjacent acinus. Milk fat globules (L) and casein micelles in secretory vesicles

(v) are present within the DSC and in the lumen (Lu). A portion of a myoepithelial cell cytoplasm

(My) also appears near the SLC. The bar equals 4.0 micrometer. Abbreviations: ULLC, undifferen-

tiated large light cell; SLC, small light cell; DSC, dark secretory cell.
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their downstream progenitors are morphologically much less differentiated than either the

secretory or the myoepithelial cells. We counted a total of 3552 cells through 17 stages of

rat mammary gland development and calculated the percent of each morphotype. This

analysis showed that the population density (number of cells/mm2) of SLC among

mammary epithelium did not change from puberty through post-lactation involution.

Figure 3 Various morphological forms are portrayed, which make up the fully differentiated

murine mammary epithelium. It is not drawn to scale; rather, it indicates our interpretation of the

lineal relationships between the mammary stem cell at the top left, the lineage-limited I0 and II0

progenitors, and the fully differentiated secretory and myoepithelial cells. Source: Adapted from

Ref. 38.
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The proportion of SLC remained at 3%. This means that although the number of mammary

epithelial cells increased by 27-fold during pregnancy in the mouse (26,43), the percent of

SLC in the population does not change. Therefore, SLC increases and decreases in

absolute number at the same relative rate as the differentiating epithelial cells.

If these undifferentiated epithelial cells represent structures essential for self-

renewal and stem-cell function, they would be rare or absent in growth and regeneration

senescent populations. In support of this conclusion, neither small light cells (SLC) nor

ULLCs was observed in an extensive study of growth senescent mouse mammary trans-

plants. Examination of growth-competent implants in the same host reveals easily detect-

able SLC and ULLC (44). Further, “immortal” premalignant mammary outgrowths, which

never show a growth senescent phenotype upon serial transplantation persistently contain

both SLCs and ULLCs. These observations lend additional support to the conclusion that

both SLC and ULLC represent important components in the mechanism for mammary epi-

thelial stem-cell maintenance and self-renewal in situ.

Gudjonsson et al. (45) predicted that if human mammary epithelium contained cells

similar to the SLC and ULLC described in rodents, then these cells would be low or nega-

tive for the luminal surface marker, sialomucin (MUC-1), as they do not commonly

contact the luminal surface. Coincidentally, such cells would be positive for epithelial

specific antigen (ESA) but negative for the basal myoepithelial cell marker, smooth

muscle actin (SMA). Using this approach, they isolated two luminal epithelial cell popu-

lations. One, the major population, co-expressed MUC-1 and ESA. The other, a minor

population, was found in a suprabasal location in vivo and expressed ESA but not

MUC-1 or SMA. These latter cells were multipotent and formed elaborate branching

structures composed of both luminal and myoepithelial lineages, both in vitro and in

vivo. The outgrowths produced and resembled terminal duct lobular units both by mor-

phology and marker expression. These data provide strong evidence for the presence of

mammary epithelial stem cells in the human breast with characteristics similar, if not iden-

tical, to those described earlier for rodent mammary gland.

Several specific cellular markers that identify the “stemness” of any particular

mammary epithelial cell have been reported but none of them infallibly identifies the

actual stem-cell pool. In many cases, the markers identify a sub-set of cells enriched for

stem-cell-like behavior or only identify a proportion of the stem cells. Several features

known to define stem cells in other organs have been applied to the mammary gland,

for example, the property of retaining DNA synthesis incorporated label over a long

chase following labeling, that is, long label retaining cells (LRCs) in 3H-thymidine or

5-bromodeoxyuridine (5BrdU) pulsed mammary tissue. Mammary cells in the mouse

with this property have been identified and were found scattered along the mammary

ducts. Estrogen receptor immuno-staining suggests that these cells are often estrogen

receptor (ER) positive (46). These authors made no further characterization of these cells.

In a recent attempt to further characterize label-retaining cells in the mouse

mammary gland, specific cellular markers were applied to mammary cells pulsed for 14

days in vivo with BrdU and chased for nine weeks (47). In situ, LRCs represent 3% to 5%

of the population after nine weeks in good agreement with the number of SLCs (38). Some

LRCs were found to be negative for both luminal and myoepithelial markers (CK14

and 18), suggesting that they were undifferentiated. In contrast to the above study, they

were also mainly steroid receptor-negative. Two characteristics, efficient efflux of

Hoechst dye side population (SP) and the presence of stem-cell antigen-1 (Sca-1)

known to associate with stem cells in other organ systems, were used to enrich for putative

mammary epithelial stem cells by FACS. LRCs were enriched for Sca-1 expression and SP

dye-effluxing properties. In addition, the SP mammary cells possessed a frequency and
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size distribution that was very similar to SLCs and were highly enriched for Sca-1

expression. The Sca-1 positive mammary cells showed a greater regenerative potential

in cleared fat pads than similar numbers of Sca-1 negative cells. This study represents a

first important step toward prospectively isolating mammary epithelial progenitors and

may permit the identification of additional markers useful in determining the biological

potential of mammary stem cells.

The presence of an SP in mouse mammary epithelial preparations was also reported

by Alvi et al. (48). In this study, the SP formed 0.45+ 11% (n ¼ 17) of mouse mammary

epithelial cells. Mouse mammary SP cells had high levels of Bcrp1 (Hoechst-effluxing

protein) expression but were depleted for cells that expressed cytokeratins and a mouse

luminal epithelial cells surface marker, suggesting that the SP cells were undifferentiated.

Interestingly, the SP was enriched for cells that expressed the telomerase catalytic subunit

and a6-integrin, both potential stem-cell markers, but no difference was found in

expression of the oestrogen receptor between SP and nonSP cells (48). SP percentage

has been used as a surrogate marker for stem-cell numbers in the mouse mammary epi-

thelium in studies of Wnt signaling (49). Hyperplastic glands of MMTV-Wnt-1 and

MMTV-DN-catenin mice had SP percentages increased by three- and ninefold respec-

tively, compared to wild type mice. When MMTV-Wnt-1 or MMTV-DN-catenin mice

were crossed with syndecan-1 null mice, the hyperplastic response was reduced, the

glands were hypomorphic, and, furthermore, the SP fraction was reduced by at least

50%. Addition of soluble Wnt-3a or epidermal growth factor (EGF) to primary

mammary epithelial cell cultures increased SP percentages, indicating that growth

factors can indeed have a direct effect on the percentage of cells in the SP (49).

A similar SP to that observed in the mouse mammary gland has also been identified

by several groups in normal human breast tissue obtained from reduction mammoplasty

and other noncancer breast surgery (34,36,48,50,51). In the three groups who have per-

formed human breast tissue SP analyses, the proportion of breast SP cells varied from

�0.2% (34,48) to�1% (36) to�5% (50,51). Age, parity, day of menstrual cycle, and con-

traceptive use were not correlated with %SP in an analysis of the nine women from whom

breast tissue was obtained (48). Although different proportions of isolated human breast

SP cells were reported in the above studies, their stem-cell nature has been analyzed

and compared to the nonSP cells using various in vitro cell culture methods. The

growth of SP and nonSP at clonal densities in monolayer culture in vitro either on

feeder layers or on collagen produced three types of colonies: those consisting of myo-

epithelial or luminal epithelial cells alone and mixed colonies of both cell types.

However, depending on the substratum, SP cells produced two to seven times more colo-

nies than nonSP cells. In support of their putative stem-cell nature, only the SP cells pos-

sessed the ability to produce colonies with both myoepithelial and luminal epithelial cell

types (34,36). Another published method for the culture of undifferentiated tissue-specific

stem cells is the growth of colonies from single cells in nonadherent suspension culture

such as neurospheres from brain tissue, which are enriched in neural stem cells (52).

Where this has been applied to human breast cells grown as “mammospheres,” SP cells

made up 27% of the total population of sphere cells. Conversely, only SP, and not

nonSP cells, from fresh breast cell digests were capable of forming mammospheres in

nonadherent suspension culture (36). Finally, in three-dimensional (3D) cultures in base-

ment membrane preparations such as matrigel, breast cells can differentiate to form acini

(small hollowed out or solid colonies) or large branching structures reminiscent of lobular

structures in vivo. Human breast epithelial (BER2EP4þ) SP cells were demonstrated to

produce branching type structures, while nonSP cells produced only acinus-like structures.

Only the SP cells structures contained differentiated cells expressing cytokeratins (CK) of

both myoepithelial (CK14) and luminal epithelial (CK18) type (50).
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Putative stem-cell markers and differentiation markers have been analyzed in the

human SP and compared to the nonSP cells by two research groups (34,50,51). Using

antibodies to the cell surface markers of differentiated myoepithelial and luminal epi-

thelial cells, CALLA and MUC-1 respectively, it was demonstrated by both groups that

�70% of epithelial SP cells expressed neither protein, whereas most nonSP cells

expressed one or the other of these differentiated cell markers (34,50,51), strongly

suggesting that SP cells include an undifferentiated population of cells. Since the breast

is a steroid hormone-responsive tissue, both groups analyzed ER expression. Clarke

et al. (50) found a sixfold increased ER-a mRNA and protein expression in SP compared

to nonSP cells, whereas Clayton et al. (34) found no SP cells expressing either the ER-a

or ER-b mRNA. In agreement with Clarke et al. (50), Alvi et al. (48) had reported that up

to half of mouse mammary SP cells expressed ER-a protein. The expression of other puta-

tive stem-cell markers such as p21CIP1/WAF1 (twofold) and Musashi-1 (sixfold) mRNA

was demonstrated to be increased in SP compared to nonSP cells (50). Interestingly,

these proteins were co-expressed with ER-a in breast epithelial cells examined by dual

label immuno-fluorescence, suggesting that SP cells may express all three proteins (50).

The proliferation marker Ki67 was absent in SP cells by QRT-PCR (34), which would

fit with the established fact that cells expressing ER-a do not proliferate in breast epi-

thelium in vivo (38) and the long-recognized quiescence of tissue-specific stem cells.

In the small intestine, the interfollicular integument and in hair follicles, evidence

has accumulated that strongly supports the existence of an “immortal strand” in somatic

stem cells, that is, during asymmetric division, the stem cell retains its template DNA

in a semi-conservative manner. This feature protects the stem cell from genetic errors

arising from DNA replication. Direct evidence demonstrates that this phenomenon

occurs in the ultimate stem cells of the crypts in the small intestine (53) and in tissue

culture lines modified to undergo asymmetric divisions under specified culture conditions

(54). The stability of the pattern of proviral insertions in serial transplants of retroviral-

infected, clonal dominant mammary epithelial outgrowths argues that this may be the

case. New proviral insertions occur during DNA synthesis in the cell cycle of chronically

infected cells. Therefore, in cells replicating exponentially as opposed to asymmetrically,

new proviral insertions should be common in the renewing population but they are not

(55). Evidence for active MMTV replication in these mammary populations is provided

by the demonstration of easily detectable unintegrated proviral DNA by Southern analysis

(26). In a very recent study, self-renewing mammary epithelial stem cells that were origi-

nated during allometric growth of the mammary ducts in puberfal females were labeled

using [3H]-thymidine (3H-TdR). After a prolonged chase, during which much of the

branching duct morphogenesis was completed, 3H-TdR-label retaining epithelial cells

(LRECs) were detected among the epithelium of the maturing glands. Labeling newly syn-

thesized DNA in these glands with a different marker, 5BrdU, resulted in the appearance

of doubly labeled nuclei in a large percentage of the LRECs (Fig. 4). In contrast, label-

retaining cells within the stroma did not incorporate 5BrdU during the pulse, indicating

that they were not traversing the cell cycle. Upon chase, the second label (5BrdU) was dis-

tributed from the double-labeled LREC to unlabeled mammary cells while 3H-TdR was

retained (56). These results demonstrate that mammary LREC selectively retain their
3H-TdR-labeled template DNA strands and pass newly synthesized 5BrdU-labeled

DNA to their progeny during asymmetric divisions. Similar results were obtained in

mammary transplants containing self-renewing, pluripotent, LacZ-positive epithelial

cells (57), suggesting that cells capable of expansive self-renewal may repopulate new

mammary stem-cell niches during the allometric growth of new mammary ducts (56).

These studies imply that during epithelial morphogenesis, mammary stem cells, newly

formed by symmetric self-renewal, enter a stem-cell niche and undertake asymmetric
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cell division kinetics, traversing the cell cycle, retaining their template DNA strands, and

giving rise to differentiating epithelial progeny, indefinitely maintaining tissue

homeostasis.

MAMMARY STEM CELLS IN CARCINOGENESIS

Contiguous portions of the human mammary gland possess the identical pattern of X

chromosome inactivation. Thus, local portions of the gland are derived from a single ante-

cedent (58). In a further study of human mammary tissue, this same group (59) showed

that mammary cancer in situ and the apparently normal tissue surrounding the lesion

shared similar genetic alterations. This was interpreted to indicate that mammary

lesions arise as a result of the clonal expansion of previously affected epithelium sub-

sequent to further genetic change. The results imply that local genetically damaged

mammary stem cells may give rise to premalignant lesions, which may progress to

frank malignancy. Studies by several other laboratories (60–62) have confirmed and

extended these observations, supporting the concept of clonal progression in the develop-

ment of breast cancer in humans. Therefore, it is conceivable that mammary hyperplasia

Figure 4 Singly labeled nuclei are shown in A–E, either positive for 3H-TdR alone, grains (A and

E), or 5BrdU alone, dark gray color (B–D). Doubly labeled 5BrdU/3H-TdR cell nuclei are shown in

F–J, following the 5BrdU incorporation. After a five-day chase of the 5BrdU label, the frequency of

doubly labeled 5BrdU/3H-TdR nuclei decreased, and the number of singly labeled 3H-TdR-positive

nuclei and 5BrdU-labeled nuclei increased. These nuclei were often juxtaposed, suggesting that

they resulted from a recent mitotic event (double arrows in K–M). E and N are examples of

singly labeled 3H-TdR-labeled nuclei in 5BrdU-labeled mammary tissues for comparison with

those shown in K–M. Bar ¼ 10 microns. Abbreviations: 5BrdU, 5-bromodeoyuridine; H-TdR,

[H]-thymidine.
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and tumors develop locally from damaged clonogenic epithelial progenitors (stem cells).

Using an immunological, rather than a genetic approach, Boecker et al. (63) reported a

bipotent progenitor cell in normal breast tissue capable of giving rise to glandular and

myoepithelial cell lineages, characterized by its expression of cytokeratin 5/6 (CK5/6).
Subsequent analysis of benign usual ductal hyperplasia, atypical hyperplasia, and ductal

cell carcinoma in situ by these authors led them to speculate that there was no required

biological continuum in the development of these three types of intraductal lesions of

the breast. Instead, they suggested that all three could arise independently and directly

from the progeny of a committed stem (progenitor) mammary cell.

Experimental evidence from MMTV-induced mouse mammary hyperplasia and

tumorigenesis (64) provides strong genetic support for the concept of clonal progression

from normal through premalignant to malignant epithelium in the rodent mammary

gland. In an effort to provide a proof of principle, that is, mammary stem cells may con-

tribute to mammary tumor development, mice exhibiting a mammary growth senescent

phenotype in transplant experiments were challenged with the oncogenic retrovirus

MMTV (65). Only one tumor was induced by MMTV in these mice. On the other

hand, more than half of their MMTV-infected wild type female littermates developed

mammary tumors. The result indicates that premature regenerative senescence in

mammary epithelial stem cells can reduce the subsequent risk for mammary tumorigenesis

in MMTV challenged mice.

Previous experimentation with retrovirus-marked (MMTV) clonal-dominant

mammary populations demonstrated that an entire functional mammary glandular out-

growth might comprise the progeny of a single antecedent (26). These populations have

been serially transplanted to study the properties of aging, self-renewing mammary clono-

gens derived from the original progenitor. Premalignant, malignant, and metastatic clones

arose from these transplants during passage. All of these bore a lineal relationship with the

original antecedent, because all of the original proviral insertions were represented in

each of these lesions (55). While this does not prove that mammary stem cells may directly

give rise to cancerous lesions within the mammary gland, it demonstrates that normal, pre-

malignant, and malignant progeny are all within the “repertoire” of an individual

mammary cell.

It has been proposed that tumors may contain a small population of cancer stem cells

(CSCs). These may be either mutated stem cells or alternatively mutated differentiated or

lineage-restricted progenitor cells that acquired mutations, granting them the stem-cell-

like capacity for self-renewal (66,67). There is some limited but intriguing evidence for

a tumorigenic human breast population that may constitute the CSCs. In the report,

CD44þ/CD24low cells, mainly from breast cancer cells removed in patients’ pleural effu-

sions (fluid in the thoracic cavity), were shown to readily generate solid tumors in mice,

whereas other tumor cells did not (68). The presence of CSCs may explain the phenotypic

heterogeneity seen within solid tumors, which are composed of a mixture of differentiated

tumor cell types with limited proliferative capacity and a small population of proliferative,

undifferentiated stem cells. The possible existence of a CSC has important implications for

cancer therapy. The current chemotherapeutic endpoint is a reduction in tumor size, using

drugs which target actively proliferating cells. CSCs, however, may divide infrequently

and be refractory to the chemotherapeutic hit. Additionally, if stem cells synthesize

proteins such as Bcrp1, which is responsible for the SP phenomenon, then this may

serve to efflux toxic drugs (69), effectively selecting for a population of cells resistant

to chemotherapy. Therefore, for the successful development of new anti-cancer therapies,

it will be necessary to target cancer stem cells.
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PREGNANCY AND BREAST CANCER RISK

In mice, rats, and humans, a single early pregnancy provides a significant lifelong

reduction in mammary cancer risk. In rats and mice, the protective effect of pregnancy

can be mimicked through hormonal application in the absence of pregnancy. This refrac-

toriness to chemical induction of mammary tumorigenesis has recently been linked to the

absence of a proliferative response in the parous epithelium when confronted with the car-

cinogen as compared with the nulliparous gland (70,71). Concomitant with the reduction

in proliferative response is the appearance of stable activation of p53 in epithelial cell

nuclei. This suggests that in response to the hormonal stimulation of pregnancy that a

new cellular population is created with an altered response to carcinogen exposure. A

new parity-induced mammary epithelial cell population was discovered (72), employing

a conditionally activated Cre/lox recombinase/LacZ system to identify mammary cells

in situ, which had differentiated during pregnancy and survived post-lactation involution.

Transplantation studies indicate that the surviving, LacZ-positive, parity-specific epi-

thelial cells have the capacity for self-renewal and contribute extensively to regeneration

of mammary glands in cleared fat pads. This population accumulates in parous females

upon successive pregnancies. In situ, these cells are committed to secretory cell fate

and proliferate extensively during the formation of secretory lobule development upon

successive pregnancies. In this process, both secretory and myoepithelial cell lineages

arise from the LacZ-positive survivors, as well as ER-positive and progesterone receptor

(PR) positive epithelial progeny (57). Transplantation of dispersed cells indicates that this

population is preferentially included in growth-competent mammary cell reassembly and

has an individual capacity to undergo at least eight cell doublings. Studies are in progress

to isolate and characterize these cells and to determine their contribution to the refractori-

ness of parous mammary tissue to cancer development.

FUTURE PROSPECTS

The existence of epithelial stem cells in the mammary glands of rodents and humans has

been established. Much remains to be learned about the mechanism(s) involved in the

maintenance of these cells in situ and the signals governing their behavior. A number of

candidate genes, which may play a role in mammary stem-cell biology, have appeared

during the study of mammary gland growth and development in transgenic and gene del-

etion models. However, none of these genes has been fully assessed under conditions where

mammary stem-cell function is required, namely, during regeneration of the glandular epi-

thelium. TheMMTV-induced Notch4/Int3 mutation results in the unregulated constitutive

signaling of the Notch intracellular domain in the affected epithelium, invariably leading to

the development of mammary cancer. The presence of this mutation in mammary epi-

thelium prevents the development of the secretory cell fate (73). Transplantation of

mammary epithelium containing MMTV-Notch4/Int3 into cleared fat pads routinely

fails to result in growth. Hormonal stimulation with estrogen and progesterone rescues

ductal growth and development in these implants but not secretory cell fate. These

results imply that Notch signaling is essential in regulating mammary stem-cell function.

Expression of a Notch4/Int3 transgene lacking the CBF-1 (mammalian homolog of sup-

pressor of hairless) binding domain and the ability to affect the cascade of genes effected

byHairy Enhancer of Split (HES) inmammary gland does not block secretory development

or ductal growth in transplants (74). This result implicates Notch signaling through HES in

mammary cell fate decisions.
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The vast array of genetic models and manipulations developed in the mouse has yet

to be fully employed in the dissection of stem-cell biology in the mammary gland, or for

that matter, in a number of other organ systems. This will change with the increased

awareness of multipotent cells in adult organs and mounting evidence for the importance

of somatic cell signaling upon stem-cell behavior in tissue-specific stem-cell niches (75).

The application of conditional gene deletion or expression in stem-cell populations in the

epidermis provides an excellent example of this approach (76). Here, conditional acti-

vation of the proto-oncogene myc, even transiently, in epidermal stem cells commits

them to the production of sebaceous epithelial progeny at the expense of hair follicle

progeny. In the mammary gland, only indirect evidence supports the possible role of

somatic cell control of stem-cell behavior for mammary tumor induction by MMTV

(65). Modulation of stem-cell behavior holds exceptional promise of a new prophylactic

approach for controlling mammary cancer risk. An important step toward the achievement

of this control will be the characterization of the stem-cell niche in the rodent mammary

gland and ultimately in human mammary glands.
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INTRODUCTION

Stem cells hold the promise of the development of novel therapies for treating diseases.

Unfortunately, the use and study of embryonic stem cells are currently clouded by

ethical controversy. Adult stem cells offer a unique alternative in that they may be isolated,

studied, or manipulated without harming the donor. However, the adult stem-cell field is

still in its infancy. Several obstacles for manipulation of adult stem cells exist. First, the

ability to identify most adult stem cells is impeded by lack of stem-cell-exclusive

markers. Second, in vitro systems for manipulating adult stem-cell populations are not

well defined for all tissues. Third, the ability to reconstitute stem-cell function in vivo

has not been demonstrated for most organs. Finally, our understanding of how adult

stem cells are regulated within their niche is just beginning to be elucidated. Next to

the hematopoietic stem cell, epithelial stem cells are one of the most widely studied

adult stem-cell population. Even so, the diversity between epithelial functions in different

organs makes it difficult to determine if common themes exist in regulating these related

stem cells. In the intestine, insights into the stem-cell behavior have been primarily

inferred by lineage tracking experiments. These studies have been invaluable in establish-

ing the foundation for our understanding of intestinal stem cells. This chapter reviews the

historical use of lineage tracking of intestinal epithelial cells and presents recent findings

in our understanding of regulation of stem cells in order to anticipate where the intestinal

stem-cell field is heading in the future.

INTESTINAL EPITHELIUM

The adult small intestinal epithelium is a rapidly renewing epithelium that completely turns

over approximately every three to five days in the mouse (reviewed in 1). To support the

perpetual epithelial renewal, while concurrently maintaining the intestinal function, the
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adult small intestine is composed of well-defined, functionally active and proliferative

units—the crypt-villus units (Fig. 1). The functionally active region is represented by

villi, that is, finger-like projections that extend into the intestinal lumen perpendicular

to the intestinal floor. The proliferative region, the crypts of Lieberkühn, lines the floor

of the intestine, surrounding and populating adjacent villi. The epithelium covers both

the crypt and the villus, representing a continuum of proliferating and differentiating

cells along this axis. The villus epithelium is composed of differentiated cells that

convey four primary functions: (i) absorption of nutrients and fluids, (ii) secretion of

protective mucins to prevent damage to the epithelium, (iii) maintenance of a barrier

between lumenal contents and the organism, and (iv) secretion of hormones that aid in

digestion. The villi are populated with terminally differentiated cells, and the crypts of

Lieberkühn are primarily populated with undifferentiated, differentiating, and proliferat-

ing cells (with the exception of the differentiated Paneth cells that reside at the base of

the crypt). In the normal state, all proliferation of the epithelium is confined to the crypts.

The adult large intestine is composed similarly to the small intestine (Fig. 1).

However, although it is composed of two functionally distinct regions, the regions

are not physically well defined. The large intestine lacks villi. Therefore, the

functional portion of the large intestine is represented by the colon cuff cells that

surround the opening of the crypts. The stem cell resides in the colonic crypts. Both

Figure 1 Intestinal structure. (A) The small intestine is composed of a functional region and a

proliferative region. The epithelium lining the villi represents the functional portion of the intestine,

whereas the epithelium lining the intestinal crypts represents the proliferative compartment. (B) The

large intestine is also composed of functional and proliferative regions. The large intestine lacks villi.

The surface cuff epithelium that lines the crypt openings represents the functional portion of the large

intestine. Colonic crypts contain both proliferative and differentiated cells. (See color insert.)
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differentiated and undifferentiated cells reside in the colonic crypts. Goblet cells

are the primary epithelial lineage.

Intestinal Stem Cell

By definition, the epithelial stem cell retains the ability to (i) give rise to multiple cell

lineages, (ii) be anchored within its niche, and (iii) undergo asymmetric cell division

(self-renew and produce a daughter cell population) (Fig. 2). The intestinal epithelial

stem cell resides in the crypt of Lieberkühn at approximately the fourth cell strata from

the crypt base (reviewed in 2,3). This location was established through labeling exper-

iments using 3H-thymidine or bromodeoxyuridine (BrdU). It is believed that stem cells

seldom divide and therefore retain the incorporated label. Daughter cells, on the other

hand, rapidly divide, diluting the label beyond detectible limits, and also migrate away

from the stem-cell environment. Label retention within the stem-cell population was

thought to reflect the lack of proliferative activity. However, it is now thought that reten-

tion of label is not indicative of stem-cell division, but that stem cells are capable of asym-

metrically segregating their DNA upon cell division. The original DNA (labeled DNA)

would be allocated to the stem cell replacing the dividing parent stem cell, whereas the

newly synthesized, unlabeled DNA would be segregated to its daughter cell (4).

Figure 2 Stem-cell hierarchy. An ancestral stem cell is selected during developmental formation of

crypt and populates each mature crypt (tier 0). Before becoming quiescent, the ancestral stem cell

undergoes an asymmetric cell division, self-renewing while giving rise to an active stem-cell popu-

lation (tier 1). The active stem-cell population retains stem-cell properties and is responsible for

actively populating the crypt and villus epithelium. Tier 1 stem cells give rise to the TA population.

The first layer of TA cells (tier 2) retains some stem-cell properties. Tier 3 cells no longer retain stem-

cell properties and are lineage committed. Abbreviation: TA, transient amplifying. (See color insert.)
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Differentiated Intestinal Epithelial Lineages

In the adult small intestinal crypt, multipotent epithelial stem cells give rise to the four

principal epithelial lineages of the intestine (Fig. 3). Three of the lineages, the absorptive

enterocyte, the mucin-secreting goblet cell, and the peptide hormone-secreting enteroen-

docrine cell, differentiate as they migrate up and out of the crypt onto adjacent villi. The

epithelial cells journey up the villus, which takes approximately three to five days. As

these cells near the villus tip, they undergo apoptosis or are exfoliated into the lumen of

the intestine. In this manner, the epithelial barrier is maintained. The fourth lineage, the

Paneth cell, differentiates as it undergoes a downward migration to reside at the crypt’s

Figure 3 Small intestinal lineages. The multipotent stem-cell (blue cell) intestine of the small

intestine gives rise to two types of epithelial cells: absorptive and secretory. The absorptive entero-

cyte, along with the secretory enteroendocrine and goblet cells, differentiates as they migrate up and

out of the crypt. The Paneth cell, which shares a common lineage precursor with the goblet cell,

undergoes a downward migration to reside at the crypt base. (See color insert.)
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base. Paneth cells are involved in mucosal immunity and secrete proteins including tumor

necrosis factor, lysozyme, and cryptins (5). Paneth cells are longer lived than cells that

populate the villus, surviving 18 to 23 days before they are phagocytosed by surrounding

epithelial cells as macrophages (6).

Stem-Cell Hierarchy

The rapid renewal of the intestinal epithelium necessitates the need for a physically well-

defined stem-cell niche that promotes an ordered stem-cell hierarchy. Epithelial turnover

in the intestine is rapid and, therefore, a constant supply of newly formed cells is required

to accommodate for the daily loss of epithelium. The multipotent epithelial stem cell is the

cell source. The actual number of active stem cells within each crypt is debated. Two

schools of thought exist. One suggests that a single multipotent stem cell is selected

from the proliferative region of the developing intestine, the intervillus region (IVR),

during crypt morphogenesis to populate each adult crypt. This hypothesis is primarily sup-

ported by the observation that the IVR is composed of multiple stem cells (polyclonal) in

chimeric animals, whereas the adult crypt appears to be monoclonal or derived from a

single clone (monoclonal; 7,8). The second school of thought suggests that crypts

are populated by multiple (four to six or as many as 60) dividing stem cells. This hypo-

thesis is based upon two different studies of intestinal stem cells. One approach evaluated

the stem-cell numbers using a combination of cell proliferation studies and mathematical

modeling (2,3,9). The second approach suggests multiple active stem cells based upon the

presence of different DNA methylation patterns of cells within the crypt (10). Ultimately,

this debate cannot be resolved until reliable stem-cell markers are identified for this

population.

It is likely that a combination of these two models actually occurs. During intestinal

morphogenesis (Fig. 4) and formation of mature crypts, a single ancestral stem cell is

Figure 4 Intestinal crypt morphogenesis. The proliferative region of the developing intestine is

represented by the linear row of cells that is situated between villi (IVR). Multiple stem cells

reside within the IVR. During the course of crypt formation, a single ancestral stem cell is selected

to populate the adult crypt. Abbreviation: IVR, intervillus region.

Lineage Tracking, Regulation, and Behaviors of Intestinal Stem Cells 93

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


selected from the developing intestinal IVR to populate a single adult crypt. This ancestral

stem cell undergoes asymmetric divisions to renew itself and give rise to a subset of active

stem cells before becoming quiescent (Fig. 2). The immediate daughter cells of the

ancestral stem cell comprise the active stem cells that are responsible for populating the

crypt, and the active stem cells number between four and six (11). These cells, in turn,

undergo asymmetric cell division to self-renew and give rise to a rapidly dividing cell

population, termed the transient amplifying (TA) population. These cells are responsible

for amplifying the cellular census in the crypt and proliferate more frequently than the

anchored stem cell. Cells of the TA population are mostly undifferentiated but become

committed to one of the four epithelial lineages as they migrate away from the stem

cell. In the small intestinal crypt, all these different cells populate the stem-cell niche,

presenting the challenge of imparting functional cellular diversity to these cells within a

confined physical region.

Cells that reside at different cell strata within the crypt possess unique character-

istics. Potten and co-workers (12) propose a three-tier hypothesis for stem-cell hierarchy

based upon a cell’s response to variable levels of gamma irradiation dependent upon its

location within the crypt. Using a microcolony clonogenic stem-cell assay to assess the

number of stem cells that survive variable levels of gamma irradiation, they found that

low levels of irradiation resulted in survival of approximately six clonogenic cells per

crypt. This observation supports the mathematical model of four to six active stem cells

per crypt. These cells make up the first tier of stem cells. They undergo apoptosis in

response to gamma irradiation rather than attempt to undergo DNA repair. A second

tier of cells is less susceptible to a higher level of radiation-induced apoptosis and is

again composed of six cells. These cells retain stem-cell characteristics and can be

recruited to repopulate the crypt after radiation-induced death of the tier 1 stem cells.

Finally, at a much higher dose of radiation a third tier of cells was identified that is com-

prised of approximately 24 cells. These cells are radio-resistant and therefore possess

repair capabilities (13,14). These data suggest a scenario where the active stem cells are

the most susceptible to apoptosis upon DNA damage and are replaced by second-tier

cells that are capable of de-differentiating into tier 1 cells. This intriguing hypothesis

brings up a number of interesting issues. First, is the process of de-differentiation

context-dependent (e.g., tier 2 cells migrate into and are influenced by a tier 1 environ-

ment) or is it cell autonomous (e.g., tier 2 cells express stem-cell markers that allow

them to fill into the tier 1 cellular void)? Second, does this mechanism ultimately preserve

the genetic code? It is not intuitive to replace a damaged active stem cell with a progeny

that has equal or greater potential for genetic error. Finally, if a stem-cell hierarchy such as

this makes up the crypt, we should expect to see clonal differences within the cell popu-

lation with aging. Interestingly, this appears to be the case when tracking changes in

methylation patterns within the crypt (10).

Asymmetric Division

Stem cells of the small intestine have devised mechanisms to protect their original DNA

content in the presence of damaging agents. As previously mentioned, Potten et al. (4)

suggest that the asymmetric division of stem cells results in preferential segregation of

the original DNA to the self-renewed stem cell and the newly synthesized DNA to the

daughter cell. Thus, replication-induced errors are segregated to the daughter cells, effec-

tively protecting the stem cell from retaining genetic errors (15). In addition, DNA damage

to the stem cell induces a p53-dependent apoptosis, which would allow a stem cell to sacri-

fice itself in order to prevent retention of genetic errors (4,16).
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Definition of the Stem-Cell Niche

The stem-cell niche is composed of both an epithelial and a mesenchymal compartment. It

is structured to promote signaling to occur between the stem cell and neighboring cells of

both epithelial and mesenchymal origin. Although it is difficult to discern which signaling

pathways critically impact the stem cell’s behavior and which are important for influen-

cing the TA population, it is clear that the stem cell either receives different extrinsic

signals than the TA population or responds differently to similar signals. Although the

stem cell remains anchored within the niche and divides at a slower rate, the TA popu-

lation rapidly proliferates and differentiates along one of several terminal differentiation

cell fates. In the adult small intestine, the crypts of Lieberkühn and the surrounding peri-

cryptal mesenchyme (Fig. 5) compose the intestinal epithelial stem-cell niche. The niche is

a specialized environment that not only acts to protect the stem-cell population from exter-

nally induced damage, but also supports an atmosphere that nurtures divergent cellular

Figure 5 The small intestinal stem-cell niche. The crypts of Lieberkühn provide the niche for the

small intestinal epithelial stem cell. The stem cell resides at approximately the fourth cell strata in

the crypt. The stem-cell niche is composed of differentiated Paneth cells that reside at the base of the

niche, as well as undifferentiated cells that make up the TA population. Cells of the TA population

are at different stages of terminal differentiation. Abbreviation: TA, transient amplifying. (See color

insert.)
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states (quiescent, proliferating, and differentiating), infrequent asymmetric division of the

stem cell, and rapid proliferation of the stem cell’s daughter cell population.

Epithelial Component of the Stem-Cell Niche

The epithelial compartment is populated with differentiated Paneth cells, the quiescent

epithelial stem cell, active stem cells, a TA cell population, and undifferentiated, com-

mitted epithelial cells (Fig. 5). Communication between these cell populations is integral

in defining a favorable stem-cell environment. Cell adhesion status is likely to play a major

role in anchoring the active stem cells within the niche while allowing differentiating cells

to migrate out of the niche.

The only terminally differentiated cell population that resides within the epithelial

portion of this niche is the Paneth cell. Because of its close proximity to the stem cell,

it was thought that Paneth cells might secrete factors that influence stem-cell survival.

Elegant lineage ablation studies in transgenic mice demonstrated that Paneth cell ablation

had no impact on the viability of the epithelial stem cell (6).

Mesenchymal Component of the Stem-Cell Niche

The mesenchymal component of the stem-cell niche directly surrounds the crypt

epithelium and is composed of extracellular matrix, enteric neurons, blood vessels, intrae-

pithelial lymphocytes, and pericryptal fibroblasts. The cells in the mesenchyme secrete

factors that directly instruct the overlying epithelium, setting up epithelial–mesenchymal

cross-talk. Although a number of secreted factors and corresponding receptors have been

identified, it is by no means a comprehensive list. Platelet-derived growth factor (PDGF) is

one such secreted factor. Mice deficient for intestinal expression of PDGF-a or its receptor

PDGFR-a developed the abnormal intestinal epithelium and depletion of the pericryptal

mesenchyme (17). In addition, Sonic hedgehog (Shh), bone morphogenic protein

(BMP), Forkhead-6 (Fkh6), Wnt, Notch, and the nuclear transcription factor Nkx2–3

are among other factors that have been shown to influence the intestinal epithelium

(18–22). In most cases, the exact cellular origin of these factors has not yet been defined.

Pericryptal fibroblasts play a major role in influencing the overlying epithelium of

the stem-cell niche. Not only do they secrete a number of growth factors including hepato-

cyte growth factor, tissue growth factor-b (TGF-b), and keratinocyte growth factor (23),

but also they influence epithelial migration. Experiments using 3H-thymidine labeling

indicate that the pericryptal fibroblasts migrate up along the crypt-villus axis at a

similar rate as the differentiating epithelium (24). These observations all strongly

support the existence of an intimate relationship between the epithelium and the

mesenchyme.

LINEAGE TRACKING AS AN APPROACH TO UNDERSTANDING

THE STEM-CELL BEHAVIOR

Can lineage tracking reveal information regarding the stem-cell behavior within the pro-

liferative crypt? Tracking cell lineages or cell markers within the crypt have the potential

to reveal information on the cellular behavior with the stem-cell niche. Traditionally, mor-

phological characteristics were used to trace the different lineages within the stem-cell

niche. These studies laid the foundation for our current understanding of how lineages

within the intestinal epithelium are related to each other. However, defining the behavior

of the stem-cell population through understanding the behavior of their descendents leaves
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us wondering if the readout is an accurate readout. As previously stated, the identification

of reliable stem-cell markers, in vitro systems to determine lineage relationships, and an

in vivo reconstitution assay are required before we can gain further insight into the stem cell.

Unitarian Theory of Epithelial Cell Formation

The concept that undifferentiated cells exist in the intestinal crypt and possess the ability to

give rise to different epithelial cell types originated in the early 1960s (25). Several groups

identified a cell type that was morphologically intermediate to the stem cell, yet a com-

mitted precursor to the differentiated lineages. From these studies, the hypothesis was

formed that all epithelial cells are derived from a single precursor cell or stem cell

(26,27). Thus, the Unitarian theory of epithelial cell formation was born, stating that all

differentiated lineages within the intestinal epithelium were derived from a single

common precursor.

Tracking Intestinal Lineages by BrdU or 3H-thymidine

The evidence for a common precursor for all epithelial cells that populate the intestine was

first reported in the stomach. Experiments grafting newborn mouse stomachs initially

resulted in total ablation of all cells except mucous cells, but eventually repopulation of

all lineages. Slowly, parietal, enteroendocrine, and chief cell lineages reappeared,

suggesting that these cell lineages are all derived from a common mucous progenitor

(28). Likewise, Chang and Leblond (29) reported similar findings using radioautography

in the mouse colon. However, it was a series of five tandemly reported studies that clearly

illustrated the relationship between a common epithelial stem cell and each of the four dif-

ferentiated epithelial lineages of the intestine (30–34). 3H-thymidine injected into mice

resulted in radio-damage to the intestinal epithelia residing in the stem-cell niche.

Dying 3H-thymidine-labeled stem cells were phagocytosed by undamaged neighboring

epithelial cells. Phagosomes were then used as markers to follow the evolution of the

crypt-based columnar cells, tracking their cellular fate. A common crypt-based columnar

cell gave rise to all four intestinal lineages. These observations definitively supported the

Unitarian theory of epithelial cell origin, representing the first such large-scale lineage

tracking study in the small intestine.

Using an Epigenetic Event to Track Lineages Derived

from the Stem Cell

Tracking DNA methylation patterns in the intestine provides a unique approach toward

tracking cellular hierarchies within the intestinal crypt in order to determine the behavior

of stem cells within the niche. This concept is based upon the idea that epigenetic variants

with different patterns of methylation at CpG sites arise during stem-cell division. The dis-

tribution of methylation variants among and within tissue regions conveys information

about stem-cell population dynamics (10). Heterogeneous methylation patterns have

been observed in human colonic crypts (35). To address the debate of whether crypts

are populated by a single ancestral stem cell or by multiple stem cells, Yatabe et al.

(35) used methylation tags to fate-map human colonic crypts and to study the dynamics

of stem cells. They reasoned that because methylation patterns are somatically inherited,

drift within a crypt’s lifetime would reveal relationships between cells populating that

colonic crypt. In human colonic tissues, they isolated individual colonic crypts and used

a polymerase chain reaction (PCR)-based method to clone and sequence methylation
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patterns at three independent loci. Using genes that are not expressed in intestinal cells to

prevent selective methylation, they reasoned that differences were likely due to the

random process of methylation associated with cellular aging. If there were little differ-

ence in methylation patterns within the crypts, this would support the notion that a

single ancestral stem cell might populate the entire crypt. However, if there were

diverse methylation “tags” within the crypt, this would support the notion that crypts

are stochastically populated by multiple stem cells. Their data revealed a number of

diverse methylation “tags” within the crypt, indicating that the random changes in methyl-

ation patterns reflected lineage propagation from multiple stem cells within the crypt.

They went on to use mathematical modeling to suggest that as many as 64 actively

dividing stem cells populate the human colonic crypt.

Kim and Shibata (10) extended their study to examine ancestry among crypts

located in close proximity of each other to determine if adult crypts share more recent

common ancestors they frequently divide by crypt fission to form clonal patches of

crypts. Methylation patterns among crypts that were in close proximity had the same

amount of variation as crypts that were located far away. This observation suggested

that the human colonic crypt is a long-lived structure.

Although the epigenetic tagging approach to studying the stem-cell behavior within

a crypt is an intriguing approach to gaining information, several issues must first be

resolved (reviewed in 36). First, the experimental approach must be absolutely accurate.

If errors predict a higher number of methylation patterns, this would skew the results

toward favoring the multiple stem cells/crypt hypothesis. Second, predicted methylation

patterns may not be similar among all types of somatic cells. Among differentiated cells,

genomic methylation patterns are generally stable and are inherited, however, among

germ cells, methylation patterns are variable reflecting a broad developmental potential

(37). The question arises whether methylation patterns are stable and inherited

between adult stem cells and their immediate daughter cells (Potten’s tier 2 cells).

Alternatively, if adult stem cells and their immediate daughter cells act more like germ

cells, it would impart variability in predicting inherited methylation patterns and

lend to misinterpretation.

Using Histological Markers to Track Epithelial Lineage

Use of histochemical markers to track epithelial lineages to gain insight into the intestinal

epithelial stem-cell behavior was illustrated in female mice that were mosaic for the

X-linked alleles Pgk-1a and Pgk-1b. These studies took advantage of X-inactivation in

conjunction with the ability to follow inheritance of a cell autonomous marker in stem

cells. By tracking the behavior of daughter cells, the behavior of the stem cell might be

inferred. In these studies, it was observed that adult intestinal epithelial crypts were

derived from either all Pgk-1a or Pgk-1b expressing cells. Therefore, it was inferred

that all cells within the crypt were derived from a single parent cell (38).

To further explore these observations, Winton et al. (7) used a mutation-induced

marker in mice heterozygous at the locus, which determines the expression of binding

sites for an intestinal epithelial lectin, Dolichos bifluorus agglutinin (DBA), to study the

relationship between the stem cell and its progeny. The Dlb-1 gene resides on chromo-

some 11. Inbred mouse strains are either Dlb-1b homozygotes, which bind the conjugate

on epithelial surfaces of the intestine, or Dlb-1a homozygotes, which do not bind.

Mutatgens such as N-nitroso-N-ethylurea or dimethylhydrazine are used to randomly

induce mutations in the genome. Random cells within the intestinal epithelium are

mutated to change their DBA-binding affinity and can be used to track lineages (39).
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In these studies, adult animals displayed patches of Dlb-1a and Dlb-1b expressing crypts.

The boundaries between these patches represented regions that were populated by cells of

both genotypes. However, even though these regions encompassed coexisting genotypes,

it was observed that the crypts were completely monoclonal (39,40).

Winton et al. (7) went on to confirm that adult mouse intestinal crypts were derived

from single clones of cells (i.e., monoclonal) using the DBA tracking approach. They

extended their studies to the developing intestine to determine if the proliferative compart-

ments of neonatal intestines are composed of multiple stem cells (polyclonal; 41). During

the course of crypt morphogenesis, which spans both a neonatal and postnatal time frame,

polyclonal proliferative regions become monoclonal in nature. At approximately 14 to 21

days postnatal (P), the mature crypt becomes populated by a single genotype (40). These

studies using mosaic mice presented the basis for the hypothesis that adult crypts are popu-

lated by a single active stem cell.

Bjerknes and Cheng (42) used the Dlb-1 mutagenesis approach to characterize cells

within the crypts that are neither stem cells nor differentiated cells, that is, cells that are the

intermediate progenitor or the early lineage progenitor. They randomly mutagenized intes-

tinal epithelial cells in adult mice, then analyzed crypts that possessed cells that had under-

gone somatic mutation at the Dlb-1 locus, and tracked their behavior in intact isolated

crypt and villus preparations. Using a time course to track the longevity of mutated epi-

thelial cells, three distinct groups of clones were identified: short-lived progenitor cells,

long-lived progenitor cells, and a population of pluripotent stem cells. Short-lived

clones lived only 10 to 14 days and presumably represented relatively differentiated

cells. Long-lived progenitors gave rise to either only columnar or mucosal cells (although

there was also a group of “mixed” long-lived progenitors). These clones lived for .154

days and by mathematical modeling were thought to have divided two or three times.

Pluripotent stem cells gave rise to all lineages.

These studies also addressed the issue of crypt replication. A number of crypt-villus

isolates were identified that displayed branched crypts. These branched structures were

thought to be crypts that were undergoing division. In a subset of these branched

crypts, one crypt was completely populated by a single genotype, whereas the other

crypt was completely populated by the opposite genotype. This is an interesting obser-

vation because it supports the notion that multiple stem cells exist within a crypt.

Crypts undergo asymmetric division, segregating stem cells and all descendants of one

genotype to one crypt. However, because this system does not lend itself to a real-time

analysis, it is difficult to determine if these branching crypts are indeed the result of

crypt fission or of crypt fusion. Currently, we know little about the mechanism regulating

crypt numbers. Analysis of the developing intestine where crypt numbers are rapidly

expanding should result in a greater number of these branched crypts and resolve

this issue.

The mutagenesis studies performed by Bjerknes and Cheng (42) offer support for the

hypothesis that four to five stem cells exist within each adult crypt. They reason that three

out of 1000 crypts contain a long-lived progenitor-type (stem cell) mutant clone, in a back-

ground where they estimate a mutation rate of one out of 1500 crypts. Therefore, an

average crypt contains four to five of these long-lived progenitor-type cells (stem cell;

0.003/0.00066; 42).

Transgenic Markers for Tracking Lineages

Studies using DBA as a marker for studying clonal organization within intestinal crypts

led to the use of mosaically expressed transgenic markers. Saam and Gordon (43)
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established an inducible gene expression system in transgenic mice using the bacterial

gene Cre recombinase. Their system mosaically expressed Cre recombinase in a subset

of epithelial stem cells (8). Cre recombinase excises DNA sequences that are flanked

by 34 bp loxP sites and allows for induction of a traceable marker in the intestinal stem-

cell population to evaluate its behavior and the behavior of its descendents. The expression

of the marker can be induced in adulthood and allows for assessment of the adult stem cell

at steady state. Wong et al. (8) induced expression of Cre recombinase in the adult to

stimulate expression of b-galactosidase (LacZ). In these animals, adult crypts of the

small intestine and the cecum and colon were predominantly monoclonal in nature, sup-

porting the view established by Winton et al. (7,39).

Interestingly, a small subset of crypts was not monoclonal and displayed both

genotypes. A portion of these mixed crypts displayed LacZ expression in the bottom

portion of the crypts, suggesting that Cre recombinase was activated in Paneth cell precur-

sors. However, a portion of mixed crypts displayed LacZ expression on the right- or

left-hand side of the crypt. Interpretation of these crypts presents a challenge. These

crypts could represent a crypt that is undergoing changes in its lifecycle. Although this

phenomenon is difficult to assess using a static system, it is clear that the inducible

gene expression system in the intestinal epithelium can be used to express genes that

regulate the stem-cell behavior in the adult or developing intestine. This type of lineage

tracking has also been performed in the ovarian follicular stem cells of genetically

mosaic flies (44).

Genetic mosaic analysis of chimeric–transgenic mouse intestines offers a powerful

approach for studying the importance of various factors in the regulation of the stem cell.

If a particular molecule has a deleterious effect on stem-cell propagation, a transgenic

mouse or knockout mouse may display a lethal phenotype. Mosaic expression of mol-

ecules allows survival of the intestinal tissue because only a subset of cells will harbor

the transgene, or will have a gene deletion. For example, the role of GATA-4 in specifica-

tion of the definitive gastric endoderm was explored by introducing Gata-4null ES cells into

ROSA26 blastulae (45). Resulting mice had patches of normal epithelium juxtaposed to

patches of Gata-4null epithelium. The Gata-4 null epithelium displayed a squamous mor-

phology and lacked expression of gastric differentiation markers, suggesting that Gata-4 is

involved in the transition from proliferation to differentiation of gastric epithelia within

the stem-cell niche. In addition, Jacobsen et al. (45) illustrated that Gata-4 null epithelia

had perturbed expression of Shh. Studies such as these allow the dissection of molecules

that influence stem-cell proliferation or differentiation of the stem-cell progeny and will

ultimately allow us to understand the dynamic interactions of the signaling pathways

that play a role in maintaining the stem-cell niche.

Mosaic analysis of the intestine has also led to the clarification of cell lineage dis-

tribution and the stem-cell behavior during development. Shiojiri and Mori (46) generated

mice chimeric for the spfash mutation, which is located on the X chromosome, and causes

ornithine transcarbamylase (Otc) deficiency. The small intestine of female heterozygotes

had small aggregates of Otc-positive cells. This study looked in-depth at the mosaism that

occurs during the intestinal development and confirmed the results that were presented in

previous studies by Schmidt and coworkers.

Tracking Changes in Mitochondrial DNA

The stem-cell behavior can be inferred by tracking changes in mitochondria. Taylor et al.

(47) identified inherited changes in mitochondria DNA of colonic stem cells. Mitochon-

dria are semi-autonomous organelles that are ubiquitously present in all cells (48).
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Mutations in mitochondria DNA are somatically inherited and also accumulate with age

(49). Using an enzyme assay for respiratory chain deficiency in colonic crypts and

crypt stem cells, Taylor et al. (47) were able to show that mutations in mitochondrial

DNA induced defects in cytochrome C oxidase activity that were trackable. Therefore,

like methylation patterns, mutations in mitochondrial DNA can infer information about

stem-cell division and their progeny (49).

TRACKING STEM-CELL FATE THROUGH UNDERSTANDING WHAT

REGULATES THEIR PROLIFERATION AND DIFFERENTIATION

In order to understand the stem-cell behavior, knowledge of what regulates its behavior is

invaluable. This knowledge will allow us to anticipate the stem-cell behavior within the

context of development, homeostasis, or disease states. In addition, identification of the

signaling pathways or molecules that ultimately impart stemness is the critical step

toward gaining the ability to manipulate stem cells for therapeutic purposes.

Currently, all the major developmental signaling pathways have been implicated in

regulation of stem cells (reviewed in Ref. 23). The challenge is to understand how to inte-

grate each of these influences into a coherent regulatory network capable of modulating

different behaviors in the active stem cell and simultaneously in the TA cell population.

Unfortunately, coordinating regulation of these signaling pathways is complex. The

more we learn about how these signaling pathways interact, the more complex the scenario

becomes. However, great strides have been made in the initial elucidation of how prolifer-

ation and differentiation within the stem-cell niche are achieved.

Wnt Signaling

The canonical Wnt signaling pathway plays a key role in development, cellular homeosta-

sis, and disease. Ablation of key components of the Wnt signaling pathway in the mouse

results in early embryonic lethality, thereby highlighting the importance of the pathway in

general developmental themes (50,51). Studies in chimeric–transgenic mice as well as the

generation of tissue-specific gene ablation and inducible gene ablation systems have

allowed further study of this pathway in its role in regulation of stem cells (52,53).

Wnt signaling is transduced intracellularly when secreted Wnt proteins bind to

frizzled and low-density lipoprotein-related receptor protein (Lrp) receptors (Fig. 6).

Receptor activation acts to inhibit the phosphorylation activity of glycogen-synthase

kinase-3b (Gsk-3b) through a mechanism involving the protein Disheveled. The

absence of phosphorylation activity allows b-catenin to escape degradation and

translocate to the nucleus. In the nucleus, b-catenin can interact with Lef/Tcf HMG-

box transcription factors to drive expression of target genes. In the absence of a Wnt

signal, Gsk-3b phosphorylates b-catenin/Apc/Axin complexes to promote degradation

of b-catenin through a ubiquitin-mediated proteosome pathway (reviewed in Ref. 54).

Many of the Wnt target genes participate in cell proliferation, cell polarity, and cell fate

decisions (55).

Wnt Signaling in the Intestine

Wnt signaling has been implicated in maintenance of epithelial homeostasis. Disruption in

the Wnt signal through mutations in the Apc gene results in stabilization of b-catenin and

increased transactivation of Wnt target gene expression. In both humans and in mice,
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increased b-catenin signaling results in intestinal adenomatous polyp formation (56–58).

Unregulated activation of Wnt target genes leads to unregulated epithelial proliferation

and overgrowth of the epithelium. The result is the formation of benign adenomatous

polyps, which is a precursor or risk factor for colorectal cancer. As defects in the Wnt

signaling pathway are associated with disruption of epithelial homeostasis, it is implied

that Wnt signaling impacts the status of the epithelial stem cell.

Wnt Signaling During Intestinal Development. Wnt signaling has been

implicated in regulation of the intestinal stem cell. During intestinal morphogenesis,

Wnt signaling is critical for maintaining the proliferative pressure within the stem-cell

niche. The intestines from mice deficient for the HMG box transcription factor, Tcf-4,

developed normally until embryonic day (E) 16.5 when crypt structures begin to form

(59). At this developmental time point, the normally proliferative stem-cell niche

became devoid of all proliferating cells. Electron microscopy of cells within this region

revealed the presence of an apical brush border signifying that normally undifferentiated

cells had become inappropriately differentiated. Therefore, it was concluded that Tcf-4 or

Wnt signaling, in particular, was critical for maintaining the proliferative stem-cell niche

during development. Studies in transgenic mice overexpressing the Wnt inhibitor,

Dickoff-1 (Dkk-1), resulted in suppression of Wnt signaling and suppression of

Figure 6 Signaling pathways that are involved in stem-cell regulation. The Wnt, Notch, Hh, and

TGF-b3/BMP pathways have all been implicated in regulation of intestinal stem cells or regulation

of the intestinal stem-cell niche. Abbreviations: Hh, hedgehog; TGF, tissue growth factor; BMP,

bone morphogenic protein.
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proliferation in the stem-cell niche (22). Interestingly, although Dkk-1 was expressed in

the intestine at the same time Tcf-4null was ablated in the previous study, the Dkk-1

mice survived to adulthood. This discrepancy may highlight an additional role for Tcf-4

independent of the Wnt signal, or the ability of Dkk-1 to completely ablate the Wnt

signal. Regardless, these experiments suggest that Wnt is a potent growth factor in the

intestine.

Although Wnt signaling is critical for sustaining proliferation in the intestinal stem-

cell niche, overexpression of Wnt signaling during intestinal morphogenesis results in per-

turbation of stem-cell selection during crypt morphogenesis. A fusion molecule between

b-catenin and the HMG box transcription factor Lef-1 represents a constitutively active

Wnt signaling molecule. This fusion molecule was overexpressed in the intestinal

epithelium in chimeric mice (53). Interestingly, intestinal stem cells that expressed the

fusion protein underwent apoptosis and were not selected to populate the adult crypts

during crypt morphogenesis and stem-cell selection. These results suggest that Wnt signal-

ing is a critical factor in designating which stem cells will be anchored in each adult stem

crypt during crypt morphogenesis. Moreover, these observations, taken within the context

of the Tcf-4 knockout experiments, suggest that levels of Wnt signaling are important in

defining the balance among cell death, cell proliferation, and cell differentiation.

In addition, the act of anchoring a stem cell within a developing crypt may require an

absolute level of the Wnt signal to maintain the ancestral or populating stem cell.

Wnt Signaling During Adulthood: Impact on Intestinal Homeostasis. The role

of Wnt signaling in the adult intestinal epithelium is less clear. Clearly, stem cells and the

TA population within the adult crypts must proliferate, but whether or not Wnt signaling

plays a role in this is uncertain. One line of indirect evidence suggests that Wnt may play a

minor role in the TA population proliferation. First, transgenic mice expressing a reporter

for Wnt signaling do not express overt reporter activity in adult crypts (60). Mice expres-

sing a LacZ reporter composed of seven tandem Lef/Tcf binding sites upstream of the

siamois gene promoter and the LacZ gene were analyzed for reporter expression in

adult mouse crypts. When this mouse was crossed to a mouse model that has characterized

defects in intestinal proliferation (the Min mouse harbors a mutation in the Apc gene,

which results in formation of intestinal adenomas; 57), LacZ expression was readily

detectable. We have determined that Wnt signaling is present in the adult crypt at low

levels using a similar reporter mouse designed by Elaine Fuchs’ laboratory, the

TopGal mouse (61). Comparison of LacZ expression levels between the adult and

developing intestines revealed high levels of Wnt reporter activity during development,

but dramatically lower levels during adulthood (Fig. 7). Although preliminary, these

results suggest that Wnt signaling may play very different roles in stem-cell regulation

during development as compared to adult. This notion may not be too difficult to

fathom, as during development, there is rapid cellular expansion, perhaps dependent

upon a strong Wnt signal, whereas during adulthood the epithelium is being maintained

at a steady-state level.

Role of Wnt Signaling in Cellular Differentiation. Within the stem-cell niche,

there is a delicate balance between proliferation and differentiation. Cells near the stem-

cell zone are more proliferative, whereas cells near the crypt-villus junction are more dif-

ferentiated. The Wnt pathway likely plays a role in directing cell differentiation. Whether

or not this role is an active role or a passive role (absence of Wnt and the proliferative

influence results in differentiation) remains to be elucidated. However, there is evidence

that suppression of Wnt signaling results in up-regulation of cellular differentiation

markers. Using Caco-2 cells in culture, Mariadason et al. (62) showed that down-

regulation of Wnt/b-catenin signaling resulted in an increase in promoter activities of
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alkaline phosphatase and intestinal fatty-acid-binding protein, two markers of epithelial

cell differentiation. In addition, Clevers’ group (63) used DNA microarrays and a colon

carcinoma cell line to identify genes that respond to Wnt signaling. Most of the genes

identified were localized to proliferative crypts. Identification of c-MYC

(myelocytomatosis oncogene) supported the previous report that this gene is a Wnt

target (64). Further, they went on to show that expression of c-MYC disrupted expression

of the cell-cycle inhibitor p21CIP1/WAF1. Because p21CIP1/WAF1 was previously reported to

be expressed in differentiated colon epithelium (65), van de Wetering and co-workers

propose that Wnt signaling results in increased c-MYC expression to allow cell prolifer-

ation and concomitantly inhibits p21CIP1/WAF1 to suppress epithelial differentiation.

Therefore, in the absence of high levels of Wnt signaling, epithelial differentiation per-

sists. Additional support for a role of Wnt signaling in epithelial differentiation comes

from the transgenic mice expressing Dkk-1. Intestines from these mice were devoid of

secretory lineages, suggesting that Wnt expression may play an active role in promoting

or directing differentiation of the three secretory lineages (22).

Wnt Signaling in Modulating Adhesive Properties Within the Stem-Cell

Niche. Adhesive status within the stem-cell niche is an important area of stem-cell-

related research. The active stem cell must be able to undergo asymmetric division but

remain anchored within the niche. The daughter cell, however, has different adhesive

properties, providing the challenge to modulate differences in adhesiveness within a

tight localized region. Wnt signaling has been implicated in directing cellular migration

of Paneth cells (63). Paneth cells are the only differentiated epithelial cell lineage in the

small intestine to undergo a downward migration within the stem-cell niche. A recent

report identifying Wnt target genes in a colorectal cell line identified EphB2 and

EphB3 as targets (63). Eph receptors are part of the tyrosine kinase receptor family and

are involved in vascular development, tissue-border formation, regulation of cell shape,

and migration (66). EphB2 and EphB3 are normally expressed in the crypts of wild-

type adult mice, whereas EphB3 expression is restricted to the Paneth cell population.

Interestingly, EphB3þ/ 2 and EphB32/ 2 mice developed normal appearing villi, but

Figure 7 Wnt signaling in the intestine. Wnt reporter mice were assayed for reporter expression at

different developmental time points by RT–PCR. Primer to the 30-end of the b-galactosidase gene

amplified 320 bp product and were used to assay for expression. Adult, P28, small intestines express

low levels of b-galactosidase, whereas the embryonic (E) 16.5 intestine has higher levels of Wnt

reporter expression. Abbreviation: RT–PCR, reverse transcription–polymerase chain reaction.
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display abnormal distribution of Paneth cells (67). Paneth cells in EphB3þ/ 2 and

EphB32/ 2 mice do not migrate to the base of the crypt as they do in wild-type mice;

instead, they undergo a disorganized migration with a final destination of both the

lower-third and the upper-third of the intestinal crypt. This observation suggests that

Ephrins and Wnt signaling are involved in restricting intermingling of proliferative and

differentiated cell populations.

Wnt Signaling Influence on Stem Cells in Other Organs

Wnt signaling plays an active role in maintaining the stem-cell niche in the intestine,

however, the full extent of how it impacts active stem cells is still not known. Studying

the impact of Wnt signaling on stem cells in other tissues will help direct future research

for understanding the regulation of the intestinal stem cell.

Epidermis. Wnt signaling plays a major role in regulating the epidermal stem-cell

niche (68). Briefly, the epidermal epithelium is similar to the intestinal epithelium in that it

represents a rapidly renewing population, turning over every 10 to 14 days in the mouse

(69). The stem-cell niche in the epidermis is located in the bulge region of the hair follicle.

In mammals, it is thought that skin is maintained by stem cells whose daughters differen-

tiate along the lineages of the hair follicle, interfollicular epidermis, and sebaceous gland

(70–74). Wnt signaling is clearly important in the developmental process of the epidermis

as well as in the cycling of the hair follicle. Mice expressing the Wnt reporter displayed

developmental expression of the LacZ reporter as well as cyclic expression in the adult

parallel with hair follicle cycling (61). In addition, an elegant microarray analysis of epi-

dermal stem cells (detailed subsequently) determined that the stem-cell niche expressed

Wnt inhibitors sFRP1, DKK3, and WIF1 (68). Inhibition of Wnt signaling in the stem-

cell niche makes sense, as the epidermal stem cell seldom divides. Furthermore, unlike

the intestine where the stem cell and daughter cells are closely situated within the

niche, the epidermal TA cells and the committed lineage precursors migrate away from

the epidermal stem-cell niche.

In the epidermis, Wnt signaling may also impact cellular adhesion and migration

from the stem-cell niche. Forced expression of the downstream Wnt target c-Myc

resulted in depletion of the stem cells within the epidermal stem-cell niche as the

animal aged (75,76). Frye et al. (77) suggest that c-Myc acts to stimulate cells to exit

the stem-cell compartment by modulating the adhesiveness of the stem-cell niche. They

go on to suggest that a cell’s failure to differentiate may reflect its failure to migrate

from the niche (77).

Hematopoietic Stem Cells. Wnt signaling has been implicated in the survival

and proliferation of hematopoietic stem cells, both in vitro and in vivo (78,79). In vitro

analysis of Wnt genes on CD34þLin hematopoietic progenitors determined that the

number of progenitor cells in the presence of soluble Wnts was increased relative to the

number of cells present in the absence of Wnt. Therefore, it was concluded that Wnt

acts as a hematopoietic growth factor, perhaps exhibiting a higher specificity for the

earlier progenitor cells (80). More recently, Reya et al. (79,81,82) illustrated

that overexpression of Wnt inhibitors, Axin, or a frizzled ligand-binding domain led to

inhibition of hematopoietic stem-cell growth in vitro and also reduced reconstitution

of this population in an in vivo assay. Further, overexpression of b-catenin in these

hematopoietic stem cells resulted in the ability to sustain the cultures long term. This

observation, in conjunction with the observation that the Wnt reporter was activated in

the normal hematopoietic stem-cell niche, strongly suggests a role for Wnt signaling in

hematopoietic stem-cell homeostasis.
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Notch Signaling

Notch and Wnt signaling are intimately regulated in the intestine. Intestines of transgenic

mice overexpressing the Wnt inhibitor, Dkk-1, displayed reduced expression of the Notch

pathway molecule, Math-1 (22). Notch proteins are involved in various aspects of ver-

tebrate cell fate determination including lateral inhibition of adjacent cells to direct cell

fate (83,84). Briefly, Notch signaling functions through interaction of the transmembrane

receptor, Notch, and two cell surface ligands, Delta and Jagged, that reside on neighboring

cells (Fig. 6). Upon ligand binding, the intracellular domain of Notch is cleaved and trans-

locates to the nucleus, activating the transcription factor Supressor of Hairless (SuH) and

up-regulating target genes [such as Hairy/Enhancer of Split (Hes)] (84). Hes proteins

inhibit the activity of various basic helix–loop–helix transcriptional activators including

Math-1 and Neurogenin-3.

Immunohistochemistry of the mouse intestine reveals expression of the four Notch

receptors (Notch 1–4), five ligands (Delta 1, 3, 4 and Jagged 1, 2), and four Hes genes

(Hes 1, 5, 6, 7) at both embryonic and adult time points (85).

Notch signaling actively designates the intestinal secretory cell lineage. Intestinal

phenotypes described from a series of knockout mice support the role of Notch signaling

in defining the intestinal stem-cell hierarchy. Hes1null mice revealed precocious develop-

ment of endocrine cells in the stomach and small intestine at embryonic time points, as

well as an increased number of goblet cells and fewer enterocytes (86). Because

expression of Hes-1 is normally restricted to nonproliferating cells (villus epithelium)

in wild-type mice during development, the changes in cell fate allocation was thought

to be independent of a proliferative influence.

Additional evidence implicating Notch signaling in cellular differentiation decision

was observed in the Math-1 null mice (21). The loss of Math-1 in embryonic mouse intes-

tines resulted in complete depletion of all the three secretory lineages: Paneth, goblet, and

enteroendocrine cells. The proliferative regions of these mice also exhibited an increase in

the number of cycling cells, which might reflect a proliferative, compensatory mechanism

to maintain villus cell census. Further, neurogenin-3 null mice also failed to develop

enteroendocrine cells within their intestines (87). Interestingly, Paneth and goblet cells

were detected, suggesting that perhaps additional factors are important in defining these

three secretory cell lineages. For example, activation of Rac1, a member of the Rho

GTPase family of GTP-binding proteins, in the mouse intestinal epithelium resulted in

Paneth and goblet cell depletion, suggesting that Rac1 may be involved in differentiation

of a Paneth/goblet precursor cell (88).
The discrepancy in lineage allocation in the various Notch factor knockout mice

suggests that perhaps levels of Notch signaling are critical for defining the various

secretory cell fates. Variable levels of expression of Delta are critical in defining Notch

responsiveness in the epidermis and may be similar for the intestinal epithelium. Although

it is unclear what supports the proliferation to differentiation gradient within the crypt, it

may in part be influenced by Notch-induced lateral inhibition similar to what is seen

during Drosophila eye development (89).

Hedgehog Signaling

Hedgehog (Hh) signaling is involved in various aspects of embryonic development such as

left–right asymmetry, anterior–posterior patterning of the limb bud, and neural tube

formation (90–92). In vertebrates, there are three Hh genes that share similar homology:

Shh, Indian hedgehog (Ihh), and Desert hedgehog. Shh is a protein secreted by endodermal
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epithelium and induces the expression of its receptor, Patched (Ptch), in the surrounding

mesenchyme (Fig. 6). Hh proteins bind to a transmembrane receptor Ptch, which normally

inhibits downstream signaling through a second transmembrane protein, Smoothened

(Smo) (93). Uninhibited Smo acts upon downstream transcription factors Gli and HRK4

through unknown mechanisms to transduce the signal (94,95).

Shh and Ihh expressions during gastrointestinal development mediate anterior–

posterior patterning, radial patterning, and epithelial stem-cell proliferation and differen-

tiation. Mice null for Shh or Ihh died before birth, but exhibited interesting intestinal

phenotypes that ranged from intestinal transformation of the stomach, duodenal stenosis,

aganglionic colon, and imperforate anus (20). Interestingly, only Ihhnull mice displayed a

reduction in villus size and a repression of cell proliferation within the stem-cell niche.

Expression of the Wnt signaling mediator, Tcf-4, was normal in these intestines,

suggesting that suppression of proliferation was not due to loss of Tcf-4 expression. In

contrast, experiments suppressing Hh signaling by systemic injection of an anti-Hh

antibody resulted in “disorganized” intestines that contained vacuolated epithelium and

defective lipid processing, but no effect on proliferation within the stem-cell compartment

(96). Perhaps this difference in phenotype is the result of a critical temporal requirement

for Hh signaling during intestinal morphogenesis that can only be appreciated if the

pathway is perturbed during embryogenesis. Alternatively, systemic suppression of Hh

signaling may elicit a different phenotype by indirectly affecting the intestine.

Although Hh signaling impacts overall intestinal morphogenesis, it also plays a role

in epithelial differentiation. Inhibition of Ihh signaling, by injection of the Hh inhibitor,

cyclopamine, in the colon epithelium resulted in abnormal villin expression and loss of

carbonic anhydrase IV expression, two enterocyte differentiation products. This suggests

that Hh signaling may directly impact enterocyte differentiation (97). In addition, Ihh may

coordinately regulate Wnt expression within the colonic stem-cell niche, as downstream

Wnt target genes, engrailed-1, Cyclin D1, and BMP-4 were up-regulated and mislocalized.

These studies suggest that Ihh may act to restrict Wnt-responsive cells to the stem-

cell compartment. Interestingly, a recent report suggests that Ihh acts to restrict

Wnt-responsive epithelium to the proliferative zone of the colon crypt and these signaling

pathways act to reciprocally inhibit one another (97).

TGF-b/BMP Signaling

BMPs are members of the TGF-b superfamily of secreted signaling molecules. BMPs

have important functions in many biological contexts including those important during

embryogenesis. BMPs bind to specific serine/threonine kinase receptors, which transduce
the signal to the cell nucleus through Smad proteins (Fig. 6). Although not much is known

about BMP signaling within the intestinal stem-cell niche, a role for this pathway is clear

as mutations in BMP-4 are associated with the polyp forming disease juvenile polyposis in

humans (98). Mice deficient in the BMP molecule, Smad4, also form polyps in their intes-

tinal epithelium but lacked some of the hallmarks of the human disease (99). Most

recently, intestinal expression of the BMP inhibitor, Noggin, resulted in de novo,

ectopic crypt formation perpendicular to the villus axis in the mouse small intestine

(100). Except for their inappropriate location, these crypts appear normal, expressing

factors such as Wnt target genes c-Myc and EphB3 that are found in wild-type crypts.

Because BMP-4 is expressed in the mesenchymal compartment of the intestine, this

suggests an instructive role for BMP signaling in crypt morphogenesis.

The winged helix transcription factor Fkh6 is a regulatory protein expressed only in

the pericryptal mesenchyme. Fkh6null mice developed proliferation of cells in the IVR
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as well as along the villi (19). The villi of the small intestine contained all four

cell lineages; however, there was an increase in goblet cells, suggesting a role of Fkh6

in epithelial differentiation. Possible downstream mediators involved may include

BMP-2 and BMP-4, as these were both reduced in the mutant mice. Interestingly, the

morphological changes seen in the Fkh6null mice were restricted to the stomach and prox-

imal small intestine, even though Fkh6 is expressed along the entire intestinal tract in a

wild-type mouse.

Two Requirements for Defining the Stem-Cell Niche

Understanding how stem cells are regulated within their epithelial stem-cell niche is not an

easy task. In vitro manipulation of signaling factors in cell culture provides insight into this

process; however, these systems lack the critical epithelial–mesenchymal complexity to

appreciate interplay between various signaling pathways. In vivo studies in the intestine

provide the complexity of biological context, but are often difficult to interpret due to

the complex inter-regulatory nature of the signaling network. Given the data presented

within this chapter, it is clear that cell signaling pathways function for two basic needs.

The first is to physically define the stem-cell niche and the second is to define the prolifer-

ation to differentiation gradient within the niche.

Defining the Physical Stem-Cell Niche

Cell signaling pathways such as TGF-b/BMPs may act to physically restrict the Wnt

expressing mesenchymal cells to the base of the crypt in the pericryptal mesenchyme,

thus participating in defining the physical niche. Wnt signaling may also act to regulate

its own expression, as BMP-4 is a Wnt target gene. In addition, Ihh expression is restricted

to the differentiated villus epithelium by a (yet to be identified) Wnt-responsive factor

within the crypt. Further, Ihh may also modulate the Wnt expression domain indirectly

through its regulation of BMP-4. These factors act together to define a border between

the proliferative stem-cell niche and the differentiated villus epithelium. They may

act to restrict selected mesenchymal cells to the crypt base where they can influence the

epithelial cells of the stem-cell niche.

Defining the Gradient of Proliferation to Differentiation Within the Stem-Cell Niche

A gradient of factors set up a microenvironment within the stem-cell niche to promote

adhesiveness of the stem cell, proliferation of the TA population, and differentiation of

the epithelium. Wnt signaling is a likely candidate for creating morphogen-dependent

differential responses within the microenvironment. High levels of Wnt participate in pro-

moting apoptosis of stem cells that are not selected to be anchored within the crypt during

development. In the adult crypt, Wnt or another factor may be responsible for maintaining

proliferation of the TA population. As the epithelium receives less Wnt signal, differen-

tiation ensues. The differentiation of enterocytes may occur passively, whereas differen-

tiation of the secretory lineage occurs actively through Notch signaling. Wnt signaling

within the crypt stimulates Notch signaling factors, and Notch acts to suppress the Wnt

signal. Complicating this view in the intestinal crypt microenvironment is the downward

migration, accompanied by differentiation, of the Paneth cell lineage. It is possible that

Wnt signaling is suppressed to low levels within the adult crypt by the presence of

Notch signaling and that some other unidentified factor is responsible for maintaining
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proliferation of the TA population. Supporting this notion, Wnt reporter mice do not

display reporter expression in adult crypts (60).

It is clear that the signaling pathways that define the stem-cell niche are intertwined.

The maintenance and propagation of the stem cell critically depend upon the tight regu-

latory relationships within this signaling network. A systematic approach to manipulating

these signaling pathways during development and an inducible approach for manipulation

in the adult is greatly needed. Additionally, comparison of epithelial stem-cell niches from

different organs will continue to broaden our understanding of how these regions are

defined and regulated.

IDENTIFYING MARKERS FOR INTESTINAL STEM CELLS

It is the hope that studies performed to track intestinal epithelial lineages will shed

insight into the stem-cell behavior. However, all these studies can only infer the stem-

cell behavior. Markers of the stem-cell population are needed to definitively identify

and track it behavior. Although some stem-cell populations, such as hematopoietic stem

cells, have been thoroughly characterized, the molecular profile of the intestinal epithelial

stem cell has yet to be elucidated.

A Candidate “Market” Approach

The Musashi-1 gene encodes an RNA-binding protein that is required for asymmetric

divisions in sensory organ precursor cells in the Drosophila (101). In mammals, the

Musashi-1 homolog is expressed in neural stem cells and is down-regulated in differen-

tiated progeny (102). Three groups present the possibility that Musashi-1 is also a stem-

cell marker for intestinal stem cells (103–105). Potten et al. assayed Musashi-1 expression

during intestinal morphogenesis and determined that it was ubiquitously expressed

throughout the proliferative IVR. In the adult, Musashi-1 expression was confined to

the lower cellular strata of the crypt. These findings are consistent with Musashi-1

marking a stem-cell population. During development, multiple stem cells reside in

the polyclonal proliferative IVR, whereas stem cells in adult crypts are thought to be

restricted to the lower portion of the crypt. However, the broad expression pattern of

Musashi-1 in the adult crypts is inconsistent with the notion that Musashi-1 exclusively

marks active stem cells. It may mark active stem cells as well as their immediate daughter

cells. There is the possibility that the estimation of active stem cells is low and that the

broad Musashi-1 expression pattern reflects this. Alternatively, Musashi-1 may be

expressed in all cells with stem-cell properties, which would include the Potten tier two

cells that have the potential to replace damaged stem cells. These two populations of

cells may express different levels of Musashi-l that are beyond the limit of detection

using immunohistochemistry.

Although several other factors have been shown to be restricted to proliferating cells

in the intestinal crypts, including Tcf-4 and Cdx-1, their expression patterns have been too

broad to constitute an exclusive stem-cell marker. Rather, their expression pattern appears

to reflect their cellular proliferative status.

Taking Clues from Other Organ Systems

A number of genes have been identified in the elegant stem-cell molecular profiling study

performed in the skin (106). These molecules include Wnt inhibitors: sFrp1, Dkk2, Wif1;

Lineage Tracking, Regulation, and Behaviors of Intestinal Stem Cells 109

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


cell-cycle inhibitors: Gas1, Ak1, Inhbb; and TGF-b signaling components: TGFb-2, Ltbp,

Igfbp. Although these potential candidate markers are intriguing candidates for markers in

the intestinal stem cell, their expression pattern has not yet been defined in the intestine

(discussed in detail subsequently).

Transcriptional Profiling of the Stem Cell

Although the morphologic features of the intestinal stem-cell niche have been well

characterized using a histological approach, the precise molecular definition of the

active stem cell remains a mystery. Recent studies by Stappenbeck et al. (107) took a

global approach toward identifying gene expression patterns in the undifferentiated

region of the stem-cell niche. Using laser capture microdissection (LCM) to isolate

cells near the crypt base, DNA microarray analysis was performed. A clever scheme

was used to compare crypts that were enriched with stem cells. Mice lacking Paneth

cells presumably have expansion of stem cells/progenitor cells. The epithelial cells at

the base of the crypts in these Paneth-cell-ablated mice were compared with regions

from conventionally raised wild-type mice. The two regions were isolated by LCM

into two populations: (i) cell strata 1–3, which may represent the stem cell in

the ablated Paneth cell crypts, and (ii) cell strata 4–6 in which the stem cell resides

in the wild-type crypts. The 163 transcripts that were identified as up-regulated in

the progenitor-enriched population (1–3 cell layer, Paneth cell ablated mice), were

functionally categorized into seven broad groups: cell cycle, protein folding, protein

processing, chromatin, intracellular signaling, RNA-binding proteins, and protein synthesis.

It is not surprising that the stem-cell and TA cell population had an increase in expression of

genes that participate in cellular functions required for maintaining proliferation.

The results from other genome anatomy projects including those from neural stem

cell and hematopoietic stem cell were compared with the intestinal progenitor cell results

(107–109). Interestingly, these tissue-specific cell populations shared �20% and �8.5%

of identified genes with the neural stem cell and hematopoietic stem cell, respectively. In

addition, other such studies have found similar gene expression patterns between

keratinocytes and intestinal epithelium at various stages of differentiation (110). Although

it is intriguing to believe that all adult stem cells share a complement of common genes,

especially in light of the reports that hematopoietic stem cells can circulate and give rise to

cells in other organs within an animal (stem-cell plasticity; 111), the exact relationship

between adult stem cells from discrete organs has yet to be elucidated. Although this

list of genes characterizing small intestinal epithelial progenitors presents an intriguing

starting point for identification of markers of the intestinal stem cell, it will be interesting

to determine if it indeed reflects the expression profile of active intestinal stem cells. Iso-

lation of stem cells from the intestine has yet to be accomplished.

An elegant approach to isolate the epidermal stem-cell population in the absence

of stem-cell markers to allow for their molecular characterization was utilized by Tumbar

et al. (106). They developed a transgenic mouse expressing Histone H2B-green fluorescent

protein (GFP) controlled by a tetracycline-responsive regulatory element to activate GFP

expression by a keratin-specific promoter. Mice expressed GFP in all stem cells and descen-

dants but were then “chased” with doxycycline to inactivate GFP expression. All long-lived

stem cells in the bulge remained labeled with GFP. Then, GFP expressing stem cells were

isolated and characterized using microarray analysis. Clever schemes to mark and isolate

stem cells can be used in other systems such as the intestine.

Together, transcriptional profiling of stem cells from multiple organs such as

the intestine, epidermis, blood, and brain provide invaluable resources for defining the
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behavior of the stem cell within its niche (106–109). Comparison between these popu-

lations will yield important similarities and differences that will begin to help shape our

understanding of how stem cells behave.

CONCLUSION

There has been a tremendous amount of work accomplished in tracking lineages in the

adult intestine. Much to the credit of the scientists that have forged the path to ask ques-

tions regarding the relationship between the intestinal stem cell and their lineages, a strong

foundation for future studies exploring regulation of adult stem cells has been built.

However, several obstacles for manipulation of adult stem cells still remain. First, the

ability to identify intestinal stem cells requires identification of stem-cell-exclusive

markers. Second, an in vitro system for manipulating intestinal stem cells is required

for studying the regulatory factors that designate lineage differentiation. Finally, an in

vivo reconstitution assay must be established. Future experimentation within these areas

will lead to a greater understanding of how the intestinal stem cell is regulated within

its niche, leading to the ability to manipulate adult stem cells for the development of

novel therapies for treating diseases.
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7
Stem Cell Populations in Skin

Richard P. Redvers and Pritinder Kaur
Epithelial Stem Cell Biology Laboratory, Peter MacCallum Cancer Centre,
Melbourne, Victoria, Australia

INTRODUCTION

It has been evident for some time that cell replacement in the epidermis of the skin is

a highly ordered process with a central role for keratinocyte stem and progenitor cells.

In recent years, many investigators have sought to distinguish keratinocyte stem

cells (KSCs) from their immediate progeny using molecular markers, both in situ and

ex vivo, and a number of molecular regulators that can perturb ordered cell renewal

in skin epithelium have also been identified. Although we are far from having a clear

understanding of the precise mechanisms that regulate ordered epidermal tissue morpho-

genesis and cell renewal, significant progress has been made that has begun to shed light

on these processes. Unequivocal identification and isolation of viable keratinocyte stem

and progenitors are now possible; this combined with the advent of molecular technol-

ogies, such as high-throughput genome-wide scanning and the ability to generate mice

with designer skin, and the development of assays for these cells, albeit at an early

stage, places us at an exciting time of experimental investigation and discovery,

poised to capitalize on the collective efforts expended by many laboratories across

the world.

Emergence of Stem Cell Concepts in Skin Biology

The skin provides a protective barrier and sensory interface that represents the largest

organ system in the body (1), functioning in thermoregulation, electrolyte, and fluid

balance; immune, nervous, and endocrine systems; psycho-social communication; and

the synthesis, processing, and metabolism of an assortment of structural proteins,

glycans, lipids, and signaling molecules (2). The epidermis forms the outermost layer,

consisting of a pluristratified keratinizing epithelium, resting upon a basement membrane

apposed to the underlying dermis (3). In glabrous or interfollicular epidermis, cells of the

lowest stratum proliferate laterally and progressively differentiate as they migrate supra-

basally, terminating in flat, tightly packed, cornified enucleated squames, enmeshed within

a lipid matrix to create an impermeable barrier (4–6). The entire process, from the birth of

a basal cell to surface corneocyte and desquamation, lasts 8 to 14 days in mice (7–10) and
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14 to 75 days in humans (11–14), requiring continuous cell proliferation in the basal layer

to maintain the tissue (15,16). The situation is more complex in regions of skin where

appendages undergo alternative differentiation programs in the form of a pilosebaceous

or sweat gland apparatus (17).

The first indication of the existence of epidermal stem cells can be traced back to

1949 when Berenblum and Shubik (18) observed that a delay between initiation and

promotion had no effect on tumor yields, suggesting the presence of long-lived cells.

Over the next 20 years, biologists described the regenerative and pluripotent properties

of epidermal cells (19–21) without invoking the stem cell paradigm. The earliest

description of stem cell activity as an assayable quantity came from in vivo studies

of epidermal tissue regeneration following radiation damage, that is, epidermal micro-

colony formation derived from single cells (22), providing the first functional means

to identify “stemness” in the epidermis. The basis of this assay lies in the experimental

approaches adopted to study the hemopoietic system, one of the best characterized adult

stem cell systems to date (23). Indeed, definitions of hemopoietic stem cells (HSCs)

have provided a conceptual framework to begin to define epidermal stem cells. A

literal adoption of these definitions of HSCs to all other stem cell populations is

perhaps inappropriate and does not allow for variations based upon the structural organ-

ization and turnover rates of particular tissues. Perhaps the most relevant functional

definition applicable to all stem cells is that provided by Lajtha in 1979 (24), that is,

the ability to regenerate the tissue of origin for the lifespan of an organism, which

implies long-term self-renewal of both stem cells and tissue. Although one might

reasonably expect all stem cells to be relatively quiescent, unspecialized blast-like

cells with the capacity to renew their tissue indefinitely, stipulations such as infinitesi-

mally low incidence, confinement to a definable niche, ability to give rise to many

lineages, etc. (25–30), are not always applicable to all tissues.

Definitions of stem cells are further complicated by the behavior of cells in homeo-

static (normal) versus damaged tissue; for instance, early lineage bone marrow cells

appear to retain the flexibility to function as stem cells in exceptional circumstances

(e.g., severe trauma) (31) although they represent a “short-term subset that self-renews

for a defined interval” (26) as it gradually differentiates while losing its stemness under

steady-state conditions (14). Thus, a very real caveat in characterizing/defining stem

cell populations, recognized by Potten and Loeffler (31) early on, is that perturbing the

tissue in any way is likely to alter cell behavior, and the conclusions drawn have to

take this into account. Nowhere is this a greater issue than when studying epithelial

cells after removing them from the tissue—after all, epithelial renewal occurs in vivo in

a physically constrained environment with strong adhesion to neighboring epithelial

cells and to their extracellular matrix, and intimate association with the dermal environ-

ment. With the exception of in situ analyses of stem cell behavior performed largely in

murine epidermis, all experiments place KSCs and their progeny into unnatural circum-

stances thereby activating these cells. Although this is a rather self-evident concept, it

has nevertheless been under-appreciated by skin stem cell biologists until recently

(32,33). Thus, it is important to remember that much of the current literature is interpreted

with the assumption that stem cells are solely responsible for cell replacement during

homeostasis and in injury. As very little work has been done with prospectively defined

populations of stem cells, we have no knowledge at present about which class of kerati-

nocytes actually heal wounds or contribute to cancer. Given that the epidermis has an

overriding function to cover wounds as rapidly as possible, it is critical to assess

current data in light of how experimental design is likely to influence the behavior of ker-

atinocyte stem or progenitor cells under specific experimental regimes.
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Proliferative Hierarchical Organization of the Epidermis

Prior to the emergence of the epidermal stem cell field, some investigators asserted that all

cells of the basal epithelial layer had uniform proliferative potential (34). Mitotically

active cells were restricted to the stratum basale (35–38), dividing randomly and

migrating suprabasally due to “population pressure” (39–41). Iversen et al. (42) hinted

at an age structure and hierarchical organization, suggesting that some basal cells were

postmitotic differentiating cells and that migration was restricted to the oldest G1 cell in

the vicinity of a mitosis. Heterogeneity and hierarchy in the basal layer were recognized

due to local morphologic variations (43), the presence of various cell types (44), early dif-

ferentiating cells (15), and the first suggestions of a rare subpopulation of clonogenic stem

cells (45,46). Ordered structure was first elucidated by Mackenzie in 1969 (4). Christo-

phers (47) and Menton and Eisen (48) demonstrated vertical columnar stacking in the

stratum corneum of nonvolar skin, and subsequently Potten (46) visualized hexagonal

units within the surface view of epidermal sheets. A theoretical structure–function

relationship emerged, wherein the basal cells directly underlying a squame column

divided and migrated suprabasally at the periphery (49,50), giving rise to all cells of

their column (47,51), termed the epidermal proliferative unit (EPU) (46); a central stem

cell among a subunit of 10 basal cells was ultimately responsible for maintenance of

the EPU (16,50). In support of autonomous units, Kam et al. (52) demonstrated that flu-

orescent dyes spread in columnar EPU-like patterns when injected into excised neonatal

murine skin, suggesting intimate connectivity and communication within discrete units

and physical compartmentalization of the tissue. In addition to autonomous EPU controls,

a coordinated inter-EPU behavior was proposed to account for the complex morphological

network underlying homeostasis (53).

Thus, cell replacement in the epidermis involves a slow-cycling subpopulation of

stem cells generating “a hierarchical series of progressively ‘aging’ cell cycles” (30).

Mathematical modeling based on kinetic data predicted heterogeneity with respect to

cycle time, comprising slow-cycling stem cells, up to three “transit proliferative” popu-

lations and postmitotic cells (54). Morphologic and kinetic data were correlated to demon-

strate the existence of these populations in monkey palm epidermis, with the “transient

amplifying” cohort responsible for populating the bulk of the tissue (55,56).

Estimating Epidermal Stem Cell Frequency

Estimates of epidermal stem cell frequency vary widely (0.01% to 40% of basal cells)

depending upon species, anatomical sites, and, particularly, the methodologies employed

(Table 1). For example, estimates of 1% to 8% come from radiation studies that may

impair or destroy some stem cells, 1% to 2% from DNA label retention studies with some-

what arbitrary chase periods, 6% from a follicle-specific repository that excludes other

reservoirs, and 0.01% from mathematical modeling of a competitive assay that may not

account for inherent technical limitations—all with the potential to underestimate the fre-

quency of KSCs in steady-state conditions. One explanation put forth for the disparity and

range of frequencies asserts that there is no clear delineation between stem and nonstem

entities, but rather a “diminishing stemness spiral” reflecting a spectrum of capabilities,

with an inverse relationship between stemness and differentiation/maturity (31). Other

discrepancies in the reported incidence of “stem cells” can be attributed to the definitions

employed to ascribe “stemness” such as rapid adhesion to particular substrates or short-

term tissue reconstitution that may or may not reflect stem cell properties. A major flaw

in any in vitro assay used to estimate stem cell frequencies is the fact that a very small
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proportion of primary cells plated in culture are recruited to proliferate (routinely,1% in

most laboratories). The identification of factors that can promote the attachment and sub-

sequent proliferation of all keratinocytes in vitro would greatly facilitate quantification

and characterization of epidermal stem cells. An important question that remains unan-

swered to date is whether the tissue culture media used to propagate keratinocytes are

capable of recruiting both stem cells and transit amplifying cells into cycle, given their

natural selection for cells that are actively growing. It is plausible that only those cells

in specific phases of the cell cycle are selected in vitro and that perhaps the most

deeply quiescent stem cells never proliferate. As cultured keratinocytes can reconstitute

grafts on severely burned patients for decades following transplantation, long-term

tissue-reconstituting keratinocytes are clearly not lost. Whether this reconstitution is

being obtained from cells lower in the proliferative hierarchy that retain stem cell proper-

ties or from “actual” stem cells remains to be determined.

Do Stem Cells Segregate Their Template DNA Strand—Supporting

Evidence from Intestinal Epithelium?

Perhaps the only feature that discriminates an ancestral stem cell from an early “potential”

stem cell daughter is the retention of its template DNA. In 1975, Cairns (57) hypothesized

that selective segregation of template DNA in a rare subset of immortal stem cells was an

evolutionary strategy to minimize mutation and tumorigenesis. The latest refinement of

the hierarchical cell replacement scheme suggests that ancestral stem cells residing in

their niche give rise to “potential” stem cell progenies that retain the flexibility to

re-occupy the ancestral niche and assume the requisite responsibilities if necessary (14).

This is compatible with the original proposal that the immortal stem cells were a subset

Table 1 Estimates of Epidermal Stem Cell Frequency in the Basal Layer

% Incidence Methodology References

0.01 Competitive repopulation of GFP-marked cellsþmathematical

modeling

(169)

,1 Radiation response (16,46,90)

1 3H-Tdr LRC; unit gravity sedimentation, 3H-Tdr LRC, cell cycle,

size, RNA, N:C ratio

(124,149)

1–2 3H-Tdr LRCs, GFP-LRCs (163,208,209)

2–7 Radiation response, mathematical modeling, 3H-Tdr LRCs (16,30,210)

2–8 Re-analysis of previously published radiation responses (45)

3 Radiation response (211)

4–8þ Lit review (14)

6 K15-EGFP expression at base of telogen follicle (65)

8 abri
6 /CD71dim phenotypeþ 3H-Tdr LRCs, cell cycle, size, N:C

ratio

(150)

9–10 Ultrastructure; resistance to pulse labeling; EPU model (46,50,212)

10 abri
6 /CD71dim phenotypeþ cell cycle, keratins, total proliferative

output

(155)

10–12 In vitro retroviral labelingþ in vivo reconstitution (125)

10–30 bbri
1 phenotypeþ rapid adhesion to ColIV (20 min) or FN (5 min)

or KC-ECM (10 min) not LN (30 min)þ CFU (�32 cells)

(154)

9.5–40 bbri
1 (a2 or a3)/K19

þ phenotypeþ 5 min adhesion to

ColIVþ CFU (�32 cells)

(130)

Abbreviations: LRC, label-retaining cell; GFP, green fluorescent protein; EPU, epidermal proliferative unit.
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within a population of cells that could all qualify as stem cells by virtue of their ability to

re-epithelialize radiation-damaged epidermis (57). It is reasonable to suspect that the

ancestor stem cell and the immortal stem cell are one and the same.

Experimental proof of the concept of template DNA strand segregation is techni-

cally difficult to obtain given that the ancestral stem cell must be labeled within a

narrow timeframe, at the precise division where tissue stem cells are laid down. Elegant

experimental evidence in support of Cairns hypothesis has only recently been provided

by Potten et al. (58), utilizing a double-labeling technique in the small intestinal epi-

thelium. Stem cells were labeled with tritiated thymidine during stem cell expansion—

and template DNA synthesis—in neonates, followed by BrdU after the expansionary

phase. Double-labeled label-retaining cells (LRCs) continued to retain tritiated thymidine

despite subsequent depletion of BrdU label, providing irrefutable evidence of a DNA label

that persists in cells undergoing multiple rounds of division. Whether similar DNA segre-

gation occurs in other epithelial stem cell populations remains to be determined.

Stem Cell Lineages and Locations

Although the structure and cell lineage diversity within the stratum basale of the epidermis

has been well documented, the precise nature and location of the various stem or “stem-

like” precursor cells in this perpetually renewing tissue is the subject of intense investi-

gation and vigorous debate. Differences may be attributed to comparisons between

various species or anatomical sites, the varied experimental approaches and manipula-

tions, steady-state versus perturbed epidermis, the developmental stage of the host, and

the complexity of hair follicle lineage composition and cyclic remodeling. It is generally

agreed that the hair follicle bulge is a repository for KSCs in murine adnexal epidermis

(59–62) that is capable of contributing to the regeneration of follicles, sebaceous

glands, and interfollicular epidermis (63–65). These findings have convinced many that

bulge stem cells represent the ultimate stem cells of this tissue (61,66,67). However,

some seemingly incongruous observations (65,68–75) necessitate more complex hypoth-

eses to corral disparate opinions on the locations of epidermal stem cell reservoirs and

their hierarchical relationship—if any—to bulge stem cells, as discussed below.

Hair Follicle KSCs

It has long been suspected that hair follicles harbor cells capable of regenerating new fol-

licles after damage, and such cells were believed to originate from the upper permanent

portion (19) of the outer root sheath (21). Many ensuing studies demonstrated continued

hair growth after removal of a significant portion of the lower follicle (21,76–83).

Remarkably, early indications also suggested that follicle cells could contribute to re-

epithelialization of damaged epidermis (20,84–89). In a radiation–response assay that

permits an approximation of clonogenic cell frequency in the epidermis, apparent

migration of surviving clonogenic cells from follicles into the interfollicular epidermis

further complicated calculations (90,91), identifying the hair follicle as a potential

source of cells capable of repopulating the epidermis. Subsequently, dermabrasion

studies corroborated the existence of stem cells in the upper hair follicle (92), and dis-

sected follicles were able to regenerate fully differentiated interfollicular epidermis in

an in vitro organotypic model (93). The hair follicles are believed to harbor the majority

of the clonogenic cells, estimated at 3000 to 6000 mm22 in human scalp versus 1000 to

2000 mm22 in glabrous epidermis (94). It is, therefore, not surprising that epidermal

regeneration is proportional to the number of residual hair follicles that remain (95).
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Bulge KSCs

One of the most universally accepted stem cell attributes that can be readily demonstrated

is long-term retention of a DNA label (96). Hence, the localization of a cluster of LRCs to

the bulge region provides compelling evidence that this well-protected structure at the

lower end of the permanent portion of murine hair follicles is a stem cell repository

(59,62,63,97). Stem cells permanently affixed to this “well-nourished” region would be

ideally placed to participate in hair follicle cycling and regeneration, while surviving

degeneration of the lower portion during catagen remodeling—a scenario that inspired

the “bulge-activation hypothesis” (59,98). This model stipulates that dermal papilla

cells are brought into close proximity to the bulge during late catagen, whereupon instruc-

tive signals stimulate the normally quiescent bulge cells to transiently proliferate at the

onset of anagen (99), giving rise to transit amplifying matrix cells that generate new

hair growth (59,98,100). The extremely long telogen (35 to 70 days) during the second

cycle suggests that mere apposition of the dermal papilla and bulge is insufficient to

initiate anagen by the third cycle; an as-yet-unknown factor may be an additional require-

ment (99). The susceptibility of skin to carcinogen initiation during early anagen suggests

that stem cells in the bulge that proliferate at that time are selectively targeted (101).

However, reports that selective killing of highly proliferative cells during early anagen

I had no impact on tumor yield would appear to contradict this, although quiescent

long-lived stem cells would be implicated in tumorigenesis (102). Pathogenesis of a

genetic form of alopecia involves disconnection between the matrix and underlying

dermal sheath, which leaves the dermal papilla deep in the dermis, thereby arresting

any potential communication with the bulge (103,104). Consequently, no further hair

growth ensues as would be predicted by the bulge-activation hypothesis (96,99,105).

In an effort to localize the functionally superior cells within follicles, Kobayashi

et al. (60) microdissected and subdivided rat vibrissa follicles to demonstrate that the

bulge was indeed the region most highly enriched for colony-forming cells, although

such cells were not exclusively bulge-derived. This was corroborated by a similar study

utilizing human hair that also found enrichment for colony-forming cells in the presump-

tive bulge region and demonstrated that bulge keratinocytes had superior in vitro clono-

genicity to unfractionated interfollicular keratinocytes (61). However, subsequent

studies in human follicles variously reported the major clonogenic cell enrichment to be

in the sub-bulge region (94,106) or upper central outer root sheath (107). Once again,

all showed that the principal repository of quiescent stem cells was not an exclusive

locale for colony-forming cells. The apparent lack of consensus on a discrete stem cell

repository in human follicles is not surprising, as the presumptive bulge region falls

within a morphologically indistinct area that is virtually indistinguishable from its sur-

rounds in adult human hair follicles (108,109). Further complications arise from

the assumption that colony-forming ability is a surrogate assay for stem cells only—

presumably the immediate progeny of stem cells that are in fact the largest actively pro-

liferating pool of epidermal cells in situ are also capable of forming colonies in vitro.

Is the Hair Follicle Bulge Stem Cell Population the Source

of All Epidermal Tissue Renewal?

That bulge stem cells were able to contribute to multiple tissues, including the matrix,

sebaceous gland, and interfollicular epidermis was suggested by histologic data

(103,110) in response to injury (20,84,88–92). Indeed, Lavker et al. (96) argued for a hier-

archical organization in the follicles with bulge cells giving rise to “germ” and matrix cells
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in the proximal direction and to isthmus, sebaceous, infundibulum, and interfollicular cells

in the distal direction. This proposition remained theoretical until Taylor et al. (63) utilized

DNA double-labeling to demonstrate migration of bulge-derived cells into the lower and

upper follicles and showed emigration of upper follicle cells into the epidermis. Sub-

sequent studies utilizing lineage-marked cells in tissue recombination and regeneration

assays reached similar conclusions, demonstrating full follicular contribution, and

adding sebaceous gland development to the bulge cell repertoire (64,65).

Not surprisingly, this impressive body of work has led many to suggest that bulge

stem cells represent the “ultimate” stem cells of the epidermis (61,66,67). However, it

is important to note that the contributions to interfollicular epidermis have been observed

only in tissue expansionary (neonatal) or regenerative phases (following wounding), after

complex manipulations or from admixtures of many cells—not from foci of single cells

under steady-state conditions. Given the location of bulge cells within deep recesses, it

is highly unlikely that these participate in routine maintenance of the interfollicular epider-

mis (94). This view was vindicated by exquisite long-term lineage marking studies by

Ghazizadeh and Taichman (71) that showed lineage restriction, with follicular cells con-

tributing a mere “rim of epidermis” (Fig. 1A), venturing no further than the margin of the

follicle in the absence of wounding. Importantly, self-sustaining units of epidermal cells

not associated with hair follicles were consistently observed (Fig. 1B), providing

elegant proof of Potten’s EPU model. In addition, histological and immunohistochemical

examination of human follicles suggested that differentiation proceeds horizontally

inward from the outer root sheath (95,111,112). Intuitively, it would seem to be a more

favorable evolutionary strategy to have as many equipotent stem cell reservoirs as possible

in disparate locations, to call upon if necessary. As shown by the study of Ghazizadeh

and Taichman (71), distinct stem cell populations giving rise to clonal growth reside in

the hair follicle, sebaceous gland, and interfollicular epidermis. Hence, it is more likely

that the bulge does not participate in routine epidermal maintenance, rather it serves

as a backup reservoir capable of impressive multilineage contribution in extraordinary

circumstances, even in very hairy skin. Interestingly, Miller et al. (70) have shown that

sweat gland cells can also contribute to wound healing in a porcine model. By excising

a circular wound down to the muscle fascia and leaving a denuded central region harboring

only sweat glands, they were able to remove lateral keratinocyte migration from the

equation to demonstrate, for the first time, re-epithelialization from the sweat apparatus

and re-establishment of rete ridges (70). Interestingly, although the sweat gland keratino-

cytes exhibited extensive proliferation and tissue regeneration, they were unable to fully

recapitulate the appendages or keratinization of unwounded skin.

Bulb/Matrix/Germinative Epidermal Stem Cells

The cells within the matrix of follicles exhibit considerable proliferative and differentia-

tive potential. Proliferation during anagen is so rapid that the growth fraction of matrix

cells approaches 1.0 (113), making them among the fastest dividing cells in any adult

tissue (114). Hair matrix cells are able to divide continuously for around 1000 days in

humans, giving rise to several distinct hair follicle lineages (95). Their close proximity

to the base of the follicle suggests that matrix cells may communicate with the dermal

papilla (77), on a more regular basis than bulge cells. Hence, it was initially believed

that the matrix of the bulb region was the source of follicle renewal and regeneration

(48,113,115,116). In the ensuing years, proponents of bulb stem cells were faced with

mounting conundrums and apparent contradictions, particularly when long-term label

retention was localized to the bulge region in a number of studies (59,62,63,97).
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Figure 1 Evidence for distinct self-renewing stem cell populations in the hair follicle bulge and

interfollicular epidermis. (A) Lineage analysis of hair follicles marked with b-galactosidase showing

lack of contribution to interfollicular epidermis (non black) from hair-follicle-derived stem cells. (B)

Lineage analysis revealing the presence of self-maintaining interfollicular EPUs. Abbreviation:

EPU, epidermal proliferative unit. Source: From Ref. 71. (See color insert.)
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Once labeled, stem cells that are quiescent or selectively segregate labeled DNA

strands retain that label for long periods, whereas non–stem cells do not selectively segre-

gate DNA and proliferate vigorously, leading to depletion of label. However, the length of

the chase period is important in that examination with short chase periods will reveal many

more labeled cells than with long chase periods. Indeed, chase periods of 10 weeks reveal

LRCs in the inter- and intrafollicular epidermis, perisebaceous region, external root

sheath, and the bulge (97), whereas a 14-month chase preserved only those highly persist-

ent LRCs in the bulge (62). Although many have gone to great lengths to exclude the

matrix and bulb region from label retention, others have demonstrated their presence in

the medium term (111,117) and recent reports demonstrate label retention in the hair

germ after eight (73) and 10 weeks (75). Although DNA label retention or quiescence

is a defining characteristic of stem cells, it is important to remember that this is relative

to other more rapidly cycling cells within the same hierarchy. Thus, it is erroneous to

compare the persistence of LRCs across different stem cell populations over the same

time interval after initial labeling as an indicator of stemness given that their rates of

tissue replacement are not identical. In other words, the demands for cell proliferation

(and therefore loss of labeled cells) on specific stem cell populations are not identical.

Other factors that influence DNA label retention include the efficiency of labeling (i.e.,

where all stem cells labeled), and whether the template strand was labeled, at the begin-

ning of the experiment. We suggest that sustained tissue renewal has to take precedence

over label retention as a stem cell characteristic. For instance, despite the disappearance

of LRCs due to hyperproliferation in transgenic mice expressing DNLef1, the interfollicu-

lar epidermis remained viable for over two years, thereby demonstrating robust stem cell

maintenance in the absence of quiescence (118). In addition, angora rabbits, poodle dogs,

and merino sheep are believed to grow follicles continuously without pause (119). Clearly,

the existence of stem cells in the bulb region cannot be excluded merely because of their

proliferative status or relative lack of label retention at this site.

Many studies have shown that follicular regeneration can still ensue after removal of

the lower portion, provided a dermal papilla is in close proximity (21,76–83,120). Although

this apparent dispensability of the bulb region has been cited repeatedly as powerful evidence

of an upper follicular stem cell reservoir, it does not exclude the existence of a bulb reservoir

that shoulders significant responsibility in normal circumstances. Interestingly, there has

been occasion to doubt the contribution of bulge cells to follicular growth at the onset of

anagen, as they appeared not to divide amidst a flurry of proliferative activity leading up

to hair growth (62). In contrast to experimental removal of the lower follicle, removal or

tearing out of hair fibers may be the most common injury to follicles (121). In the latter

more physiologically relevant injury, germinative epidermal cells are retained after plucking

(68). Interestingly, Ito et al. (73) have demonstrated that label-retaining bulge cells undergo

apoptosis upon plucking and that consequent hair follicle regeneration occurs from residual

label-retaining hair germ cells that are protected from this type of injury.

Reynolds and Jahoda (68) utilized microdissection after plucking to liberate a popu-

lation of morphologically distinct and highly fastidious germinative epidermal cells.

These cells displayed characteristics of stem cells, having small size, few organelles, abun-

dant free ribosomes, and firm attachment to a well-vascularized niche that protects them

from injury (68). Importantly, it was found that the immense proliferative capacity of ger-

minative epidermal cells was unleashed only in the presence of dermal papilla cells (68). It

is noteworthy that a number of studies localized enrichment of colony-forming keratino-

cytes to the upper regions, yet still found some colony-forming cells albeit reduced in

number in the bulb region (60,94,106,107). Given that in some studies cell growth was

assessed on irradiated human fibroblasts (106) or from tissue explants (107), it is
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reasonable to speculate that the latent proliferative potential in the lower follicle was

grossly underestimated.

Arguments for bulb/matrix/germinal stem cells versus bulge stem cells need not be

pitted against each other if a model incorporating both hair follicle stem cell reservoirs is

accepted. The hair follicle predetermination model asserts that two stem cell populations

are present, each with a distinct fate. Although they remain separate, the populations inter-

act to coordinate the follicular growth and differentiation program, with anagen activation

originating in the hair germ leading to activation of the bulge (72). The “split-fuse hypoth-

esis” reconciles some of the differences and apparent contradictions in the two camps by

proposing that the two follicle stem cell populations coalesce during the catagen–telogen

transition and individualize again during anagen (122). This co-mingling of bulge and

bulb/germinal populations would make them indistinguishable during telogen and argu-

ments on their origins and position in the hierarchy immaterial. Interestingly, although

Cotsarelis and co-workers (59,96,98) have gone to great lengths to distinguish label-

retaining bulge cells from transit amplifying matrix cells, they have subsequently included

the secondary hair germ within their “operational definition of the bulge” (123) and have

localized lineage-marked stem cells to the bulge during telogen, precisely when bulge and

bulb regions are most intimately fused (65).

KSCs of Interfollicular Epidermis

The proposal that interfollicular and glabrous skin harbor stem cells at the center of EPUs

(46,91) has been vindicated by numerous studies (71,124–126). Indeed, the mere exist-

ence of appendage-free regions of self-renewing skin offers irrefutable testimony to that

assertion. However, although the ability of these presumptive stem cells to exhibit foci

of clonal regeneration is undisputed, their autonomy or position in the hierarchy within

hairy epidermis has been contentious, due in no small part to examples of interfollicular

regeneration emanating from the bulge as described above.

From the outset, stem cells were believed to reside within the center of EPUs

(16,46,53), as kinetic data demonstrated that mitotic cells were invariably found at the per-

iphery (49,124), whereas 2% of basal cells retained label after 28 days, and 90% of these

were within one nuclear diameter of the central cell (124). LRCs have been detected in the

interfollicular epidermis up to 20 weeks post-labeling (75). Numerous studies utilizing

in vitro retroviral lineage marking have demonstrated foci of clonal growth giving rise

to columnar units in vivo that persist from 12 to 40 weeks (125,127). Importantly, in

situ lineage marking removed any possible in vitro artifacts to show that columnar

EPU-like foci of clonal growth persisted after 37 epidermal turnovers and five hair

growth cycles after depilation (71). Similarly, EPU-like columns emanating from a clono-

genic cell were also evident in the footpad of a transgenic mouse (126,128). Taken

together, these data confirm the existence of long-lived interfollicular stem cell residents

with considerable proliferative potential for routine maintenance of the epidermis.

The EPU-like organization is most evident in mouse interfollicular epidermis but is

also apparent in the stratum corneum of humans in thin epidermal regions such as

abdomen, forearm, thigh, and buttocks (14). However, alternative models have been

invoked to account for the dissimilar organization of volar (palm, sole) epidermis.

Lavker and Sun (55,56) addressed this conundrum by correlating morphological and struc-

tural observations in primate volar skin with a functional model wherein “nonserrated”

stem cells residing in the deep pockets of rete ridges give rise to progeny that migrate

upward and laterally to the tips of dermal papillae. Dsg3 has been identified as a negative

stem cell marker of the deep rete ridge region (129). A completely opposing model has
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also been proposed, suggesting that stem cells occur as clusters located at the tips of

dermal papillae (130–136). The latter model has been controversial and difficult to

reconcile, with the preferred location of stem cells in protected sites in the deeper rete

ridges and mounting data to support the presence of single stem cells in the interfollicular

epidermis (75).

The persistence and multipotency of bulge stem cells has been cited as proof of their

supremacy and ancestral place in the cellular hierarchy (67). However, some of the

longest-lived (stem cell) targets of carcinogens reside within the interfollicular epidermis

(137), and many studies have demonstrated that interfollicular keratinocytes are capable of

generating pilosebaceous and sweat gland structures (65,69,74,75,138,139). Therefore, it

may be a reasonable supposition that equipotent ancestor stem cells are seeded throughout

the nascent epidermis during ontogenesis and that the divergence between stem cells in

terms of folliculogenesis at discrete locations is contextual, depending upon connective

tissue and microenvironmental influences. In this context, the role of the wnt signaling

pathway in lineage specification is highly relevant. Overexpression of active b-catenin,

an activator of the wnt signaling pathway, can cause ectopic hair formation specifying

interfollicular epidermal cells down the folliculogenesis pathway (140). The converse is

also true, that is, blocking the wnt signaling pathway by targeted deletion of b-catenin

(141) or Dkk-1 (142) led to inhibition of hair follicle formation. Lef1, a co-activator of

the wnt pathway, is also important for hair follicle development as demonstrated by the

loss of these appendages in Lef1 knockout mice (143). Thus, it is clear that multipotency

is neither an intrinsic nor an immutable property of hair follicle stem cells, but can be con-

ferred on interfollicular epidermal cells by tinkering with the molecular regulation control-

ling the fate specification of epidermal progenitors. Whether this is an exclusive property

of stem cells or any basal keratinocyte remains to be determined because the promoters

utilized to date, target the entire basal layer rather than stem cells.

Enrichment and Isolation of KSCs

Over the years, a number of approaches have been used to identify and isolate viable epi-

dermal stem cells for biological characterization. The validity of all experimental

approaches and purported stem cell markers is directly linked to the kind of assays used

to define the isolated cells as stem cells. The behavior of epidermal stem cells in situ is

understood well enough that correlation of isolated populations with these properties

without extensive experimental manipulation is a valid approach. As we have yet to deter-

mine exactly how epidermal stem cells behave in culture or in different biological assays,

it is difficult to know whether the criteria used to assign “stemness” are appropriate or not.

However, with increasing experimentation and exploration in this area, significant pro-

gress is being made to permit further refinement of stem cell-purification strategies.

It has been reported that stem cells have a smaller size (55) and consequently a higher

density (144). These attributes have been exploited with unit gravity and density gradient

sedimentation to enrich for colony-forming cells. Small size has been correlated with pro-

liferative capacity, low RNA content, quiescence, and label retention (68,144–149) in

blast-like cells with a high nuclear to cytoplasmic ratio (150). However, cell size selection

alone is not sufficient to allow resolution of stem cells from their immediate progeny.

An early enrichment strategy termed “panning” involved selective adherence of ker-

atinocytes labeled with antibodies to a basal cell marker onto a surface coated with anti-

mouse IgG antibodies, resulting in 2.5-fold enrichment for basal keratinocytes (151).

Given that specific adhesion reactions may facilitate attachment in less than a second

(152) and that gradients in cell–extracellular matrix adhesiveness (153) and differences
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in integrin expression have been observed in the basal layer (130,132,150,153–155),

panning would seem to be a promising strategy to employ if stem cell-specific extracellu-

lar matrices and their receptors can be found. Although it has been claimed that rapid

adherence to various extracellular matrix-coated surfaces enhances stem cell enrichment

(129,130,154,156,157), other data demonstrate that this supposition does not stand up to

close scrutiny given that rapidly adhering cells from both murine and human epidermis

comprise the majority of basal keratinocytes (158).

In efforts to more specifically isolate epidermal stem cells, investigators have

adapted fluorescence-activated cell sorting (FACS) techniques utilized by HSC biologists

to separate viable populations for functional analyses (159–161). Indeed, the search for

markers that permit isolation of viable epidermal stem cells has been one of the more con-

troversial aspects of the field (32). Early efforts targeted integrin bbri
1 populations to enrich

for human epidermal cells with higher colony-forming efficiency (130,154). However, this

marker is expressed at high levels up to 30% to 40% of basal cells, a rather high incidence

for a stem cell population. Moreover, subsequent work has demonstrated that integrin a6 is

a more specific marker for basal keratinocytes and when used in conjunction with CD71

(specifically cells expressing low levels of CD71 abri
6 CD71dim) facilitating greater enrich-

ment for stem cells than the bbri
1 CD71dim phenotype (162). Keratinocytes with the pheno-

type abri
6 CD71dim have been demonstrated to fulfill many stem cell criteria: in murine

epidermis, cells with this phenotype are small, and blast-like cells enriched for slow-

cycling LRCs found in the interfollicular epidermis and hair follicle bulge region (150).

The observation that murine hair follicles exhibit undetectable levels of CD71 protein

in the bulge region compared with the actively growing hair bulb regions as shown in

Figure 2 (150) has recently been confirmed by molecular profiling analysis of green fluor-

escent protein (GFP)-marked hair follicle stem cells derived from transgenic animals

(163). The abri
6 CD71dim fraction of human epidermis is also enriched for stem cells

given their low incidence, blast-like morphology, slow-cycling nature, and extensive

cell regeneration capacity in long-term culture (155).

Unequivocal Identification of Markers for the Murine Hair Follicle

Bulge Region

The ability to identify stem cells of the murine hair follicle as slow-cycling DNA LRCs

localized to a morphologically identifiable niche in situ has been instrumental in devising

and validating techniques for their viable isolation using cell surface markers and flow

cytometry. These combined techniques provided validation for the strategy to use the

surface markers a6 and CD71 to enrich epidermal stem cells (150) and subsequently

CD34 (164). Both CD71 and CD34 have also been utilized for FACS isolation of

HSCs; notably, CD34 is expressed on both stem and progenitor cells of the bone

marrow, whereas low levels of CD71 distinguish stem cells from their immediate

progeny in both the bone marrow and epidermis (165). Whether all cells of the bulge

region represent stem cells or a hierarchy within the follicular stem cell compartment

remains to be elucidated.

The recent development of genetic strains of mice bearing GFP-positive LRCs in the

hair follicle bulge region (65,163) has been the culmination of many decades of work per-

mitting in situ visualization of bulge stem cells and their viable isolation for further bio-

logical characterization. Specifically, the Fuchs laboratory generated mice expressing

GFP-tagged histone under the regulation of a K14 promoter rendering all basal cells

green. The use of a tetracycline-regulatable construct permitted them to extinguish its

expression in neonates, permitting a subsequent loss of GFP label from rapidly cycling

cells and its retention in slowly cycling cells, particularly the bulge region (163). In
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contrast, Cotsarelis and co-workers (65) used the K15 promoter, active only in the bulge

region, to drive GFP expression thus generating green bulge region cells (Fig. 3). These

strains of mice will undoubtedly provide an elegant means of furthering our biological

understanding of murine KSCs and have already been used to isolate viable bulge

region cells for transcriptional profiling using gene arrays. In addition to providing a

bulge KSC “molecular signature” at least at the mRNA level, this should prove valuable

in identifying new markers that could be used for further refinement of stem cell-purifi-

cation strategies. These data will also permit the validity of several reported markers

for KSCs (Table 2) and have already confirmed the use of CD71 and CD34 to resolve

Figure 2 CD71 (transferrin receptor) as a negative marker of the hair follicle bulge region.

(A) Staining for CD71 in early anagen hair follicles is restricted to the base of early anagen follicles

(arrowheads). Note guard hair follicle in mid-anagen showing strong CD71 staining on either side of

the unstained bulge region (marked with block arrows) directly below the sebaceous gland (arrow).

(B) Dual staining for CD71 (light gray) and nuclei with propidium iodide (dark gray) illustrating the

presence of nuclei in the CD71dim bulge region. (C) CD71bri cells in the bulb region. Asterisk

denotes dermal papilla region. Source: From Ref. 150. (See color insert.)

Stem Cell Populations in Skin 129

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


epidermal stem cells. The identification of signaling pathways that work to promote “stem-

ness” or indeed inhibit transit amplifying cell activities (e.g., proliferation) is also feasible

[see Ref. (166) for review]. Perhaps the most exciting information that can be gleaned

from the elucidation of the KSC “transcriptome” is the identification of promoters

uniquely active in bulge stem cells or conserved genes expressed in well-defined stem

cell populations from different tissues. The former will allow investigators to target the

expression of genes of their choice exclusively to the bulge stem cells in transgenic

mice; the latter may permit the identification of conserved mechanisms of stem cell main-

tenance. However, the identification of unique proteins expressed in stem cells versus their

progeny is also required to elucidate the control of important biological processes regulat-

ing stem cell maintenance, proliferation, and differentiation. Identification of unique pro-

teins on the surface of stem cells will assist in understanding how these cells interact with

their environment as well as providing markers for viable cell sorting. This information is

not too far from being generated given the rapid development of proteomic technologies.

Careful distinctions need to be made about the unique mRNAs versus proteins expressed

in stem cells. Thus, although keratin 15 is widely expressed in the basal layer of the fol-

licular and intrafollicular epidermis at the protein level, and thus not a suitable marker for

identifying stem cells, its promoter is active only in stem cells making it a valuable tool for

transgenics. CD34 is a very useful marker for cell separation strategies given that its

expression at the protein level is restricted to the bulge region, although staining just

outside the bulge region has been detected (163). The applicability of CD34 as a stem

cell marker of interfollicular epidermis remains to be determined.

Enrichment and Identification of Human Epidermal Stem Cells via

Surrogate Assays

Unequivocal identification of human epidermal or KSCs has been hampered given that for

ethical reasons, one cannot generate LRCs in humans. Importantly, the development of

culture techniques for keratinocytes (167) has led to the establishment of a variety of

Figure 3 Generation of GFP-labeled hair follicle bulge stem cells in K15-EGFP transgenic mice.

Gray indicates marked bulge cells that can be isolated from dorsal skin by FACS following enzy-

matic dispersion of the skin. Abbreviations: GFP, green fluorescent protein; EGFP, enhanced

green fluorescent protein; FACS, fluorescence-activated cell sorting. Source: From Ref. 65. (See

color insert.)
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Table 2 Putative KSC Markers

Marker References

3H-Tdr-LRC (59,62,97,124,208,209,213–215)

K19 (95,122,216–218)

CD71dim,ab (150,155,163,165)

bbri;c
1 (129,130,133,154,219–223)

Bcl-2 (2X")a,d (163,224)

EGF-R, EGF, TGFa, PDGF a and b chains (225)

p75NTRa,e (223,225)

DCC (deleted in colon carcinoma) (226)

E-cadherinlo/b-cateninlo/(plakoglobin)g-cateninhigh (132,153)

Basonuclin (3X")a,f (65,227,228)

BrdU-LRC (63,75,156,229)

K15g (65,75,219,230–232)

TRAF-4 (233)

abri
6 /CD71dim,h (75,150,155,163,165,218,234)

BDNF (8X", 5.6X")a,e (65,163,235)

c-Myb (236)

p63a,i (237–239)

Tcf3 (3X")a (163,240–242)

Barx-2 (2X") (163,243)

Delta1bri (244)

c-myc (3,222,245)

Hoechst 33342 effluxa,j (205,246)

S100A4 (35X", 144X"; 5X") (65,73,163,247,248)

S100A6 (3X"; 3X")a,k (65,163,247)

AC133-2 (249)

Connexin432(3X#) (65,250,251)

Adh3þ/EGF-Rlo (157)

CD34a (9X", 34X", 43X", 189X") (65,163,164,205)

Dsg3lo/bbri
1 (129)

MCSPl (136,218,252)

Nestina (253)

Thioredoxinm (65)

GFPhigh-LRC (163)

aAlso reported as stem cell markers in nonepidermal lineages.
bReported as 10G7 (155), later identified as CD71 (150).
cRapid adherence to ColIV and FN; keratinocyte ECM (but not laminin) was also employed. Also reportedly non-

specific (162,163,218,254).
dAlso reportedly a TA/non–stem cell marker (255,256). Anti-apoptotic, although bulge cells are reportedly

apoptotic after plucking (73).
ep75NTR and BDNF are receptor–ligand partners; both are reportedly stem cell markers in epidermis and other

tissues in mice and humans.
fWidespread transcription factor in cytoplasm of cells throughout basal layer, but nuclear in germinal region of

telogen follicles (228), targeting rRNA (257); nuclear location associated with more rapid proliferation (258)—

perhaps a germinative epidermal stem cell marker that translocates to nucleus in preparation for immense pro-

liferation at anagen onset, though Tumbar et al. (163) report that GFP-LRCs are BSNlow.
gAlso reported to be nonspecific (163,218,259–261) (our unpublished results, 2001).
hTargets integrin of hemidesmosomes on basal noncycling keratinocytes. It has been claimed that a6 does not

facilitate enrichment for KSCs (154) and that the bulge is adim
6 (2.46-fold lower expression) (65).

iAlso reportedly a TA/non–stem cell marker (3).
jGating strategy and profile of Dunnwald et al. differs significantly from standard HSC protocol of Goodell et al.

(174). Montanaro et al. did not separate dermal from epidermal cells in in vivo plasticity assay. Terunuma et al.

(206) report that effluxing cells are not LRCs.
kReported in hair germ and bulge—may be evidence of the “split-fuse” hypothesis of Commo et al. (122).
lCouchman et al. (252) noted chondroitin sulphate proteoglycans in bulge and matrix [though Legg et al. (136)

and Ghali et al. (218) did not cite this study], suggesting stem and TA expression patterns.
mKSCs are reportedly slightly hypoxic (27,262) and thioredoxin is a stress-sensing protein induced by hypoxia that

is believed to increase cell growth, in part by increasing sensitivity of cells to cytokines and growth factors (263).
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surrogate in vitro assays, that is, clonogenicity, colony-forming efficiency, long-term pro-

liferative output, believed to reflect the extensive capacity for self-renewal, and superior

proliferative potential expected of KSCs in vivo. In clonogenic assays, the status of

stem or transit amplifying (TA) cells was initially assigned retrospectively based on

expected behavior of stem cells versus TA cells (168). The use of relative short-term

colony-forming efficiency of subpopulations of prospectively isolated keratinocytes

using differential expression of b1 integrin (130,154) has been subsequently discredited

as discussed before, based on multiparameter analysis (including long-term proliferative

output) of fractions of primary basal keratinocytes separated on the basis of a6 integrin

and CD71 (155). Indeed, it is becoming increasingly clear that virtually all basal keratino-

cytes of neonatal skin retain extensive proliferative potential in vitro with equivalent life-

spans obtained from KSCs, transit amplifying cells, and even early differentiating

keratinocytes derived from neonatal foreskin epidermis (155). Thus, although there is a

strong case in support of the high clonogenic and replicative potential of KSC in vitro,

the functional properties of transit amplifying cells may be greater than previously

suspected and difficult to distinguish from that of KSCs with respect to short-term

clonogenicity in vitro.

It should now be possible to experimentally address the in vitro behavior of murine

hair follicle bulge versus nonbulge keratinocytes given recent developments in the field

and indeed some work has begun to take place. However, limitations that remain in this

type of work are that (i) murine keratinocytes are notoriously difficult to propagate and

long-term culture analysis can be complicated by the high rate of spontaneous transform-

ation in these cells, and (ii) whether the markers available to date are good enough to truly

provide a stem versus transit amplifying population. Although it is possible to purify the

quiescent bulge cells with CD34 or from custom GFP-marked transgenics, the population

used for comparison is a mixture of interfollicular stem, progenitor and maturing cells, hair

follicle progenitors, and differentiating cells; and presumably sebaceous gland stem, pro-

genitor, and differentiating cells. Thus, claims of greater colony-forming efficiency by

bulge region cells compared to undefined so-called progeny are fraught with misinterpre-

tation, given the possibilities that (i) the latter are disadvantageous due to dilution, (ii) the

readouts may represent the clonogenic capacity of interfollicular or sebaceous gland stem

cells, or (iii) a combination of the two. Identification of further markers for true transit

amplifying cells only and negative selection for nonbulge epithelial stem cell populations

as well as lineage differentiation markers are required (analogous to CD38-negative

selection in bone marrow stem cell-purification strategies).

Long-Term Epidermal Tissue Reconstitution as an

Assay for KSC Activity

As stem cells are responsible for the lifelong production of epidermal keratinocytes of the

skin in vivo, the most important functional validation for any candidate KSC population

must be its capacity to exhibit sustained epidermal tissue regeneration in long-term repo-

pulation assays. Morris and colleagues have utilized an in vivo transplant model to recon-

stitute hair follicles from FACS-isolated murine bulge keratinocytes adding a vital

technological advance to the complete characterization of what is surely the best-charac-

terized cutaneous stem cell population to date. Another transplant assay was recently

described whereby GFP-marked unfractionated primary keratinocytes derived from

murine interfollicular epidermis were placed in the hat chamber model together with

unmarked keratinocytes to assess their competitive regenerative capacity (169). Long-

term reconstitution (five to nine weeks) was estimated to be achieved from 1/35,000
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basal epidermal cells based on mathematical modeling of data from inoculation of

decreasing numbers of GFP-positive cells. This assay provides an excellent means to

test the relative tissue-regenerative capacity of candidate epidermal stem cell populations

when competed with unenriched cells, provided that one population is genetically tagged.

The estimates of stem cell frequency (0.01%) obtained, however, are difficult to reconcile

with in situ analyses of murine epidermis placing the number of basal cells capable of sus-

taining an EPU at 10%. It is very likely that all cells capable of tissue regeneration are not

recruited by this assay due to sub-optimal conditions or other technical reasons as is the

case with virtually all experimental approaches for assaying keratinocytes, and further

optimization is required.

Very few investigators have used in vitro and in vivo tissue regeneration to define or

characterize human KSC populations. Further, in the absence of a comparison with tissue-

regenerative ability of unfractionated keratinocytes or better still, non–stem cell popu-

lations, it is difficult to assess the validity of short-term reconstitution as a measure of

stem cell activity which by analogy with HSCs may also be a property of committed pro-

genitor populations rather than an exclusive characteristic of stem cells. The ability of

autologous grafts of cultured epidermal cells to rescue patients with extensive full thick-

ness burns for over a decade (170,171) suggests that stem cell activity is maintained in

culture. However, whether this is an exclusive property of stem cells is not clear given

that experimental long-term epidermal tissue reconstitution studies (up to 40 weeks)

have been performed with transduced bulk cultures of human keratinocytes (127).

Studies with prospectively isolated KSCs and their progeny have demonstrated that sig-

nificant short-term (two weeks) and relatively long-term (6 to 10 weeks) tissue-regenera-

tive ability can be elicited from all classes of basal keratinocytes in vitro and in vivo

following transplantation (172). Consequently, there is a need to re-evaluate purported

markers of human epidermal stem cells in the literature, as it is becoming increasingly

clear that many parameters thought to measure stem cell behavior in various assays

may not be attributed solely to stem cells. Interestingly, Morris et al. (65), who compared

the hair-follicle-regenerative capacity of murine bulge versus nonbulge follicular kerati-

nocytes, reported that the latter non–stem cell population was capable of giving rise to

hair follicle morphogenesis albeit at a decreased frequency compared with bulge region

cells. Thus, even in murine studies, there is little information available on the comparative

tissue-regenerative ability of stem cells versus their progeny. Hopefully, this will be an

area of extensive investigation over the coming years so that the skin stem cell field

can evolve to the enviable stage of HSC biology with a plethora of assays for stem and

progenitor cells.

Do Keratinocytes Capable of Effluxing Hoechst 33342 Represent a

Candidate Stem Cell Population?

Many investigators have expended a considerable amount of effort to determine whether

the ability to exclude the vital DNA-staining dye Hoechst 33342 is a common feature of

stem cells from various tissues. The underlying notion is that stem cells should be able to

actively pump out drugs or other toxins to prevent damage to these long-lived residents of

rapidly renewing tissues. Originally, Hoechst 33342 was used by Baines and Visser (173)

to enrich for hematopoietic progenitors in bone marrow, by sorting a subset of cells with

low Hoechst fluorescence as detected in a single-emission wavelength. When Goodell

et al. (174) displayed the Hoechst fluorescence of bone marrow cells in red versus blue

emission wavelengths, a complex profile emerged, allowing resolution of a rare

Hoechstlow subpopulation of cells with superior dye-efflux ability—termed the side
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population (SP). It was shown that the bone marrow SP was enriched at least 1000-fold for

hematopoietic reconstituting activity (174), with the subset capable of highest efflux pos-

sessing the greatest HSC activity (175) and enrichment for primitive cells (176). In the

ensuing years, an SP resembling that in bone marrow has been resolved in many other

tissues, including brain (177–181), heart (181–183), liver (181,184–186), lung

(181,187–189), mammary gland (190–195), and muscle (181,196–203). The mounting

reports of SPs in diverse tissues led to the concept that Hoechst efflux represented a uni-

versal stem cell trait (191,204) and motivated the search for this population in many

tissues, including the epidermis.

Recent reports have established that human and murine epidermis harbor an SP-like

population (205–207). On the basis of the data from the bone marrow, it would be reason-

able to adopt the hypothesis that the epidermal SP population is the most potent of kera-

tinocyte progenitors. Although many laboratories have attempted to study this intriguing

population, this has proved difficult due in large part to their low incidence in the epider-

mis, making it difficult to get enough cells to place in various assays. Murine tissue has

been used to circumvent this problem, but this is problematic given that mouse keratino-

cytes are difficult to propagate in vitro. The clonogenicity of Hoechst-treated cells also

appears to be compromised, suggesting that the drug may be toxic to keratinocytes.

Terunuma et al. (206) examined SPs in human epidermis in an attempt to determine

these resembled KSCs. The investigators were successfully able to generate LRCs in

human neonatal foreskin by grafting the human tissue onto mice and subjecting the

mice to BrdU labeling albeit with an unorthodox approach (using topical application of

O-tetradecanoylphorbol-13-acetate to stimulate cell proliferation). On the basis of the

differential expression of cell surface integrin levels on SP cells (alow
6 =blow

1 ) and BrdU

LRCs (abri
6 =bbri

1 ), these investigators concluded that the epidermal SP fraction (K14-

positive) was different from “traditional” KSCs. Interestingly, it was not possible to

directly analyze the SP population for enrichment of LRCs given that BrdU appeared to

quench Hoechst 33342 generating Hoechstlow cells artificially. In contrast, Triel et al.

(207) have reported that 80% of BrdU LRCs from murine epidermis are co-isolated in

the nonSP fraction allaying concerns about this quenching effect. Importantly, these

data suggest that the SP population is not enriched for quiescent stem cells, although a

caveat to this interpretation is that should this epidermal subset represent a deeply quies-

cent subpopulation; it may have eluded detection by failing to acquire any BrdU during the

labeling period. These investigators concluded that SP cells may represent TA cells

although the heterogeneous expression of many markers such as integrins and the differ-

entiation-specific keratin, K10, are perplexing and suggest that further work is required to

clearly define the SP population isolated from skin epidermis.

Ultimately, stem cells are defined by their functionality. Therefore, epidermal SPs

must be challenged in vitro and in vivo in a variety of assays under various conditions

before their stem cell status can be definitively ascertained. Ideally, a rigorous test of ker-

atinocyte stemness should include in vivo tissue regeneration that demonstrates the appro-

priate spatial and temporal genetic program to make a therapeutically meaningful

contribution to the target tissue. It would also be informative to examine SPs for retention

of tritiated thymidine at various short- and medium-term time points to see if they retain

label for a moderate period as expected of more rapidly cycling interfollicular stem cells,

and determine whether they resist pulse labeling due to deep quiescence. The lack of sub-

stantial functional data for or against epidermal SPs as a robust stem cell population

suggests that perhaps these cells are not easily recruited into the available in vitro

assays and could equally be attributed to deep quiescence or commitment to differen-

tiation. Alternatively, it remains possible that this minor population of skin residents is
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merely a confounding issue for KSC biology. An arguable scenario is that epidermal SPs

are a specialized subset of cells in skin whose role is to efflux toxins.

CONCLUSION

It is an exciting time in the study of KSC biology and we are several steps closer to answer-

ing some fundamental questions about epidermal tissue renewal. Experimental approaches

have as usual raised even more questions than answers, throwing us into uncertainty about

how we define an epidermal stem cell once it is removed from its niche in vivo. Assays

thought to measure epidermal stem cell activity merely scratch the surface and much

work is needed to find out how stem cells are maintained as such in vivo for the lifespan

of an organism, while daughter cells are rapidly expelled to terminally differentiate and

die. Perhaps the most relevant issue that needs to be addressed is what is in the immediate

environment of a stem cell that makes up its niche. The molecular cell surface composition

of stem cells and their neighbors should prove useful, although going from enumerating

these to sifting out functional components will be a challenge. An area that needs to be

investigated is that of understanding the complex cellular and molecular makeup of the

dermis, and its specific interaction with distinct classes of basal keratinocytes. To date,

the evidence points to the dermis acting as a supportive microenvironment for epidermal

stem cells and their progeny, and it is very likely that a close functional analogy can be

drawn between these two compartments of the skin and the stromal:hemopoietic inter-

actions essential to the regulation of blood stem cells. Finally, the early indications are

that vast proliferative potential resides within the entire basal layer of the epidermis,

throwing into doubt the assumption that only stem cells are capable of tissue regeneration.

A major unanswered question is whether stem cells are, indeed, the preferred target for

carcinogenic agents. The means now exist to discard all assumptions and embark on a

quest for greater understanding of stem cell function and regulation.
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8
A Perspective on In Vitro Clonogenic
Keratinocytes: A Window into the
Regulation of the Progenitor Cell
Compartment of the Cutaneous Epithelium

Rebecca J. Morris
Department of Dermatology, Columbia University Medical Center,
New York, New York, U.S.A.

INTRODUCTION

Although there have been some recent advances toward the prospective identification of

keratinocyte stem cells (KSCs), particularly those of the hair follicle (1–4), stem cells

in the cutaneous epithelium have usually been identified by their functions, such as reten-

tion of [3H]thymidine label, in vitro colony formation, and the ability to reconstitute a

graft. We will discuss here the functional properties of in vitro clonogenic keratinocytes

from mice and will show how they provide a window into the regulation of the stem-

cell compartment.

CUTANEOUS EPITHELIUM AS A CONTINUALLY RENEWING TISSUE

CONTAINING IN VITRO CLONOGENIC KERATINOCYTES

Stem Cells and Transit Amplifying Cells

The cutaneous epithelium is a continuously renewing tissue consisting of a large popu-

lation of transit amplifying (TA) keratinocytes having limited proliferative capacity and

a much smaller population of KSCs with high proliferative and clonogenic potential

(5–7). Under the steady-state conditions of normal homeostasis, stem cells divide to

produce TA cells and to renew the stem-cell population; whereas the TA cells divide a

limited number of times and are displaced to the differentiating suprabasal layers,

where they are lost by terminal differentiation (5–8). The cutaneous epithelium may

also contain conditional stem cells that would normally undergo terminal differentiation,

but that could be recruited as stem cells in situations where the stem cells are damaged (for

review, see Ref. 9).
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The Stem-Cell Niche

Stem cells usually reside in a niche where they are protected from damage or injury

(8,10,11). In the cutaneous epithelium, stem cells are thought to reside in the center of

the epidermal proliferative units (EPUs), in the interfollicular epidermis (12), and in the

bulge region of the hair follicle (13; for review, see Ref. 9). The existence of stem cells

in the EPUs is surmised from cell kinetic data including retention of [3H]thymidine

label in autoradiographs (14–16) and mathematical modeling studies (17). Using a

method that harvests keratinocytes principally from the interfollicular epidermis of

mouse ears, the Bickenbach laboratory (18) has demonstrated that label-retaining cells

(LRCs) adhere rapidly to dishes coated with type IV collagen, may be clonogenic

in vitro, and may reconstitute an epithelium in an in vitro grafting procedure.

In contrast to the relative paucity of data on interfollicular epidermal stem cells,

several observations implicate the bulge as a source of potent multipotential progenitors.

First, the bulge is a site for [3H]thymidine LRCs (10) some of which are remarkably per-

sistent (19). Second, bulge keratinocytes enriched by expression of several selectable

determinants such as CD34þ (2), K15 promoter expression driving enhanced green fluor-

escent protein (EGFP) (3), and high levels of histone B1 (1,4) form large colonies in vitro,

and in the case of K15 and histone B1, are able to reconstitute a graft.

FUNCTIONAL EVIDENCE OF STEM CELLS IN EPIDERMIS

AND HAIR FOLLICLES

In Vitro Colony Formation by Freshly Harvested Keratinocytes

We have focused on colony formation in vitro by freshly harvested epidermal cells

because this is a well-recognized, quantifiable indicator of both the number of cells

with high growth potential relative to other proliferative cells and also the relative

growth potential of single cells (20,21). Although we have refined the culture conditions

and media over the years, our assay for clonogenic keratinocytes has in principle remained

much the same. Briefly, epidermal cells including those from the hair follicles are har-

vested by a mild, low-temperature (328C) trypsinization procedure that we optimized

for reproducible yields of highly culturable single cells. The cells are seeded at a clonal

density of 1 � 103 trypan-blue-excluding cells per 60 mm dish together with 1 � 106

irradiated 3T3 feeder cells, and are cultured at 328C for intervals of two and four

weeks. The dishes are then fixed with neutral buffered formalin and stained with rhoda-

mine B. Colonies greater than 0.5 mm in diameter are scored and their sizes measured.

In Vitro Clonogenic Keratinocytes Co-sediment on Density

Gradients with Other Aspects of Progenitor Activity

We formulated continuous density gradients of Percoll designed to separate basal cells of

different buoyant density (22). We collected five fractions from the gradients and charac-

terized them with regard to the number of cells present, their viability, and their basal

origin. We determined that suprabasal keratinocytes remained primarily at the top of

the gradients, whereas basal cells sedimented throughout. We observed that basal kerati-

nocytes with progenitor activity sedimented with increasing density. Hence, basal kerati-

nocytes within the density range of 1.097 to 1.143 g/mL were enriched for slowly cycling

[3H]thymidine label-retaining and [3H]benzo[a]pyrene retaining cells, for keratinocytes

that could proliferate in vitro in the continuous presence of 0.1 mg/mL of the tumor pro-

moter, 12-O-tetradecanoylphorbol-13-acetate (TPA), for keratinocytes that were resistant
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to calcium-induced terminal differentiation, and for clonogenic keratinocytes. This co-

sedimentation of activities associated with high in vitro proliferative potential and relative

immaturity suggested that basal keratinocytes including clonogenic cells were enriched

for progenitor cells including stem cells.

Slowly Cycling (Label-Retaining) Keratinocytes Behave

Like Clonogenic Stem Cells In Vitro

We provided further evidence that clonogenic keratinocytes were potent progenitor cells

by generating LRCs as well as pulse-labeled cells in mice, then harvesting the keratino-

cytes, culturing them at low density on feeder layers for various intervals, and then per-

forming light microscopic autoradiography on the culture dishes (23). When we

quantified the distribution of labeled nuclei, we found that on day 2 following seeding,

keratinocytes from both the label-retaining as well as the pulse-labeled mice were

present as single cells. However, after five days, the LRCs were found as pairs and clusters

having a grain count consistent with their division. In contrast, pulse-labeled cells

remained as single cells that enlarged considerably but did not divide. These results

suggested that LRCs in vivo are clonogenic in vitro, whereas pulse-labeled cells are

rarely clonogenic. Hence, label-retaining keratinocytes are not only persistent in the

epidermis and hair follicles, but also have relatively greater proliferative potential than

pulse-labeled cells and may be stem cells.

Two Factors That Do Not Appear to Change the Number of In Vitro

Clonogenic Keratinocytes

Normal Aging of Adult Mice

We prepared keratinocytes from the cutaneous epithelium of normal, untreated CD-1

female mice 9 to 69 weeks of age (24). Single-cell suspensions of freshly harvested ker-

atinocytes were seeded at a clonal density onto Swiss 3T3 feeders cells, cultivated for two

weeks in SPRD-105 medium, fixed, and stained. As shown in Figure 1, the number of

primary epidermal colonies in this culture system remained essentially unchanged

during adult life with an average cloning efficiency of 0.45%. As an internal technical
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Figure 1 The number of primary clonogenic keratinocytes from normal, untreated adult CD-1

female mice, 9 to 69 weeks of age. Freshly harvested keratinocytes, including those from the hair

follicles, were seeded at clonal density onto irradiated 3T3 feeder cells. Values represent the

mean of 5 to 10 dishes plus the standard deviation. These data demonstrate that the number of

in vitro clonogenic keratinocytes remains essentially constant for an extended period of adulthood.

In 10 of 11 experiments performed together with matched acetone-treated controls, differences were

not statistically significant (P . 0.1074). Source: From Ref. 24.
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control, some of the determinations were made simultaneously, with epidermal cells har-

vested from age-matched control mice treated with 0.2 mL of acetone one month earlier.

As demonstrated in Figure 1, any differences in cloning efficiency from 10 of 11 such

experiments were not statistically significant.

Skin Tumor Initiation

To determine whether a single initiating application of 200 nmoL of the carcinogen 7,12-

dimethylbenz[a]anthracene (DMBA) could bring about a change in the number of primary

colonies, CD-1 female mice were exposed at eight weeks of age either to 0.2 ml of acetone

or to 200 nmol of DMBA (24). At intervals between 7 and 61 weeks thereafter, the number

of colonies remained within the control values for the duration of the experiment (Fig. 2).

In 9 of 13 experiments, any small difference in the average number of keratinocyte colo-

nies from acetone- or DMBA-exposed mice was not statistically significant. We noted that

some of the colonies from the DMBA-treated mice tended to be larger and more densely

stained than those from the acetone-controlled mice. This stable number of primary colo-

nies for more than a year following treatment with DMBA argues against a morphologi-

cally undetectable expansion of initiated cells, but raises the question of when and where

the “latent neoplastic lesion” occurs.

Several In Vivo Factors That Influence the Number of In Vitro

Clonogenic KSCs

In Vivo Application of a Single Dose of TPA Induces a Transient Increase in the

Number of In Vitro Clonogenic Keratinocytes

TPA is a powerful tumor promoter of carcinogen-exposed mouse skin (25). TPA is thought

to work by providing an environment for the clonal expansion of carcinogen-initiated
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Figure 2 The number of primary in vitro clonogenic keratinocytes from CD-1 female mice

exposed at eight weeks of age to a topical application of either 0.2 mL acetone or to 200 nmol of

DMBA, and harvested at 7 to 61 weeks thereafter. Single-cell suspensions of epidermal keratino-

cytes were harvested from groups of mice, were seeded at clonal density onto irradiated 3T3

feeder cells, cultivated for two weeks in SPRD-105 medium, fixed, stained, and counted. The

bars represent the mean of 4 to 10 dishes plus the standard deviation. These data demonstrate that

initiation of mice with DMBA did not detectably affect the number of clonogens for 61 weeks.

Qualitative differences in colony growth were observed such that many colonies from the

DMBA-treated mice were larger and more densely staining than those from acetone-treated mice.

In 9 of 13 separate experiments, there was no statistically significant difference (P . 0.05)

between colony numbers from acetone- or DMBA-treated mice. Abbreviation: DMBA, 7,12-

dimethylbenz[a]anthracene. Source: From Ref. 24.
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cells (25). We tested the effects of a single application of TPA to CD-1 female mice on the

number of in vitro clonogenic keratinocytes (Morris, unpublished observations). Our

approach was to treat the mice with either TPA or with acetone when 54 days of age and

then to harvest keratinocytes from the cutaneous epithelium every day following TPA treat-

ment for 10 days, and to determine the number of keratinocyte colonies in vitro. As demon-

strated in Figure 3, the significant increase in the number of colonies was not in the early
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Figure 3 The number of primary in vitro clonogenic keratinocytes from mice following a single

topical application of TPA: (A) Keratinocytes from CD-1 female mice were first treated with

either 0.2 mL of acetone or 200 nmol of DMBA. For the second treatment, mice were exposed to

17 nmol of TPA or to acetone as a control. The bars represent the mean of 4 to 10 dishes plus the stan-

dard deviation. Note the marked increase in the number of colonies at six days following treatment

with TPA. (B) Timecourse of epidermal hyperplastic growth in CD-1 female mice in vivo following

a single treatment of TPA. Interfollicular epidermal cells were counted in hematoxylin-stained par-

affin sections. Note the rapid increase in the total number of interfollicular cells at one day following

treatment and that the hyperplastic response decreases after six days. Points represent the mean of at

least six mice plus or minus the standard deviation. Abbreviations: TPA, 12-O-tetradecanoylphorbol-

13-acetate; DMBA, 7,12-dimethylbenz[a]anthracene.
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intervals following TPA treatment of the mice, but instead was at six days. These results are

surprising and interesting in light of the TPA-induced hyperplastic response in vivo

(Fig. 3B). These results are also interesting because they demonstrate that clonogenic

activity is normally tightly regulated.

The epidermis responds to most types of skin damage by hyperplastic growth.

Hyperplastic growth is characterized by a rapid increase in epidermal thickness and cell

number followed by slower return to normal thickness and cell number. Comparison of

Figures 3A and B demonstrates that the increase in epidermal colonies occurs not

during the production phase of the hyperplastic response, but during its regression. This

suggests that the in vitro clonogenic population may not respond directly to the damaging

effects of TPA, but may either have a much delayed reaction or perhaps an indirect reac-

tion such as a response to a cytokine made by other rapidly proliferating keratinocytes or

by infiltrating inflammatory cells.

To test whether the increase in in vitro clonogenic keratinocytes represents a true

increase in the number of progenitor cells in vivo, we pretreated mice topically with

TPA either two days (when clonogenic activity was not significantly increased) or six

days (when in vitro clonogenic activity was significantly increased) before an initiating

application of N-methyl-N0-Nitro-N-Nitrosoguanidine (MNNG) (Morris, unpublished

observations). One week following MNNG treatment, we treated all the mice with

twice weekly tumor promotion with TPA for 15 weeks. As shown in Figure 4, mice pre-

treated with TPA six days before tumor initiation, when in vitro clonogenic activity was

high, developed more papillomas than the control group pretreated two days prior to tumor
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Figure 4 Effects of pretreating mice with TPA either two or six days prior to treatment with

MNNG and subsequent promotion with TPA. Note the two-fold increase in the number of papillo-

mas when mice are pretreated with TPA six days prior to tumor initiation, a time when the number of

keratinocyte colonies is maximal (Fig. 3A). Abbreviations: MNNG, N-methyl-N0-Nitro-N-Nitroso-

guanidine; TPA, 12-O-tetradecanoylphorbol-13-acetate.
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initiation. These results suggest that in vitro clonogenic activity reflects a true change in

the number of progenitors in the cutaneous epithelium. It also follows that when the clo-

nogenic keratinocytes are removed from their in vivo environment, they express a growth

potential not expressed in vivo.

In Vivo Application of Multiple Treatments of TPA

We determined the number of primary clonogenic keratinocytes from mice exposed to

either acetone or to DMBA and promoted (in vivo) 1, 4, or 12 times with either TPA or

with acetone as a control (24). Four weeks after the final in vivo treatment, we counted

keratinocyte colonies and found them to be significantly increased in number in the cul-

tures from TPA-treated mice over those from acetone-treated mice (Fig. 5). The increase

was also significantly greater in the DMBA-initiated groups than in the acetone-initiated

groups. Many colonies derived from TPA-treated epidermis tended to be pale staining and

characterized by fuzzy edges or irregular margins. It is significant that a single application

of TPA to mice induces little obvious persistent change in the number of primary clono-

genic keratinocytes from mice treated with either acetone or DMBA. However, the

number of primary in vitro clonogenic keratinocytes from control as well as DMBA-

treated mice remained elevated following multiple applications of TPA. This is not

surprising in light of the considerable evidence that tumor promoters are substances or

treatments capable of inducing a chronic-regenerative epidermal hyperplastic growth

upon repeated application.
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Figure 5 The number of primary in vitro clonogenic keratinocytes from groups of CD-1 mice

treated first with either acetone or DMBA and second with either acetone or TPA at 1, 4, or 12

times. Four weeks after the last treatment, freshly harvested keratinocytes were seeded at clonal

density onto irradiated 3T3 feeder cells, cultivated for two weeks in SPRD-105 medium, fixed,

and stained. The bars represent the average number of keratinocyte colonies in 18 to 42 dishes

from three to five separate experiments plus the standard error of the mean. These data demonstrate

that promotion with TPA significantly (P , 0.05) increased the number of clonogenic keratinocytes

from mice exposed to acetone as well as DMBA, but that the increase was greater when the mice

were treated with DMBA. Abbreviations: TPA, 12-O-tetradecanoylphorbol-13-acetate; DMBA,

7,12-dimethylbenz[a]anthracene. Source: From Ref. 24.
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We conclude from the foregoing experiments that the number of primary in vitro

clonogenic keratinocytes is transiently and tightly regulated during epidermal hyperplasia,

but is deregulated in skin carcinogenesis. These observations suggest the importance of

identifying the genes regulating the number of clonogenic progenitor cells in the

cutaneous epithelium. As described subsequently, we have taken a genetic approach

toward the identification of genes regulating the number of keratinocyte progenitors.

Although it is possible that KSCs might be regulated by the same genes as TA

cells, our observation that the number of clonogenic keratinocytes increases, not

during the production phase of a hyperplastic response as we expected, but instead

during the regression phase when cell proliferation subsides suggests different regulatory

processes. There are three possible reasons for this. The first reason is purely technical

due to differences in ease of trypsinization, cellular damage, or differences in adhesive-

ness. Comparison of 24-hour attached cells suggested that this is probably not the case.

Second, the clonogenic keratinocytes might have a delayed response to the damaging

stimulus and take longer to be released from the G0 phase of the cell cycle. Third, the

clonogenic keratinocytes might not respond to the damage at all, but respond instead

to growth factors and cytokines produced either by the hyperproliferative keratinocytes

themselves or by some aspect of the inflammatory response. This would implicate

specific stem-cell-regulatory genes.

Although we have noted increased adhesiveness during the production phase of

the hyperplastic response, this would not account for an increased clonal growth during

the regression phase. Moreover, cell viabilities as reflected by exclusion of trypan blue

dye are high throughout the hyperplastic response.

The Number of In Vitro Clonogenic Keratinocytes Is a Function of

Mouse Strain Differences

The number and colony size of clonogenic keratinocytes are influenced by mouse strain

(26). Because experimental results described earlier appeared to implicate a deregulation

of clonogenic keratinocytes during cutaneous carcinogenesis, we investigated whether

there might be mouse-strain-dependent differences in the number of clonogenic keratino-

cytes. We initially hypothesized that mouse strains such as CD-1, FVB, or to a lesser

extent DBA/2 and BALB/c sensitive to skin carcinogenesis would have more colonies

and those resistant strains (C57BL/6) would have fewer colonies. As described sub-

sequently, this was clearly not the case. To avoid potential bias in colony number asso-

ciated with day-to-day variation, we performed a balanced incomplete block design to

obtain 12 replicates from each strain. This design was “balanced” because every strain

was compared with every other strain an equal number of times, “incomplete” because

each block included less than the total number of strains on a given day, and “block”

because each experiment had the same number of strains in a random order. When we per-

formed this analysis, we found three subsets of mice giving significantly different numbers

of colonies: C57BL/6� C3H ¼ DBA/2 ¼ SENCAR ¼ BALB/c . FVB ¼ CD-1, all

under culture conditions optimized for the growth of keratinocytes from CD-1 mice.

These results are shown in Figure 6. These strain-dependent differences in colony

number were not related in any obvious way to the number of cells per millimeter of inter-

follicular epidermis, number of hair follicles per square centimeter of skin, or the number

of cells in mitosis or DNA synthesis. However, studies of other cell kinetic parameters

such as epidermal transit time or the number of LRCs need to be determined. Preliminary

experiments suggest that the number of LRCs may differ between C57BL/6 and BALB/c
mice; however, further work is needed to confirm these observations.
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IN MICE, KERATINOCYTE COLONY NUMBER IS GENETICALLY

DEFINED AND QUANTITATIVELY COMPLEX

Our observed deregulation of clonogenic keratinocytes in skin carcinogenesis suggested that

identification of genes controlling KSC number might provide new insights into skin tumor

development as well as other conditions where stem-cell regulation might be implicated.

We chose to take a genetic approach toward gene identification because this approach

has led to the identification of many important disease genes and other regulatory genes.

Alternative approaches such as reverse genetics of screening mice with naturally occurring

or induced skin mutations at the time appeared to be high risk or more expensive. Never-

theless, we are currently using gene expression studies to augment our genetic analysis.

The genetic approach to gene identification involves the identification of a pheno-

type, in our case, keratinocyte colony number, demonstrating that the phenotype is geneti-

cally defined and quantitative, and then using linkage analysis to map the phenotype to

increasingly smaller chromosomal segments. Gene identification is accomplished by a

candidate gene approach where interesting genes are resequenced and a sequence

variant or mutation is noted, or by direct or in silico positional cloning and finding a

sequence variant or a mutation.

In the cell kinetic and carcinogenesis experiments described earlier, we had always

used CD-1 mice because they are fairly sensitive to skin carcinogenesis and because large

numbers of them are readily available. Hence, our in vitro assay for clonogenic keratino-

cytes was optimized for CD-1 female mice.
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Figure 6 Mean number of keratinocyte colonies per 1000 viable cells in 57 individual C57BL/6,
24 C3H, 27 DBA/2, 30 SENCAR, 54 BALB/c, 24 FVB, and 24 CD-1 female mice (plus standard

error of the mean). Freshly harvested keratinocytes were seeded onto irradiated 3T3 feeder cells and

cultured for two weeks in supplemented Williams Medium E, prior to fixing, staining, and counting

the colonies. Note that the colony counts fall into three groups: C57BL/6 . C3H ¼ DBA/2 ¼

SENCAR ¼ BALB/c . FVB ¼ CD-1. Source: From Ref. 26.
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We chose C57BL/6 and BALB/c mice for further analysis because they differed sig-

nificantly (P,0.01) in the number of keratinocyte colonies and because they were highly

inbred and genetically distinct (27). Table 1 shows the results of the various genetic crosses

between C57BL/6 and BALB/c mice on keratinocyte colony number. These results

demonstrate that the mean number of keratinocyte colonies in the F1 hybrid (CB6F1)

between the two parental strains was intermediate between the two parents. This result

indicates that keratinocyte colony number is a multigenic trait (27). When we investigated

the two backcrosses (C57BL/6 � CB6F1 and BALB/c � CB6F1), we found segregation

of colony number to the high and low parent such that the difference between the two back-

crosses was significant (P , 0.001). The intercross mice (CB6F2) had a mean colony

number that fell between the two backcrosses. These results reflected segregation of the

trait of keratinocyte colony number. Further genetic analysis indicated that the number

of keratinocyte colonies probably are not associated with a single-locus autosomal model

and suggested that the trait is regulated by two or more loci having additive but not

equal effects. These results suggested that we could use linkage analysis as a tool for identi-

fication of stem-cell-regulatory loci. When we performed linkage analysis according to

Kruglyak and Lander (28,29), we found several loci with single-point significance but

not genome-wide significance. As we had analyzed a sufficient number of animals, this

finding suggested that our phenotype needed to be refined.

KERATINOCYTE COLONY SIZE IS ALSO GENETICALLY DEFINED

The observation that there were obvious size differences in the keratinocyte colonies in

BALB/c and C57BL/6 mice did not escape our notice (27). We found two phenotypes:

one characterized by a high number of small colonies in BALB/c mice and one charac-

terized by a high number of large colonies in C57BL/6 mice. When we analyzed

colony size in these mice and their genetic crosses, we found that colony size was also

genetically inherited. Taking into account this refined phenotype, our linkage analysis dis-

closed a locus on chromosome 9 (Ksc1) with genome-wide significance and linked to the

number of small colonies, and a locus on chromosome 4 (Ksc2) with single-point signifi-

cance associated with the number of large colonies. Two additional suggestive loci were

found on chromosomes 6 and 7. These results indicated the strong likelihood that one or

more genes within the locus on chromosome 9 regulates the trait of a high number of small

colonies and that a gene or genes within the locus on chromosome 4 may regulate the

number of large colonies. Surprisingly, the locus on chromosome 9 and the loci on

chromosomes 6 and 7 map close to loci mapped in other laboratories as skin tumor sus-

ceptibility loci (30–32). This observation bears close watching, as the laboratories

Table 1 Genetics of Keratinocyte Colony Number

Mouse strain Characterization Number of mice Number of coloniesa

BALB/c Parent strain 54 36.4+ 12.2

C57BL/6 Parent strain 57 84.3+ 24.2

CB6F1 F1 (hybrid) 30 53+ 22.1

BALB/c � CB6F1 Backcross 44 42.9+ 16.3

C57BL/6 � CB6F1 Backcross 45 72.2+ 27.2

CB6F1 Intercross 104 65.5+ 26

aValues represent the mean keratinocyte colony number +S.D.
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involved proceed toward gene identification. Additional studies directed toward gene

identification are currently ongoing in our laboratory.

Our current model for how colony size and number relate to susceptibility or resist-

ance to skin carcinogenesis is that susceptible mouse strains have a population of con-

ditional stem cells as represented by a high number of small colonies. Although this

population would normally undergo terminal differentiation, it can be recruited into papil-

loma development during tumor promotion. Identification and cloning of the genes in

Ksc1 and Ksc2 may lead to the identification of genes regulating the number of KSCs.

Moreover, as suggested by our data, the mechanisms regulating the intrinsic number of

stem cells undoubtedly underlie the responses of the cells to extrinsic manipulation.

The ability to manipulate these genes in vivo raises exciting possibilities for

stem-cell-focused treatments for skin diseases including cancer. Finally, one of the inter-

esting problems for the future is whether the stem-cell-regulatory genes are themselves

targets for carcinogens and tumor promoters.

SUMMARY

We have discussed here the properties of in vitro clonogenic keratinocytes that make them

candidates for a stem-cell population (summarized in Table 2). These features provide a

window on the regulation of the stem-cell compartment of the cutaneous epithelium of

mice. Finally, we have shown that the size and number of keratinocyte colonies are geneti-

cally defined quantitative complex traits amenable to linkage analysis and, in the future,

identification of stem-cell-regulatory genes.
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THE LIVER AS A MATURATIONAL LINEAGE SYSTEM

Numerous excellent articles and reviews have been published within the last several years

on developmental biology of the liver (1,2), on hepatic precursors found in bone marrow
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(3–6), and on oval cells and oval cell lines (7–10). In this review, we have focused on

studies on normal hepatic stem-cell and liver lineage biology not covered by these prior

reviews. The readers should refer to the prior reviews for summaries of the literature

ignored here. Table 1 provides definitions of terms used throughout the review.

The liver is being recognized increasingly as a maturational lineage system, includ-

ing the presence of a stem-cell compartment, similar to those in the bone marrow, skin, and

gut (11–20). The liver’s lineage is organized physically within the acinus, the structural

and functional unit of the liver (Fig. 1) (21). In a two-dimensional cross-section, the

acinus is organized conceptually like a wheel around two distinct vascular beds: six

sets of portal triads, each with a portal venule, hepatic arteriole, and a bile duct form

the periphery, and the central vein forms the hub (Fig. 1). The parenchyma, effectively

the “spokes” of the wheel, consists of single-parenchymal cell plates lined on either

side by fenestrated sinusoidal endothelium. By convention, the liver is demarcated into

three zones: zone 1 is periportal, zone 2 is mid-acinar, and zone 3 is pericentral (Figs. 1

and 2). Blood enters the liver from the portal venules and hepatic arterioles at the portal

triads, flows through sinusoids that line the plates of parenchyma, and exits from the

central vein, known also as the terminal hepatic venule. Hepatocytes display marked mor-

phological, biochemical, and functional heterogeneity based on their zonal location (22–

28). Their size increases from zone 1 to zone 3, and one can observe distinctive zonal vari-

ations in morphological features of the cells such as mitochondria, endoplasmic reticulum,

and glycogen granules (24).

An indicator of the maturational lineages is ploidy (Tables 2 and 3; Figs. 2–4)

(29–37). Hepatocytes show dramatic differences in DNA content from zone 1 to zone 3

with periportal cells being diploid and with a gradual shift to polyploid cells in the mid-

acinar zone (rats and mice) to the pericentral zone (all mammalians) (38). Subpopulations

of the polyploid cells in the pericentral zone show evidence of apoptosis, and the classic

markers for apoptosis are pericentrally located (39–42). The extent of hepatic polyploidy

varies with mammalian species. In young adult rats, four to five weeks of age, 90% of the

parenchyma are polyploid (tetraploid and octaploid), whereas in young adult humans (20

to 30 years of age), at least 50% to 70% of the parenchyma are diploid. The extent of poly-

ploidy also changes with age. All parenchymal cells in fetal and neonatal livers of all

mammals are diploid, but they transit to the adult profile by three to four weeks of age

in rats and mice and by late teenage years in humans. The fraction of the liver cells that

are polyploid continues to increase with age. By six months of age, the livers of rodents

are less than 2% to 3% diploid; by 50 to 60 years of age, human livers are less than

half diploid (Note: rigorous estimates of the extent of polyploidy in humans are not avail-

able, as polyploid cells are intolerant of ischemia and are selectively eliminated within an

hour of death in warm ischemia and within a few hours of death in cold ischemia.). It is

assumed that the steady loss of diploid subpopulations with age is related to the well-

known reduction in regenerative capacity of the liver with age (31–33,43).

Another representative function demonstrating lineage dependence is the cell divi-

sion potential of parenchymal cells in vitro and in vivo. The diploid periportal cells

demonstrate the maximum growth, whereas the pericentral parenchymal cells demonstrate

the least (44). Only the diploid parenchymal cells are capable of undergoing complete cell

division (45); these comprise the subpopulations of stem cells and unipotent progenitors

(all less than 15mm in diameter) and the diploid adult hepatocytes (the “small hepato-

cytes”), with an average diameter of 18 to 22mm (46–48). Moreover, there remains

a difference in cell division potential between the diploid subpopulations. For example, a

single small hepatocyte will yield 120 daughter cells in a 20-day time period, whereas
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Table 1 Glossary of Terms

Canals of Hering Rod-like structures around the portal triads of the liver

acinus are found to be the reservoir of stem cells in

pediatric and adult livers; assumed to be derived from the

ductal plates

Clonogenic expansion Cells that can expand from a single cell and that can be

repeatedly passaged at single-cell seeding densities; only

the pluripotent progenitors (and possibly the unipotent,

committed progenitors) are able to undergo clonogenic

expansion

Colony formation Cells that can form a colony of cells when seeded at low

densities; diploid subpopulations, both progenitors and

adult diploid cells, are able to form colonies of cells, but

the adult diploid cells are limited in the numbers of

divisions and are not able to undergo passaging

Committed progenitors Unipotent progenitors capable of maturing into only one

adult fate

Determined stem cells Pluripotent cells that can develop into some, but not all,

adult cell types

Ductal plate

(also called limiting plate)

A plate of cells surrounding the portal triads in the liver

acinus and separating the connective tissue associated

with the portal triads from the parenchyma; found in the

fetal and neonatal liver tissues

ES cell Totipotent cells derived from pre- or post-implantation

embryos and that can be maintained in their

undifferentiated (unspecialized) state ex vivo under

specific conditions

Oval cells Small cells (�10 mm diameter) with oval-shaped nuclei and

related to the stem cells and committed progenitors in the

liver; they are located near the portal trials and expand in

the livers of animals exposed to oncogenic insults; the

insults result in stem cells or committed progenitor cells

that are partially or completely transformed;

characterization of them has been derived almost entirely

from animals exposed to such treatments (the term is

often used as a synonym for the liver’s stem cells and

progenitors; however, although they derive from the cells

of the stem-cell compartment, they are distinguishable

phenotypically and in their growth-regulatory

requirements from their normal counterparts)

Pluripotent cells Cells capable of producing more than one mature cell type

Progenitors or precursors Broad terms encompassing both stem cells and committed

progenitors

Stem cells Totipotent or pluripotent cells that are capable of clonogenic

expansion and self-replication (i.e., capable of producing

daughter cells identical to the parent)

Totipotent stem cells Cells capable of producing all cell types from all embryonic

germ layers (ectoderm, mesoderm, and endoderm)

Abbreviation: ES, embryonic stem.
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a single hepatoblast will yield 4000 to 5000 daughter cells in the same time period and

under the same conditions. Matured, polyploid cells can undergo DNA synthesis but

have limited, if any, cytokinesis under even the most optimal expansion conditions

in culture due to down-regulation of factors regulating cytokinesis (45). The findings in

division potential are summarized in Table 4.

Figure 2 Lineage-dependent properties of the liver. The table accompanying the figure indicates

the known properties that are distributed across zones in the liver acinus. Further descriptions of

these properties are provided in several reviews. Source: From Refs. 16, 22–24, 44, 82, 328, 329.

Figure 1 The liver acinus. The nomenclature of the liver zones is indicated. Source: From Refs. 16, 21.
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Studies of the proliferation potential of diploid and polyploid cells have been con-

ducted in rodents. Transplantation of cells isolated from the normal liver followed by

their fractionation into diploid or polyploid cells with either centrifugal elutriation or

fluorescence-activated cell sorting showed that both cell fractions could proliferate in

intact animals, although reconstitution of the livers occurred only with the diploid sub-

populations (48,49). However, a study of rat hepatocytes isolated from the liver of

animals several days after partial hepatectomy (PH), which induces hepatic polyploidy,

showed that the proliferation capacity of polyploid cells was extensively attenuated com-

pared with cells from the normal rat liver (50).

Tissue-specific gene expression has long been known to occur in distinct patterns

associated with the three zones of the liver acinus. Several excellent reviews, particularly

those of Gebhardt et al. (22,26,27,44,51–54) and Gumucio et al. (23,24,55), have summar-

ized these investigations. We will mention only a few of the reports as representative of

these studies.

Representative zone 1 (periportal) genes. The periportal parenchymal cells are

diploid and typically approximately 18 to 22mm in diameter and express genes associated

with gluconeogenesis, such as the glucose transporter 2 (GLUT 2) (56) and phosphoenol-

pyruvate carboxykinase (PEPCK) (57,58), and specific fetal forms of P450s, such as

Table 3 Age Effects on Ploidy Profiles of Parenchymal Cells

Rodents Humansa

Fetal and neonatal: entirely diploid Fetuses, neonates, and children up to teenage

years; entirely diploid

Young adults: 4–5 weeks of age; 10%

diploid; 80% tetraploid; 10%

octaploid

Young adults: 20–40 years of age; 50–70%

diploid; 30–50% tetraploid

Six months and older: ,5% diploid;

.95% polyploid; polyploid cells are

a mix of mononucleated and

binucleated cells

.50 years of age: steady increase of polyploid

cells with age; polyploid cells are mostly

(entirely?) binucleated (tetraploid)

aEstimates of ploidy profiles in human parenchyma vary due to the effects of ischemia: polyploid cells are lost

selectively with ischemia, especially warm ischemia.

Table 2 Maturational Lineages Varying in Kinetics

Rapidly regenerating

tissues (rapid kinetics)a
Quiescent tissues

(slow kinetics)b

% Polyploid cells low

(e.g., 5–10%)

% Polyploid cells intermediate (e.g., 30%) to high

levels (e.g., 95%)

Representative tissues Representative tissues

Hemopoietic cells Lung, liver, pancreas, and other internal organs

Epidermis Blood vessels

Intestinal epithelia Skeletal muscle

Hair Nerve cells, including the brain

Heart muscle

Note: Hypothesis: kinetics of lineage inversely correlated with extent of polyploidy.
aTurnover in days to weeks.
bTurnover in months to years.
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CYP3A7 (59,60). The GLUT 2 mRNA has been determined to be 1.9-fold higher in peri-

portal than perivenous hepatocytes, corresponding with higher protein levels in the peri-

portal hepatocytes (61). Similarly, PEPCK mRNA expression in the adult rat, mouse,

and hamster is predominantly restricted to the periportal region as shown by in situ hybrid-

ization (62) and Northern blot analyses (twofold higher in periportal than in perivenous

hepatocytes). Starvation can increase the expression in the periportal region and can

cause slightly increased expression in the intermediate zone in the mouse. Also, fruc-

tose-1,6-biphosphatase mRNA is detected solely in the periportal region of the rat liver

and is unaffected by feeding conditions (63).

Gap junctions are formed by one of the large family of connexin genes with lineage-

dependent isoforms (64–66). For example, connexin 26 has been found expressed by peri-

portal hepatocytes, and its expression declines by mid-acinus to be replaced by connexin

32 (67). However, functional relevance of the different connexin isoforms is not known.

Representative zone 2 (mid-acinar) genes. Distinctive mid-acinar gene expression

occurs primarily in mammals, such as in mice and rats, in which ploidy changes occur.

Several genes, including transferrin (68) and tyrosine aminotransferase, are expressed

optimally in the polyploid cells (69). It is unknown if variables other than ploidy elicit

maximal expression of genes in this region of the acinar plates of parenchymal cells.

Representative zone 3 (pericentral) genes. Many genes are expressed uniquely in

zone 3, the pericentral zone of the liver acinus, which include major urinary protein

(MUP), alpha-1-antitrypsin (AAT), glutamine synthetase (GS) (27,70,71), a heparin pro-

teoglycan (72), and specific isoforms of P450s such as CYP3A4 (60,73). Enzymatic activi-

ties of phase I and II enzymes (ECOD and GST activities) are restricted to mature

Figure 3 Ploidy of liver cells is a definitive indicator of the maturational lineage. Polyploid cells

can be mononucleated or binucleated. Shown are rodent liver cells stained with a DNA dye, Hoechst

33342, and then photographed. Note the sizes of the nuclei, an indicator of the DNA content. One

must utilize robust assays, such as flow cytometry, to determine the ploidy profile in liver cells.

In rodent livers of young animals, that profile is, as shown, approximately 10% diploid, 80% tetra-

ploid, and 10% octaploid Source: From Ref. 37.
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hepatocytes in the perivenous region in vivo (74). Proliferating progenitor cells that appear

in regenerating liver after PH in the uPA/RAG-2 mouse lack expression of cytochrome

P450 enzymes (75). In vivo quantitative analyses of expression of CYP450 mRNA iso-

forms revealed similar expression levels of CYP3A4 and CYP3A7 in the fetal liver, but

10 times higher expression of CYP3A4, and 10 times lower expression of CYP3A7 in

the adult liver (59).

Both in vivo and in vitro studies have implicated microenvironment, ploidy, and/or
other lineage-dependent properties of the parenchymal cells in defining the zonal gene

expression. Most importantly, they indicate a unidirectional, maturational process going

from zone 1 to zone 3 (for review, see 16,19,20,76). Surgical rerouting of the blood flow

through the liver from portal vein to central vein can alter the expression of some genes

(e.g., gluconeogenesis) implicating gradients in signals in blood (77,78). Expression of

GS, normally restricted to a single-layer hepatocytes around the central vein (74), has

been found regulated by specific paracrine interactions between the terminal hepatocyte

and the endothelial cells of the central vein and can be artificially induced by seeding

parenchymaonto feeder layers of endothelia (28,79–81). Culture studies testing the influence

of extracellular matrix components known to be in zone 1 (e.g., type IV collagen, laminin,

and heparan sulfate proteoglycans) versus zone 3 (e.g., type I collagen, fibronectin, and

heparin proteoglycans) have indicated that cells from zone 1 can be differentiated to ones

with a phenotype similar to those from zone 3, and the cells from zone 3 can become

muted in their zone 3 tissue-specific gene expression when plated onto matrix components

found in zone 1; however, the zone 3 cells cannot be reprogramed into cells with a ploidy

and phenotype identical to those from zone 1 (summarized in several reviews: 82,83).

Studies of transplanted cells exhibiting zone-1-predominant (glucose-6-phosphatase,

glucose content) are able to acquire all the functions typical of zone 3 functions, whereas

zone 3 cells are able to acquire some, but not all the functions of zone 1 cells (84). Together,

these findings support the interpretation that some genes (e.g., those regulating gluconeogen-

esis and GS) are regulated bymicroenvironment; others are affected by the ploidy state of the

cells (e.g., transferring and tyrosine aminotransferase) and yet others [e.g., a-fetoprotein

(AFP) and MUP] by some other aspect of the cells that is maturationally dependent.

GENERAL COMMENTS ON STEM CELLS

Stem cells and unipotent progenitors have unique biological properties with respect to

their capacity for self-renewal and the ability to regenerate tissue and organ systems

(76,85–89). There are two major families of stem cells being evaluated for clinical and

commercial programs: embryonic stem (ES) cells, totipotent stem cells derived from

early embryos, are capable of giving rise to all adult cell types and are able to undergo

Table 4 Ex Vivo Growth Potential for the Known Lineage Stages

Hepatic stem cells Division rates of �1/day under optimal conditions; can be

subcultured repeatedly; one cell can generate.40,000 daughter

cells in �3 wk (144,148)

Hepatoblasts and

committed progenitors

Division rates of�1 every few days;�12 divisions in three weeks;

one cell can generate 4000–5000 daughter cells in three weeks

(132)

Diploid adult cells

(“small hepatocytes”)

One cell yields �130 daughter cells in three weeks (�5–7

divisions total); limited ability to be subcultured (132)

Polyploid adult cells Attach, survive; DNA synthesis but limited or no cytokinesis (45)
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indefinite self-renewal (90,91). Although there is considerable interest in developing toti-

potent stem cells as a universal solution for cell therapy (“one cell fits all purposes”), the

ability to use such stem cells clinically is constrained by their propensity to form tumors

when injected into ectopic sites, that is, sites other than in utero (92). The hope for their

future use is in identifying conditions to lineage restrict them into progenitors that have

lost the tumorigenic potential but retained the capacity to mature in normal tissues.

Determined stem cells, stem cells that give rise to some but not all adult cell types,

are capable of self-renewal and do not demonstrate tumorigenic potential when trans-

planted (93,94). In general, they are small (less than 15mm) with low side scatter in

flow cytometric analyses, with high nucleus to cytoplasmic ratios, with expression of telo-

merase resulting in stability of the telomere lengths, with loosely packed chromatin, and

with the presence of export pumps, such as MDR1, that reduce the presence of dyes. The

pumps result in cells that flow cytometrically sort as a “side pocket” (SP cells) cell popu-

lation relative to other cells within the tissue (3,95–97).

HEPATIC STEM CELLS

General Comments

The formation of the liver is initiated by an endodermal stem-cell population in the embryo-

nic foregut (1,98,99) and with processes leading to the subsequent formation of mature

hepatocytes, cholangiocytes, and other hepatic cell types. Shiojiri and co-workers (8,100–

102) established that uncommitted hepatoblasts are capable of developing into biliary

progenitors, apparently in response to paracrine signals frommesenchymal tissues surround-

ing the portal vasculature. Commitment to the biliary lineage has been linked to HNF1 and

HNF6b signaling in a highly localized response to cells immediately adjacent to the portal

tracts (103,104) and leading to the formation of the ductal plate or limiting plate, shown

now to be the reservoir of the hepatic stem cells, and having characteristic intense staining

with cytokeratin 19 (CK19) and with neural cell adhesion molecule (NCAM; 102,105).

The ductal plate transitions to become the Canals of Hering in adult livers (106). Adjacent

to the ductal plates are hepatoblasts, recognizable by their intense expression of AFP and

being the dominant parenchymal cell population in fetal and neonatal livers, and shown

to be bipotent giving rise to the committed biliary and hepatocytic progenitors. The

number of hepatoblasts declines in the livers of hosts of increasing age; they are difficult

to find in adult livers except in the presence of ongoing disease such as cirrhosis or hepatitis.

Although the most well studied of the hepatic precursors are those located within the

liver, there has been considerable excitement about the pioneering discovery by Petersen

et al. (3,4,88,107) of the bone marrow as an alternate source of progenitors that give rise to

hepatocytes by a phenomenon called “transdifferentiation.” The possibility of transdiffer-

entiation was bolstered by the studies of LaGasse et al. (88), who purified hemopoietic

stem cells from bone marrow, transplanted them into mice with a genetic condition model-

ing tyrosinemia, and showed that the cells were able to form hepatocytes. Transdifferen-

tiation has been suggested by studies in multiple tissues. Many of these studies have now

been refuted by evidence indicating that the donor cells fused with the host tissue. The

issue of plasticity with data still accepted has been narrowed to that between cell types

of the same embryological germ layer. Thus, plasticity does indeed appear to occur

between mesodermal to mesodermal fates, or ectodermal to ectodermal fates but not

across germ layers. Cells from fetal mouse livers can differentiate into hepatocytes,

bile duct cells, pancreatic cells, gastric epithelial cells, and intestinal epithelial cells

(108–111). Analyses of transdifferentiation have demonstrated that it is due primarily
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to cell fusion (112–114). Yet, there remain findings still supporting transdifferentiation

such as those by Verfaille and coworkers (5) in which a rare stem cell in the bone

marrow has been found to be multipotent giving rise to cell types of all the germ

layers. Unfortunately, bone marrows contain such small numbers of these multipotent

adult progenitor cells that bone marrow transplants result in exceedingly low efficacy

(1% or less) with respect to reconstitution of damaged liver (112). Thus, the initial excite-

ment of the remarkable discoveries of “transdifferentiation” has waned due to the low effi-

cacy at which it occurs and the fact that even that observed has been found due primarily to

fusion of the donor cells to the parenchymal cells of the liver (113,114). Although the

transdifferentiation issue remains an area of ongoing controversy and research, the

general consensus is that it is a minor pathway with little hope to be utilized in clinical

programs. Therefore, the liver remains as the primary source of progenitor populations

capable of significant reconstitution of liver. The known maturational stages of parench-

ymal cells are summarized in Table 5 and in Figures 5 and 6 and the knownmarkers for the

hepatic stem cells and other progenitors are given in Table 6.

Murine and Rodent Progenitors—Oval Cells, Progenitors in the Livers

of Injury Models

Most of the initial knowledge of the stem-cell compartment in mice and rats has been

derived from the voluminous literature on “oval cells,” small cells with oval-shaped

nuclei, identified in analyses of livers following a variety of oncogenic insults to the

liver (7,9,115–117). The studies, especially from the 1960s to 1990s, have made use of

carcinogenic injury models including: (i) administering the carcinogen, 2-acetylamino-

fluorene (2-AAF), followed by a two-thirds partial hepatectomy (AAF/PH model), (ii)

a necrogenic dose of the hepatotoxin, carbon tetrachloride, (iii) feeding a choline-deficient

diet supplemented with etluonine, (iv) treating animals with the toxins, 30-methyl-diami-

nobenzidine, galactosamine, or furan, (v) treating with the DNA-alkylating agent Dipin

(1,4-bis[N,N 0-di(ethylene)-phosphamide]-piperazine) intraperitoneally followed by

two-thirds PH (118), (vi) treatment with the biliary toxin, 3,5-diethoxycarbonyl-1,4-dihy-

drocollidine (DDC), and (vii) liver injury developed in the albumin-urokinase-type plas-

minogen-activator transgenic (AL-uPA) mice (49,119–121).

These various oncogenic insults result in the expansion of oval cells, localized pri-

marily to the periportal region. Oval cells express markers of both the hepatocytic (e.g.,

albumin and AFP) and biliary lineages (e.g., CK19). In addition, a number of investigators

have generated monoclonal antibodies to antigens on oval cells, and the antibodies have

been instrumental in the characterization of oval cell phenomena and in the identification

of normal hepatic progenitors related to oval cells (18,20,122–127). These antibodies to

oval cell antigens identify both hepatic and hemopoietic subpopulations and, to date, none

of the antigens recognized by the antibodies has been purified and fully characterized, a

fact that has limited the usefulness of these antibodies. It is hoped that this limitation

will be overcome soon with ongoing research to define these antigens. For example, Ov 6,

a monoclonal antibody raised against cells isolated from carcinogen-treated rat livers, is a

popular marker for identifying murine oval cells. However, in addition to the fact that the

antigen is not known, it reacts with normal bile duct epithelia in rats and humans and with

hepatocyte and ductal reactive cells in diseased human tissue (124,125).

In vitro oval cells can be differentiated into cells with some of the characteristics of

either biliary or hepatocytic cells, but the oval cells behave more like partially transformed

or sometimes completely transformed cells and are able to expand in cultures on culture

plastic, with medium supplemented with serum, without signals from embryonic
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Table 5 Known Stages in the Liver’s Maturational Lineages

Stage 1 Hepatic stem cells Thought to be multipotent; give rise to

hepatoblasts and also possibly other

endodermal cell types

Have cell divisions that can be symmetric (self-

replication) or asymmetric (differentiation)

depending on the conditions

Present in the ductal plates of fetal and neonatal

livers and in the Canals of Hering in adult livers

Express albumin, cytokeratins 7, 8, 18, 19,

EpCAM, NCAM, and CD133/1
Stage 2 Hepatoblasts Bipotent; give rise to committed progenitors for

hepatocytes and biliary epithelia

Unknown if they can go through symmetric

divisions

Present throughout the parenchyma in fetal

and neonatal livers and as single cells or

small aggregates of cells attached to the

ends of Canals of Hering in pediatric and adult

livers

Express albumin, cytokeratins 7, 8, 18, 19,

EpCAM, ICAM1, CD133/1, AFP, and P450A7
Stage 3 Committed hepatocytic

progenitors

Small parenchymal cells, typically 12–15mm in

diameter, with low side scatter and expressing

EpCAM, ICAM1, cytokeratins 8 and 18, AFP,

and albumin

Evident in significant numbers only in fetal and

neonatal livers

Committed biliary

progenitors

Small parenchymal cells, typically 12–15mm in

diameter and expressing EpCAM, ICAM1,

cytokeratins 7 and 19, fetal forms of aquaporins

Evident in significant numbers only in fetal and

neonatal livers

Stage 4 Diploid hepatocytes Hepatocytes that are approximately 18–22 mm in

diameter and expressing ICAM1, cytokeratins

8 and 18, albumin, PEPCK, and connexin 26

Form plates of cells, blanketed by endothelia

extending from the portal triads to the central

veins of the liver acinus

Diploid biliary epithelia Bile duct epithelia, approximately 18–22 mm in

diameter, and expressing ICAM1, cytokeratins

7, 8, 18, and 19, aquaporins, and MDR3

Form ducts running from the portal triads to the

bile duct connecting to the gall bladder and to

the gut

Stage 5 Tetraploid hepatocytes Evident pericentrally in human livers and mid-

acinar and pericentrally in rodent livers

They are 25–35 mm in diameter and with high

side scatter

They express TAT, transferrin, connexin 32, and

late (adult-specific) P450s

(Continued)
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mesenchymal feeder cells, and with few, if any, of the knownmitogens requisite for normal

hepatic progenitors. Although oval cells demonstrate characteristics of partially or comple-

tely transformed cells, they are still able to form liver tissue when transplanted. Wang et al.

(2003) using Nycodenz gradient centrifugation to isolate oval cells fromDDC-treated mice

were able to use them to rescue recipient mice with lethal hepatic failure resulting

Table 5 Known Stages in the Liver’s Maturational Lineages (Continued)

They have lost some of the regulatory

mechanisms involved with cytokinesis (e.g.,

citron kinase) and so undergo only hypertrophic

growth responses to stimuli for regeneration

Produce soluble signals (unidentified) that inhibit

the growth of stem cells and progenitors

(feedback loop signals)

Tetraploid biliary

epithelia

These are unknown but assumed to exist

Higher

stages

Octaploid (and higher

levels of ploidy)

parenchymal cells

To date, these have been found in rats and mice

but not human livers; polyploid hepatocytes

occur in some mammals (mice and rats) and can

have DNA content of 8–32 N

They express MUP and late P450s

Produce feedback loop signals

Abbreviations: EpCAM, epithelial cell adhesion molecule; NCAM, neural cell adhesion molecule; AFP,

a-fetoprotein; ICAM, intercellular cell adhesion molecule; MUP, major urinary protein.

Figure 5 Schematic representation of the known stages of human liver lineage and representative

genes expressed by the cells at those stages. Abbreviations: Alb, albumin; AFP, alpha-fetoprotein;

CK19, cytokeratin 19; EpCAM, epithelial cell adhesion molecule; NCAM, neuronal cell adhesion

molecule; ICAM, intercellular cell adhesion molecule; MDR3, multidrug resistance gene 3

(involved in biliary functions).
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from homozygous deletion of the gene for fumarylacetoacetate (fah2/2) (77). The recipi-

ent mice had significant donor-derived hepatocyte repopulation and phenotypic rescue.

In Long Evans Cinnamon (LEC) rats, oval cells expand in the course of liver injury

induced by excessive accumulation of copper, a phenomenon that models Wilson’s

disease. The oval cells are positive for gamma-glutamyl transpeptidase, AFP, and for

CK18 and CK19 but are negative for albumin (128–130). The cells were transduced

ex vivo with a reporter gene, b-galactosidase, transplanted into LEC/Nagase analbumine-

mic double-mutant rats, and were found to differentiate into mature parenchymal cells.

In summary, oval cell studies have made evident the presence of a stem-cell com-

partment in livers, and oval cells share many of the antigens and gene expression with

normal hepatic progenitors. Yet, their regulation ex vivo and in vivo and some aspects

of their phenotype can be distinct from that of their normal counterparts and can indicate

a partially or completely malignantly transformed state due to mutational events caused by

the injuries used to induce their expansion.

Murine and Rodent Hepatic Stem Cells from Normal Hosts

More recent investigations have attempted to identify normal hepatic progenitors in

animals not subjected to any method of liver injury. The earliest reports are those in

which monoclonal antibodies developed to antigens on oval cells (122) were used to

flow cytometrically sort hepatic progenitors from embryonic rat livers (126) and sub-

sequently from neonatal and adult rat livers (18,20,131). As these antibodies identify anti-

gens on both hepatic mid-hemopoietic progenitors, it was essential to do multiparametric

flow cytometric sorts for cells negative for hemopoietic markers (glycophorin A, OX43,

and OX44) and then positive for one of the oval cell antigens. The one used most exten-

sively in these early studies was OC3, an antigen identified by the monoclonal antibody

374.3. As with all other known oval cell antigens, OC3 has yet to be cloned and identified,

limiting its utility in characterizing the hepatic progenitors. The OC3þ cells from normal

Figure 6 Schematic representation of the presumptive feedback loop in which one or more signals

from the mature cells inhibit the proliferation of the cells from the stem-cell compartment.
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Table 6 Markers for Hepatic Progenitors

Marker Species Comments/references

Hepatic stem-cell markers that are cloned and sequenced

Albumin All species Found in the hepatic stem cells, hepatoblasts,

and hepatocytic lineage (1,300)

AFP All species AFP has long been a protein considered

definitive for endodermal progenitors and

within the liver lineages is definitive for

hepatoblasts (300); a variant form of AFP is

expressed by hemopoietic progenitors (213)

and is identical to that in hepatic cells except

for exon-1-encoded sequences

Cytokeratins 7/19 All species Cytokeratins 7/19 are found in the hepatic stem

cells, the hepatoblasts, and biliary epithelia

but not the hepatocytic parenchyma

(106,138,144,209,301,302)

CD133 (prominin) Humans A transmembrane protein found on hepatic and

hemopoietic stem cells (201,202)

EpCAM Humans Present on hepatic stem cells, hepatoblasts, and

committed progenitors but not on mature

hepatocytes

CD44H (hyaluronan

receptor)

Rats and humans Present on rat hepatoblasts and on human

hepatic stem cells (133,134)

MDR1 Rats Present on hepatoblasts (303,304)

ICAM1 Rats and humans Present on hepatoblasts, committed progenitors,

and mature parenchymal cells; not expressed

by hepatic stem cells

NCAM Humans Present on hepatic stem cells but not on any

lineage stage thereafter (144,305)

DLK-Pref-1 Mice (138)

Telomerase All species Essential for maintenance of telomere length

(96,97,306)

Wnt/beta-catenin
pathway

All species A pathway that appears to be generic for stem-

cell populations (307,308)

Markers that have variably been found on hepatic progenitors

CD117 (ckit) All species Receptor for stem-cell factor; expressed by

progenitors of mesodermal lineages and by

some subpopulations of hepatic progenitors; it

has been found on hepatic stem cells but

not hepatoblasts and with considerable

variability (e.g., sorting for it does not yield

clonogenic hepatic progenitors); therefore,

an alternative interpretation is that it is on

endothelial progenitors (angioblasts) tightly

associated with the hepatic stem cells, an

hypothesis still under investigation

(211,219,222,309)

CD146 Human Antigen expressed on mesenchymal cells;

related to NCAM; cells tightly associated

with the hepatic progenitors (endothelial

progenitors) are positive for this antigen

(Continued)
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Table 6 Markers for Hepatic Progenitors (Continued)

Marker Species Comments/references

KDR All species VEGF receptor present on endothelial

progenitors; it is possible that the

findings of KDR on hepatic progenitors

are actually for tightly associated

endothelial cells

CD34 Rodents and mice Expression of CD34 has been reported to be

on hepatic progenitors in various murine and

rat species, and all data are studied on liver

injury model systems; the data have not

proven credible, as sorts for CD34þ cells

(310) do not yield clonogenic populations

capable of liver reconstitution or of forming

liver tissue in vitro (125,209,311)

Transcription factors

Prox1 All species Homeobox gene defining pancreatic and liver

fates (172,173)

Hex All species Homeobox gene found in early liver (175,176)

HLX All species Gene required for endoderm to migrate into the

cardiac mesenchyme (177,311)

HNF1, HNF3, HNF4,

HNF6

All species (313–315)

C/EBP All species (186,187,190,316)

DBP All species (186)

c-jun proto-oncogene All species Defining transcriptional element for liver

developments (179,317,318)

Markers defining epithelial cells

E-cadherin All species Cell adhesion molecule on parenchymal cells

but not on mesenchymal cell types

(139,195,319)

CD8/18 All species Cytokeratins evident in all forms of

epithelia (320)

Oval cell antigens

Oval cell antigens

(general comments)

All species Identified in the livers of various injury models;

present on both hepatic and hemopoietic cells;

none of the antigens have been identified

making it difficult to know if on

inflammatory cells or the hepatic

progenitors (7,10,122,123)

A6 Murine (124,125)

OC2 and OC3 rat (122,126,127,321,322)

Cloned and sequenced markers not found in/on hepatic progenitors

CD45 All species Common leukocyte antigens (132,137,242)

Glycophorin A All species Red blood cell antigen (20,126,132)

CD14 All species (323)

Abbreviations: AFP, a-fetoprotein; EpCAM, epithelial cell adhesion molecule; MDR, multidrug resistance;

ICAM, intercellular cell adhesion molecule; NCAM, neural cell adhesion molecule; Dlk/Pref-1þ, Delta-like/
Preadipocyte factor-1.

Hepatic Stem Cells and the Liver’s Maturational Lineages 175

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


rodent livers were able to expand ex vivo if cultured on purified embryonic matrix sub-

strata layered onto porous surfaces, in serum-free medium supplemented with purified hor-

mones and growth factors, and with feeders of liver stroma derived from embryonic livers

of E14 to E17 hosts. The OC3þ progenitors isolated from the livers were able to mature in

vitro (20) or in vivo (131) to mature liver cells.

Recently, a more complete antigenic profile of rat hepatoblasts has been defined rigo-

rously in flow cytometric analyses utilizingmonoclonal antibodies towell-characterized anti-

gens and showing that rat hepatoblasts are negative for hemopoietic markers (glycophorin A,

CD45, OX43, and OX44), negative for class 1a major histocompatibility complex (MHC)

antigens, dull for class lb MHC antigens, and positive for ICAM1 and CD44H (132–134).

Highly purified hepatoblasts isolated by flow cytometric sorts for this antigenic profile

were able to form colonies from single cells, with clonal efficiencies up to 50%, when

seeded onto SIM (Sandoz inbred Swiss mouse) mouse embryonic fibroblasts, selected for

6-thioguanine and ouabain resistance (STO) feeder cells and in a serum-free medium

supplemented only with lipids, insulin, and transferrin/fe. The individual cells gave rise to
colonies expressing both hepatocytic and biliary markers (113,132) (Fig. 9).

As these early studies are on hepatic progenitors in normal, untreated rats, others

have obtained parallel results with purification of hepatic progenitors from murine

livers. Azuma et al. (135) developed an enrichment system to isolate hepatic progenitor

cells from adult mouse livers using their cadherin-dependent cell–cell adhesion proper-

ties. A procedure of two-hour hypoxic suspension culture with constant shaking elimi-

nated almost entirely the mature hepatocytes that are more sensitive to ischemia and

resulted in aggregates of progenitor cells in Ca2þ-containing medium. About 5% of

these cell aggregates proliferated and formed colonies that expressed AFP, albumin,

and E-cadherin, but not CK19. Suzuki et al. (108,136) utilized the fluorescence-activated

cell sorter (FACS) and fluorochrome-conjugated antibodies against a set of cell surface

markers to isolate the clonogenic hepatic stem cells from Balb/cA ED 13.5 fetal mice.

In vitro colony assays showed that cell populations with an antigenic profile of c-Metþ

CD49fþ/low c-Kit2 CD452 TER1192 formed colonies on laminin-coated plates. Flow

cytometrically sorted c-Kitlow CD45 TER119 hepatic progenitor cells isolated from ED

11 fetal mouse livers have been shown to form colonies (.50 cells/colony) in which

28% expressed both albumin and CK19 (137). Tanimizu et al. (138) used both FACS

and an automatic magnetic cell sorter (AutoMACS) to enrich for cells positive for

Delta-like/Preadipocyte factor-1 (Dlk/Pref-1þ) and reported formation of large colonies

(.100 cells/colony) from the Dlk/Pref-1þ population. Unfortunately, this antibody is not

yet commercially available and its limited availability has prevented others from reproduc-

ing these experiments. Nitou et al. (139) used magnetic bead separation methods to purify

mouse E-cadherinþ (ECCD-1) hepatoblasts from ED 12.5 fetal mouse livers and sub-

sequently obtained monolayer cell sheets expressing AFP, albumin, and cytokeratins on

glass slides at day 5 in cell culture. However, they have not yet reported the clonogenic

ability of these MACS-sorted E-cadherinþ cells. A novel rat monoclonal antibody,

called anti-Liv2, specifically recognizing murine hepatoblasts has been produced by

immunizing adult WKY/NCrj female rats with ED 11.5 murine fetal liver lysate (140).

Ongoing investigations are assessing whether the antibody to Liv2 protein can be utilized

to purify hepatoblasts from fetal and adult mouse livers.

The Stem-Cell Compartment of Human Livers

The number of studies on identification and isolation of human hepatic progenitors has

been limited due to the costs and the difficulties in obtaining normal human liver tissue.
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Moreover, many of the initial efforts have not been particularly successful due to the use of

classical fractionation protocols (Ficoll or Percoll fractionation) that select for only one

parameter (e.g., cell density) rather than the more successful multiparametric purification

strategies especially those using immunoselection (76). Their success has been limited

also by (i) the use of culture conditions consisting of tissue culture plastic and serum sup-

plemented medium, conditions that are not conducive to survival and growth of the pro-

genitors and (ii) the use of cultures containing both mature cells and progenitors (83).

Mature parenchymal cells, particularly those that are polyploid, produce soluble signals

present in the conditioned medium that inhibit the growth of hepatic stem cells (Reid

and associates, unpublished observations). Thus, there is a feedback loop signal(s) by

which “old” cells control the production of “young” cells (Table 7 and Figs. 6 and 12).

Expansion of the progenitors ex vivo requires the use of purified progenitors separated

from the mature cells and in vivo requires selective loss of pericentral parenchymal

cells to create a “cellular vacuum” (reviewed in 141).

Hepatic stem cells in human livers have been hypothesized to be present in the

Canals of Hering, small ducts that are present in zone 1 of the liver acinus, forming con-

nections between hepatocytes and bile ducts and demonstrating strong expression for

certain cytokeratins (CK), particularly CK7 and 19 (89,142). The pioneering work of

Strain and coworkers (26,143) is noteworthy in identifying human hepatic progenitor

cells that express CD117 (c-kit). More recently, greater success has been achieved by

using multiparametric flow cytometric sorts for cells with antigenic profiles negative for

hemopoietic markers and positive for certain epithelial markers, enabling the

Table 7 Feedback Loop: Relevance to Studies on Reconstitution of Livers

Findings Hypothesis Predictions

Stem cells or progenitors do

not grow ex vivo when co-

cultured with mature

parenchymal cells or with

conditioned medium from

the mature cells

Mature parenchymal cells

(e.g., polyploid cells)

produce soluble signals

constituting a feedback

loop that regulates stem-

cell compartment

The signals do not exist in

peritoneum; site is

permissive for expansion

and maturation of human

liver cells

Other hosts (e.g., sheep and

pig) that have higher

proportion of diploid cells

will be better models for

studies of human hepatic

progenitors

Strategies for clinical

programs must take

feedback loops into

account

Transplant-purified human

hepatic stem cells or

progenitors (therefore

avoiding feedback loop

from mature human cells)

Hosts with high polyploidy

will cause liver injury to

mature cells (zones 2/3)
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identification and isolation of two pluripotent progenitors (hepatic stem cells and hepato-

blasts) and two unipotent progenitors (committed biliary mid-hepatocytic progenitors)

from human fetal livers (144,145) and from pediatric and adult human livers (141,146)

(Figs. 5–7, Table 5). All four populations have proven wholly negative for hemopoietic

markers (CD45, CD34, CD38, CD14, and glycophorin A), making them distinct from hep-

atocyte precursors from the bone marrow (4,5,38), and all share expression of epithelial

cell adhesion molecule (EpCAM), cytokeratins 8, 18 and cadherin and CD133/1, also
called prominin. The size of the EpCAMþ populations, 7 to 12 mm in diameter, is strik-

ingly different from that of adult liver cells, 18 to 22 mm for the diploid parenchymal cells,

and 25 to 35 mm for the polyploid ones. The two pluripotent populations, the hepatic stem

cells and hepatoblasts, are distinguishable from each other by differential expression of

N-CAM, ICAM1, AFP, P450 7A, whether the EpCAM is expressed cytoplasmically

and/or on the plasma membrane and by the intensity of expression of CK19 (Fig. 7 and

Table 5). Both populations form human liver tissue when transplanted into immunocom-

promised hosts (144) (Melhem et al., in preparation). Purified populations of the hepatic

stem cells will lineage restrict to hepatoblasts when placed under specific culture

conditions (144).

The antigenic profiles defined for the two pluripotent progenitors and the two uni-

potent ones have been used to define the hepatic stem-cell compartment in vivo (147).

The hepatic stem cells are found in the ductal plates (also called limiting plates) of fetal

Figure 7 Histological sections of human, fetal livers stained for AFP (A and B), CK19 (C, D, and

H), and for EpCAM (E, F, and G). The arrows indicate the ductal plate (also called limiting plate).

The figures in (G) and (H) are low magnification (10�) and the rest are high magnifications (40�) to

indicate the hepatic stem cells present in the ductal plate (A, C, and E) and the hepatoblasts present

adjacent to the ductal plates and throughout the parenchyma of the fetal livers. Abbreviation: AFP,

a-fetoprotein. Source: From Ref. 147. (See color insert.)
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and neonatal livers and in the Canals of Hering in the pediatric and adult livers (Fig. 7).

The hepatoblasts are the dominant parenchymal cell population in fetal and neonatal

livers and then dwindle in numbers with age of the hosts such that in adults they are

found as single cells or small aggregates of cells physically connected, tethered, to the

ends of the Canals of Hering. The numbers of the hepatoblasts are dramatically higher

in diseased livers, especially cirrhotic livers.

Expansion of the hepatic stem cells and progenitors occurs ex vivo if plated onto

appropriate embryonic mesenchymal feeders (144–146) and/or on embryonic matrix sub-

strata (148) and in a serum-free, hormonally defined medium that was developed for

rodent hepatoblasts (132,133) (Tables 6 and 10). On the basis of these findings, the

known maturational lineage stages, the differential antigenic profiles of the stem cells,

the unipotent progenitors, and two of the marine liver cell subpopulations, are summarized

in Tables 4 and 5 and Figures 8–11.

Contributions of the Stem-Cell Compartment in Liver Regeneration

Two forms of liver regeneration have long been known, and the stem-cell compartment

plays roles, albeit distinct ones, in both (Fig. 12). Liver regeneration following toxic inju-

ries (chemicals, viruses, and radiation) involves selective loss of the mature parenchymal

cells in zones 2 and 3 and with secondary proliferation of the hepatic progenitors peripor-

tally; subsequently, these differentiate into the mature cells typically found in the pericen-

tral zone. This phenomenon is characteristic of the findings from the many investigations

Figure 8 Conditions for ex vivo expansion of diploid subpopulations of parenchymal cells. These

conditions consist of serum-free basal medium with low calcium (less than 0.5 mM), no copper, a

mixture of lipids (high-density lipoprotein and a mixture of free fatty acids bound to albumin),

insulin, and transferrin/fe (and for the diploid adult hepatocytes EGF), signals from embryonic

feeders and the absence of the signal(s) from mature parenchymal cells. Details of the preparation

of these conditions are given in the methods review. Abbreviation: EGF, epidermal growth factor.

Source: From Ref. 83.
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on oval cells. In culture studies, the mature parenchymal cells, particularly those that are

polyploid, produce soluble signals present in the conditioned medium and that inhibit the

growth of hepatic stem cells (Reid and associates, unpublished observations). Thus, there

is a feedback loop, signal(s) by which “old” cells control the production of young cells.

The feedback loop explains why purification of diploid subpopulations away from poly-

ploid ones is required to observe clonal growth of diploid cells in culture and why

Figure 9 Clonogenic expansion of a rat hepatoblast wider the conditions specified in Figure 8.

A single cell is able to expand into a colony of cells in 20 days, and the cells express markers for

both the hepatocytic lineage (albumin) and for the biliary lineage, CK19. Many of the cells have

undergone lineage restriction to become committed progenitors of one of the two lineages (the

cells at the periphery of the colony), whereas those at the center are cells co-expressing both

markers and are, therefore, hepatoblasts. Source: From Ref. 132. (See color insert.)

Figure 10 Human hepatic stem cells from human fetal livers and plated under serum-free con-

ditions found requisite for expansion ex vivo. Source: From Ref. 144.
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significant expansion of transplanted liver cells occurs only in hosts in which there is a

“cellular vacuum” in the pericentral zone.

Liver regeneration after PH, surgical removal of a portion of the liver, has long been

thought mediated only by mature liver cells (149). However, it has now been shown to

involve the stem-cell compartment (150). In the first 24 hours after PH, there is a wave

of DNA synthesis across the liver plates, but with limited cytokinesis, resulting in elevated

polyploidy and a sharp decline in the diploid subpopulations. The ploidy profile of the par-

enchymal cells is restored slowly and gradually over several weeks by contributions from

the stem cells.

The Stem-Cell Niche

The microenvironment of the stem-cell niche is that found within the ductal plates in fetal

and neonatal livers and that within the Canals of Hering in pediatric and adult livers. It is

assumed to be comprised the matrix components and soluble factors exchanged as para-

crine signals between the hepatic stem cells and their native mesenchymal partners, angio-

blasts. Little is known of these other than some of the extracellular matrix components.

Extracellular matrix chemistry is known to be age- and tissue-specific and to regulate

the cell morphology, growth, and cellular gene expression (151–156). The extracellular

matrix components are present in the Space of Disse, between the parenchyma and the

endothelia, and form a gradient in their composition extending from the portal triads to

the central vein (19,76,157). The periportal zone contains specific embryonic matrix

Figure 11 Human hepatic stem cells from human fetal livers transferred from conditions found

for self-replication to STO feeder, found to promote differentiation of the cells. Note the hepatic

stem-cell colony one day after transfer and then after several days. Within 24 hours, there are

cords of cells erupting from the edges of the colonies and with a phenotype of hepatoblasts.

Source: From Ref. 144.
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components such as hyaluronans, type III and IV collagen, laminin, and fetal forms of pro-

teoglycans. This microenvironment can be mimicked ex vivo by using culture conditions

that comprised the embryonic matrix components, now available commercially, coated

onto porous and flexible surfaces to permit polarization of the cells and critical cell

shape changes (83). This is especially important for hepatic stem cells and progenitors

that empirically show an intolerance for attachment to impervious and rigid surfaces.

The soluble components, comprising nutrients and soluble signals, are mimicked, in

part, by the use of serum-free basal media with no copper, low calcium (below

0.5mM), trace elements (selenium and zinc), a mixture of lipids (free fatty acids bound

to albumin and high-density lipoprotein), insulin, and transferrin/fe (76,83,132). The

signals, as yet unidentified, are provided by the use of embryonic stromal feeders that

ideally are derived from embryonic livers (18,127) but can be substituted, in part, by

the use of STO feeders (132).

Optimal survival, expansion, and differentiation of the cells depend on use of serum-

free medium conditions, as serum drives the cells toward biochemical and antigenic

responses appropriate for wound formation (fibrosis or cirrhosis, i.e., scar formation)

and, in parallel, loss of tissue-specific functions (76,83,158,159). Serum-free, basal

media supplemented with defined mixtures of purified nutrients, lipids, trace elements,

hormones, growth factors, and matrix components can be tailored to elicit an appropriate

response, either growth or differentiation, of the cells (reviewed in 82). Thus, there are hor-

monally defined media for expansion and others for differentiation of a given maturational

stage of parenchymal cell. The details for preparation of such media are given in methods

review (83).

Figure 12 The two forms of liver regeneration. There are distinct mechanisms involved in liver

regeneration following PH versus that following toxic injury (caused by viruses, chemicals,

radiation). With PH, there is a wave of DNA synthesis across the liver plates but with limited cyto-

kinesis. This results in elevated ploidy for the liver. The normal ploidy profile of the cells is restored

over several weeks by contributions from the stem-cell compartment. With toxic injury, there is

selective loss of the cells pericentrally and, therefore, loss of the feedback loop. The periportal

cells, including the cells of the stem-cell compartment, proliferate extensively and then mature gradu-

ally to cells typical of zones 2 and 3. Abbreviation: PH, partial hepatectomy. Source: From Ref. 83.
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There is preliminary evidence to indicate that the mature liver cells produce a

soluble signal(s) that inhibits the expansion of stem/progenitor cells and constitutes a

feedback loop signal; co-culture of hepatic stem cells with mature cells or with con-

ditioned medium from mature cells results in lack of growth by the hepatic stem cells

(Reid and associates, unpublished data). Therefore, hepatic stem/progenitor cells must

be kept separate from mature liver cells in order to observe their maximal potential

growth in culture. This phenomenon can also explain the well-known need for selective

loss of zone 2 and 3 cells, mature host liver cells, creating a “cellular vacuum” for trans-

planted donor cells to undergo expansion in a recipient (reviewed in 160).

GENE EXPRESSION

The Developing Liver and Genes Defining Hepatic Fates

The formation of the liver begins with the budding of the visceral endoderm into the

cardiac mesenchyme (1,2,161) and is associated with various complex changes of gene

expression patterns (for reviews, see 141,162). In vivo data have been obtained mostly

in studies of in situ mRNA hybridization of liver or whole embryo sections and of com-

parison of normal versus knockout gene mouse models. In the rat, AFP mRNA can be

detected first in the epithelium of the yolk sac (163) and cells of the ventral foregut at

embryonic day 10.5 (E10.5). One day later, protein expression can be determined

(80,164). In normal mouse development, starting from E9 to E15, homogeneous distri-

bution of albumin and AFP mRNA in the liver can be detected (165). AFP mRNA

expression is present with considerable intensity of expression in the liver and the yolk

sac, but low levels can be found in the epithelium of the small intestine, the heart, and

the renal tubes (163,166,167).

In the rat, albumin mRNA is expressed a day later than AFP mRNA, at E11.5 (164)

and its levels remain lower than AFPmRNAuntil E19. AlbuminmRNA levels increase stea-

dily during development, whereas AFP mRNA levels remain stable up to E21. By E19, both

levels are equal. AFP expression remains constant up to day 14 after parturition and declines

to zero thereafter. Albumin mRNA can be detected at E20 in the kidney (163). In the normal

adult rat liver, first evidence for a zonal distribution pattern is detectable at E20; albumin

transcripts are expressed at a lower level in the hepatocytes of the centrilobular than in the

periportal areas, and the bile duct epithelium does not show any expression of it (80,168).

It is known that early liver development in vivo from the ventral foregut endoderm

requires interaction with the cardiac mesoderm (161). Cells of the septum transversum

contribute to hepatic induction. In particular, it has been shown that bone morphogenic

protein (BMP) signaling from mesenchymal cells of the septum transversum is necessary

to induce albumin expression in the endoderm and to exclude pancreatic fate; findings

demonstrated using a Bmp4 null mutant mouse model (169). Also, fibroblast growth

factor is necessary to induce liver-specific gene expression and proliferation through

cardiac induction (170,171). BMP signaling regulates positively the expression of the tran-

scription factor GATA4 in the hepatic endoderm.

One of the earliest genes in the development of the early endoderm that can be

associated with pancreatic and hepatic fates is the homeobox gene Prox1, which had

been shown to be restricted to early regions (mouse E8.5) of the pancreas and liver

in vivo (172). Although it is not necessary for hepatic differentiation, it is a prerequisite

for the migration of hepatocytes into the septum transversum (173). The homeobox

gene Hex is expressed by early liver cells (174,175) and mutants lacking expression of

Hex do not show migration of hepatocyte precursors into the septum transversum (175)
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and development of the liver bud (176). Hlx, the murine homeobox gene, is required for

liver expansion but not for morphogenesis or differentiation (177).

Proto-oncogene expression has been shown as essential for normal liver develop-

ment. Homozygous mice lacking the c-jun proto-oncogene show impaired liver formation

and die at E16.5 at the latest; the mice demonstrate reduced mitotic and increased apop-

totic rates in primary murine hepatic cell cultures derived from c-Jun2/2 fetuses (178). ES

cells, also2/2 for c-jun, can contribute to all somatic cells except liver cells, demonstrat-

ing the important role of c-jun in liver formation (178). Passegue et al. (179) showed that

hepatoblasts derived from Jun-deficient ED 12.5 mouse livers show reduced proliferation

and increased apoptosis when grown in vitro and that JunB can rescue Jun-dependent pro-

liferation defect of hepatoblasts. The Jun proteins, Fos proteins, and some members of the

activating transcription factor (ATF) and cAMP (cyclic adenosine monophosphate)-

responsive element (CRE)-binding protein (CREB) protein families are the essential com-

ponents of the AP-1 transcription factor. Watanabe et al. (180) reported more severe

impairment of hepatoblast proliferation in sek12/ 2 (stress-activated protein-kinase-1-

deficient) mouse livers from ED10.5 compared with c-Jun-deficient and wild-type

mouse embryos. They proposed that sek1, a direct activator of the stress-activated

protein kinase [SAPK, also called c-Jun N-terminal kinase (JNK)], appears to play a

crucial role in hepatoblast proliferation and survival in a manner different from NF-kB

or c-Jun. TGF-alpha has been shown to stimulate c-jun expression in rat liver cell cultures

(181). Also, mice lacking in NF-kB (nuclear factor) expression die at E16 at the latest and

exhibit severe liver degeneration (182,183).

Hepatoma-derived growth factor (HDGF) has been reported to be strongly

expressed in the fetal mouse liver at mid-gestation stage, and significantly down-regulated

near birth (184). Supplementation of recombinant HDGF significantly enhanced the

growth of primary cultures of fetal liver cells from ED14.5 mouse livers, although the

effect was small (11% increase in cell number). Adenoviral introduction of HDGF anti-

sense cDNA into the fetal hepatic cells significantly suppressed their proliferation. The

inhibitory effect of HDGF antisense virus was reversed by exogenous HDGF. HDGF is

a heparin-binding protein purified from the conditioned media of HuH-7 hepatoma cells.

Expression of six families of liver-specific transcription factors has been identified

(for review, see 185). Although some of them are expressed in other tissues, especially the

epithelium of the gut and kidney (163), HNF1, HNF3, HNF4, HNF6, C/EBP, and DBP are

found predominantly in liver. Interestingly, during early development, expression of tran-

scription factors is significantly higher in the entire embryo, and is shut off or enhanced

during further development (186). During normal rat embryonic development, the

expression of different transcription factors is unequally regulated (187). From E16 and

E12 throughout adult expression of HNF3 and HNF2 (C/EBP) (186) respectively, is rela-
tively constant in the liver with a slight increase of C/EBP expression around birth (188).

Expression of HNF1, HNF3, HNF4, and C/EBP alpha remains stable up to late gestational

period and decreases after birth. In rat embryos, C/EBP mRNA expression cannot be

detected before E12, and then in the same cells that express albumin and AFP; at E20,

C/EBP mRNA can be detected in epithelial cells of the gut and kidney (163). DBP

expression can be detected at E14 in the rat (186), its expression increases with further

development, and to the greatest extent in the adult liver. Other aspects of DBP expression

observed are at E14 in certain nerves, and at E20 in gut and kidney.

The C/EBP transcription factor has been implicated in lineage restriction of hepatic

progenitors into the hepatocytic lineage. Tomizawa et al. (189) showed that the normal

formation of hepatic plates was disrupted by the abundant formation of pseudoglandular

structures starting from ED16.5 in C/EBPa2/2 (CCAAT/Enhancer Binding Protein
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a-deficient) mice. These pseudoglandular structures co-expressed AFP and A6, antigens

for hepatic progenitors. In the C/EBP alpha knockout mouse, an impaired energy

metabolism can be observed, with no storage of glycogen and lipid, and death after eight

hours of birth (190). The mRNA for glycogen synthase was up to 70% lower and those of

PEPCK and glucose-6-phosphatase was significantly delayed. In the HNF4alpha2/2

mice, it has been shown that HNF4 alpha is not necessary for early liver development

but is indispensable for expression of liver-specific functions as well as expression of

HNF1alpha (191). Murine hepatic progenitors flow cytometrically sorted from the

E13.5 mouse liver to be negative for c-kit, CD45, and Terrl19, and low positivity for

CD49f, showed strongly increased proliferation and stopped hepatic differentiation in

culture when C/EBP function was inhibited (192).

In the normal liver, expression of transcription factors shows a zonal distribution

(55). HNF3 mRNA appears slightly more abundant periportally, whereas C/EBP,
HNF1, and HNF4 transcripts are slightly higher in perivenous hepatocytes. Homozygous

mice with deletion of the HNF3 gene showed decreased expression of hepatic genes

PEPCK, transferrin, and TAT (193).

In the normal fetal mouse liver, the proto-oncogene c-myc RNA is expressed homo-

geneously throughout the cell population from d9 to d15 with a maximum at d13 (165).

After d15, mRNA expression decreased drastically but with higher expression in

“prehepatocytes” than in other cell types.

TheWnt/beta-catenin pathway is known to play a major role in oncogene activation of

tumor growth of various organs and it has been shown that mutations in beta-catenin can be

detected frequently in oncogene activation in hepatocarcinomas and hepatoblastomas

(reviewed in 194). Beta-catenin also mediates cell–cell adhesion by the interaction with

E-cadherin (for review, see 195), which is involved in normal bile duct morphogenesis

(196). At E10 in the mouse liver, nearly all the non-hematopoietic cells express beta-

catenin protein, whereas the expression pattern in the cell itself shifts with development

(197). Most of the cells express beta-catenin membraneously, some express it in the cyto-

plasm or in the nucleus at E10; at E14, nearly all cells express beta-catenin at the membrane,

with an overall decrease in expression. Mature hepatocytes show lower protein expression

than progenitors. Inhibition of beta-catenin protein expression leads to a decrease in cell pro-

liferation, an increase in apoptosis, and promoted c-kit immunoreactivity of hepatocytes.

Nevertheless, cyclin Dl and c-myc could be excluded as potential targets of beta-catenin.

Gene Expression in Cells in Liver Injury Models

Gene expression analyses of hepatic progenitors have been dominated by analyses of oval

cells in liver injury models, such as the AAF/PH model systems (9,168), meaning that the

relevance of some of the reports of specific gene expression patterns observed to that in

normal hepatic stem cells is still unknown. Moreover, now that hepatic progenitors

have been isolated from normal, untreated, animals, and it has been realized that

expression patterns of genes in oval cells can differ from those found in normal tissues

or in normal embryonic development (Section 4.3). The phenomenology of patterns of

gene expression in oval cells overlaps with that of hepatic progenitors in normal develop-

ment, such as elevation in the numbers of hepatoblasts, cells expressing AFP but there are

other patterns with striking distinctions such that oval cells are not dependent upon para-

crine signals from feeders of endothelial progenitors for growth. Some of the phenomena

must be ascribed to either aberrant progenitors or the inflammatory processes associated

with the injuries. Therefore, the phenomena must be noted descriptively and, at present,

without an ability to interpret it fully or to clarify the mechanisms.

Hepatic Stem Cells and the Liver’s Maturational Lineages 185

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


In general, the highest proliferation of oval cells is observed between 7 and 13 days

after the liver injuries by AAF and PH. This is also the time period in which expression of

HNF1 and HNF3 has shown higher expression with maximal expression of HNF3 after 16

days and an association with a strong albumin mRNA level (198). Interestingly, during the

period of the highest cell proliferation, between days 11 and 13, albumin expression is dra-

matically reduced and is not observed again until day 16. In contrast, increased expression

of HNF4 and HNF3 goes up over the period up to nine days after PH and thereafter under-

goes a decrease. C/EBPb and DBP displayed elevated steady-state levels throughout the

observed time period. Transcripts for all analyzed transcription factors are higher than

those in the surrounding hepatocytes, with the exception of HNF4. According to Ott

et al., cells positive for the oval cell antigen A6 do not show expression of albumin or

AFP, but induction with sodium butyrate leads to induction of albumin and AFP

mRNA expression (199), whereas Peterson and coworkers (200) report positive AFP

protein expression of 75% of MACS A6þ sorted cells, and Evarts et al. (198) observed

a strong positive expression in groups of oval cells nine days after AAF/PH treatment.

Green fluorescent protein (GFP)-expressing, d13.5 embryonic mouse progenitor

cells that were transplanted in the uPA/RAG-2 mouse showed increased AFP gene

expression at the early stage (d3 to d7) and decreased AFP gene expression after two weeks

(75), compared with normal hepatocytes. After four and six weeks, AFP expression was no

longer detectable, whereas albumin expression slightly increased.

Genes Associated with Normal Hepatic Stem Cells, Hepatoblasts, and

Committed Progenitors

The markers used to identify normal hepatic stem cells, hepatoblasts, and committed pro-

genitors (Table 5, Fig. 5) consist of long known cytoplasmic markers of hepatic progeni-

tors (albumin, AFP, and CK19), the hepatic-specific transcription factors noted above

(e.g., homeobox genes, jun, and cEBP), and the more recently identified surface

markers consisting of embryonic cell adhesion molecules (EpCAM, NCAM, and E-cad-

herin), embryonic matrix receptors (hyaluronan receptor CD44H and an integrin

isoform, CD49f), and CD133, also called prominin, a transmembrane antigen expressed

both at RNA and protein levels by a number of stem-cell types including hepatic progeni-

tors (201,202). Hepatocyte growth factor (HGF) is also a prerequisite for liver develop-

ment; mice lacking in HGF expression failed to develop and die before birth, having

significantly reduced liver development (203). Also, it is increased 10-fold after addition

of HGF to fetal liver cells after 30 minutes, and its expression returns to normal levels after

48 hours (204). These findings are among those that helped to identify cMet, the receptor

for HGF, as a marker for murine hepatic progenitors (136). Suzuki and coworkers used an

antibody to cMet in combination with an antibody to an embryonic integrin, CD49f, to

flow cytometrically sort murine hepatic progenitors.

The recent recognition of well-characterized and purified surface antigens on

hepatic stem cells, such as cMet and EpCAM, and the availability of monoclonal anti-

bodies to these antigens should launch a new era in investigations of hepatic stem cells

in normal and diseased tissues. However, it is important to note that, as for other stem-

cell types, there is no one antigen or marker that uniquely defines the subpopulations of

hepatic progenitors. Combinations of markers are required to ascertain which lineage

stage of cell is being purified or analyzed. For example, CK19 and EpCAM are expressed

by hepatic stem cells, hepatoblasts, and by biliary epithelia, but only the hepatic stem cells

and hepatoblasts also express albumin, and only the hepatoblasts express AFP.
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Regulators of Cell Cycle and Cytokinesis

Gene expression of cyclins, known as important cell-cycle-dependent proteins of mitosis

(205) and also often overexpressed in cancer, can be induced by thyroid hormone (T3). In

particular, T3 induces expression of cyclin D1, E, E2F, and p107 and enhances phos-

phorylation of pRb, the substrate in the pathway leading to transition from G1 to S

phase (206). Transfection with cyclin D1 in vivo leads to hepatocyte proliferation, that

is reduced after several days by up-regulation of p21 (207). Cyclin D1 and D3 genes

are strongly expressed in the E12.5 and E14.5 mouse embryo liver, but not in the

neonate and adult liver (208). Aim-1 protein and citron kinase are enzymes critically

involved in cytokinesis and both are down-regulated in cells undergoing polyploidization

(Fig. 4) (45). Their protein levels are highest in embryonic liver and are lost or below the

level of detectability in polyploid cells. Citron kinase has been shown to be a cell-cycle-

dependent protein regulating the G2/M transition cytokinesis in parenchymal cells by

phosphorylation of myosin II. Citron-K is found as either cytosolic aggregates or

nuclear protein during interphase and concentrates at the cleavage furrow and mid-body

during anaphase, telophase, and cytokinesis. However, mutant mice, which are null for

citron kinase, survive embryonic development and die within a couple of weeks of post-

natal life. The hypothesis is that there are regulators other than Citron kinase that regulate

cytokinesis in embryonic development, that citron kinase is a postnatal regulator of cyto-

kinesis, and that its absence in the mutant mice results in death due to early apoptosis of the

cells (45).

Markers for Which There Is Debate About Their Existence on

Hepatic Stem Cells

There are several antigenic markers for which there has been considerable debate about

whether they are expressed by hepatic progenitors or rather by inflammatory cells or

endothelia in close association with the hepatic progenitors (125,209,210). The most note-

worthy of these are CD34, CD45 (common leukocyte antigen), CD90 (Thy-1), and CD117

(ckit). CD34 has been found on murine and rat oval cells in various liver injury models and

it has been claimed that in situ hybridization and immunohistochemistry confirm the

expression on hepatic progenitors, as well as on hepatic endothelial cells (125,210,211).

Cells positive for the oval cell antigen A6 have been shown to be positive for the

expression of the hemopoietic stem-cell marker Thy-1 on their cell surface as well as at

the transcriptional level (210,212). However, identification of oval cells is by antibodies

to oval cell antigens, and all known oval cell antigens are expressed also on various hemo-

poietic and mesenchymal cell subpopulations such as endothelia. Therefore, it has put into

question the prior studies and claims about the expression of these markers on hepatic pro-

genitor cells. In addition, the hepatic progenitors are identified either with oval cell anti-

gens, such as A6, or with expression of AFP. Some subpopulations of hemopoietic

progenitors have been found to express a form of AFP identical with that in hepatic

cells except for exon-1-encoded sequences (213). Therefore, proof of characterizing

hepatic progenitors requires that clonal cell populations derived from immunoselected

cells can give rise to mature liver cells in vitro or in vivo. The analyses in which these

more demanding criteria have been used indicated that hemopoietic and mesenchymal

antigens are not expressed by the hepatic stem cells, hepatoblasts, and committed progeni-

tors from the livers of any species (108,126,132,144,145,214). The stem cells and hepatic

progenitors have proven negative for glycophorin A (red blood cell antigen), CD45

(common leukocyte antigen), CD34, CD14, CD38, and all surveyed lymphocytic antigens.
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The data with respect to CD117 (c-kit) remain debatable but more convincing.

High levels of gene expression for stem-cell factor can be observed in human early-

stage liver (day 34) (215). Immunocytochemistry reveals that the expression of the

receptor for stem-cell factor, c-kit, in normal human liver is present on presumptive

stem cells at the portal triads and in the development of bile ducts (89,216). What

remains unclear is whether c-kit is associated with the hepatic progenitors or with

tightly associated endothelial progenitors. These two alternative interpretations have

not been resolved in most cases leading to some studies in which c-kit is found,

especially studies in rodent livers (137,208,210,216,217), and others in which it

has not been found, for example, in murine and human hepatic progenitors

(108,132,134,144,145,214,218). As many of the studies in which c-kit has been report-

edly found on hepatic progenitors have been with liver injury models (218), it remains

possible that it is identifying inflammatory cells induced by the liver injury processes.

This option is especially plausible given that the antigen is present on hemopoietic,

mesenchymal, and endothelial progenitors (215,220). In the Ws/Ws rat lacking c-kit

activity caused by deletion in the kinase domain after application of the combined

AAF/PH model, the development of oval cells is clearly suppressed. Nevertheless,

stem cells that develop in the Ws/Ws rats show similar protein expression and proli-

feration capacity to normal þ/þ phenotypes indicating the important role of c-kit in

stem-cell development but not proliferation or maintenance of phenotype, findings that

might also be interpreted as diminished paracrine signaling by endothelia (221). In

normal and cirrhotic liver levels of c-kit, mRNA is consistent, but elevated in fulminant

hepatic failure (222).

RECONSTITUTION OF LIVER BY CELL TRANSPLANTATION

Animal Models

Numerous animal models are now available for studying reconstitution of livers by trans-

planted cells (Table 9). To simulate the varying states of proliferation that are observed in

diseased livers, several studies have been designed to promote proliferation naive mice in

order to induce repopulation of the transplanted hepatocytes (223–225). It is clear that the

primary rate-limiting component toward better results of hepatocyte transplantation is the

low level of expansion of transplanted cells in the host liver (226). This can be explained

by at least three factors: (i) the very low level of cell turnover present in the normal adult

liver, providing no significant driving force for the growth of the transplanted cells, (ii) the

lack of a selective growth advantage for transplanted cells over resident cells, whereby

they could differentially respond to specific stimuli and preferentially expand, and (iii)

the probable existence of a feedback loop in which a soluble signal(s) from mature par-

enchyma in the pericentral zone inhibits the proliferation of the parenchymal cells of

zone 1, including those of the stem-cell compartment.

Studies using dipeptidyl-peptidase-IV (DPPIV)-deficient rats have been particularly

helpful in elucidating the biology of transplanted cells (226). DPPIV is abundantly

expressed in bile canaliculi, which provide methods to demonstrate whether transplanted

cells are integrated in the liver parenchyma (227,228). However, transplanted cells do not

proliferate in normal rat or mouse livers (229–231), with the exceptions being the livers of

either very young or old F344 rats, in which transplanted cells exhibit spontaneous prolife-

rative activity (231). This translates into the repopulation of only 0.5% to 1% of the liver

following transplantation of 20 million cells in the rat or 2 million cells in the mouse liver,
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and correction of specific diseases might be incomplete with this magnitude of liver recon-

stitution (232).

Several laboratory animal models have been used to model correction of metabolic

diseases. For example, transplantation of normal hepatocytes to Nagase analbuminemic

rats with low levels of serum albumin due to an albumin gene defect results in alleviation

of the metabolic abnormality (233). Similarly, transplantation of normal liver cells into

Gum rats, that model Crigler-Najjar syndrome type-1, results in normalization of functions

(234). Hepatocyte transplantation into the Watanabe heritable hyperlipidemic rabbit,

which lacks cell surface receptors for low-density lipoproteins and models familial

hypercholesterolemia (235) or into the Long-Evans Cinnamon (LEC) rat, an animal

model for Wilson’s disease (129), shows that transplantation of hepatocytes can alleviate

the conditions. However, one must transplant relatively large numbers of mature hepato-

cytes, as the transplanted cells do not expand significantly.

Induction of transplanted cell proliferation in the liver requires selective ablation of

pericentral parenchymal cells. The AL-uPA transgenic mouse model was the first to be

used to demonstrate massive liver repopulation (119,120). In this animal, the transgene

Table 8 Requirements for Ex Vivo Growth of Parenchymal Cells

Requirements for

all lineage stages

Cells of the stem-

cell compartment Adult cells

Nutrient-rich basal media

(e.g., RPMI 1640)

Lipids: high-density

lipoprotein and mixture

of free fatty acids (bound

to carrier molecules

such as albumin)

Transferrin/fe
Embryonic/fetal matrix

substrata

Avoid copper (drives

differentiation)

Avoid EGF—its lineage

restricts to hepatocytic lineage

Avoid type I collagen—its

lineage restricts to biliary cells

Mature matrix substrata

(chemistry of the matrix

distinct for growth vs.

differentiation)

Epidermal growth factor

No need for transferrin/fe
(because they make it)

Trace elements; zinc,

selenium

Insulin

Unidentified signals from

embryonic stroma or

endothelial progenitors (STO

cells can substitute partially)

Abbreviation: EGF, epidermal growth factor. Source: From Refs. 76, 82, 324.

Table 9 Strategies: Method of Transplantation

Transplantation into blood stream

Currently used methods; based on long history of studies with hemopoietic cells

Less successful for therapies for cells from solid organs such as liver

Problems: emboli, cells carried to inappropriate sites, difficulties for engraftment, cells not in ideal

environment

Transplantation by grafting

Ideal for cells from solid organs

Requires implanting aggregated cells or, ideally, cells on scaffolding [e.g., polylactide meshes

developed by Langer and co-workers (264,325,326)]

Optimal results require mix of epithelial and mesenchymal cell partners (e.g., hepatic stem

cellsþ embryonic stroma) or use of the paracrine signals they produce

Laparascopic procedures can be used, therefore, minor surgery (can even be outpatient procedure)
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is expressed in albumin-expressing cells and results in toxicity to those cells. Most of

the transgenic mice die at birth except for those in which the transgene is lost in one or

more cells and these cells are able to proliferate selectively to regenerate the liver

(119). Subsequent studies by Rhim et al. (120,236) showed that transplantation of

both syngeneic and xynogeneic (rat and human) adult hepatocytes into the new born

transgenic pups could reconstitute the damaged livers. Four to five weeks later, up to

80% of hepatocytes in the recipient livers were found to be of donor origin (120,236),

confirming that the constitutive expression of the uPA transgene in resident hepatocytes

generates a selective environment which favors the growth of cells with a normal

phenotype.

A similar general principle has been used as the basis for the development of the

fumaryl-acetoacetate hydrolase (FAH) null mouse model for the human disease hereditary

tyrosinemia type I, which is due to a lack of the enzyme FAH involved in the tyrosine cata-

bolic pathway (112). Transplanted liver cells repopulated nearly the entire diseased reci-

pient liver requiring an estimated 12 to 18 rounds of cell division. Using the FAH null

mouse model, Overturf et al. (237) found that normal male adult hepatocytes, when trans-

planted to female FAH null recipients, could repopulate the recipient animal’s liver to

.90% within six to eight weeks. Rescue of FAH-deficient animals and restoration of

liver function required as few as 1000 donor cells.

Other models have been developed to allow reconstitution of livers by donor liver

cells, all using mechanisms that selectively eliminate mature, pericentral parenchymal

cells. They include: (i) Fas ligand-induced apoptosis (225), (ii) prodrug activation of

Table 10 Properties of Cells in Liver Cell Therapies

Mature liver cells Hepatic progenitors

Must be isolated from livers exposed to

limited cold ischemia

Can be isolated from livers exposed to cold and

some warm ischemia

Difficult to cryopreserve Readily cryopreserved

Logistical strategies of getting cells

from donor to recipient are difficult

Logistical strategies of getting cells from donor to

recipient are relatively easy

Large cell volume for transplant Small cell volume for transplant

Little growth potential Full lineage potential with time

Emboli formation Maximum proliferative potential

Immunogenicity problems Reduced immunogenicity (little or no expression

of MHC antigens)

Rapid restoration of adult functions Restoration of adult functions takes longer but is

more stable

Progenitors from liver Progenitors from bone marrow

Large numbers of progenitors

High degree of efficacy in reconstitution

of livers

No ex vivo expansion required

Sourcing straightforward as can be

obtained from cadaveric livers

Minimal complications for FDA

regulation

Technologies fully established for sourcing,

cryopreservation, and use

Efficacy of unfractionated bone marrow is

extremely low due to the rarity of the liver

precursors in bone marrow

Ex vivo expansion required to overcome

limitation in number of precursors (forcing

complications in regulation by FDA)

Fusion of bone marrow cells with liver cells

provides much of the effects

Abbreviation: MHC, major histocompatibility complex.
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herpes simplex virus thymidine kinase (HSV-TK; 49), (iii) expression of the cell-cycle

regulator Mad1 (238), (iv) use of toxic bile salts in mice deficient in the mdr 2 gene,

which impairs biliary phospholipid excretion with hepatobiliary injury (239), and (v) a ret-

rorsine model in which retrorsine alkylates DNA and induces extensive hepatic polyploidy

and more rapid liver turnover in rats (240). Retrorsine’s effects mimic those in animals

after two-thirds PH and then treatment with the thyroid hormone, triiodothyronine (T3)

(150,241,242).

Multiple animal models with acute liver failure show that hepatocyte transplantation

can reduce mortality, but it is not clear that this improvement is due to the cell transplan-

tation or another mechanism such as mitogenic stimulation (129,243–245). The same

results of reduction in mortality were achieved by transplanted cells to a genetic model

in which acute liver failure was induced by activation of ganciclovir by HSV-TK or

Mad1 expression (49,246). Animals with cirrhosis, induced by repeated CC14 adminis-

tration, develop significant liver fibrosis, portal hypertension, and ascites (247). Studies

show that transplanted cells could integrate in the liver parenchyma despite extensive

fibrosis in cirrhotic animals, but cell proliferation of the donor cells in the host liver was

limited. Yet, there were no differences in mortality among the experimental groups over

a 12-month period. In contrast, creation of an additional reservoir of cells by intrasplenic

cell transplantation in extremely sick, cirrhotic rats was associated with improvement in

liver tests but coagulation abnormality (248); it is unclear why transplanted hepatocytes

demonstrated superior functions compared with those of the host livers of these animals

unless the microenvironment of the spleen was more supportive of the cells than that in

the host liver or the host hepatocytes had become aberrant due to the disease.

Hepatic Stem Cells and Hepatoblasts

Hepatic stem cells and hepatoblasts are the source of cells most likely able to provide the

maximum reconstitution of livers after transplantation given their maximum potential for

proliferation (Table 10). Transplantation of hepatoblasts from embryonic days 12 to 14

into the livers of young adult rats subjected to PH or following retrorsine treatment and

PH results in donor cells that differentiate into hepatocytes and into cholangiocytes that

form bile ducts continuous with host bile ducts. However, cells derived from embryonic

day 18 livers did not give rise to cholangiocytes because either a distinct parenchymal pro-

genitor subpopulation was isolated or their ability to integrate was altered by that devel-

opmental stage (249,250). Hepatoblasts sorted from ED13.5 murine fetal liver and that

express the antigenic profile c-kit2 CD452 TER1192 CD49fþ CD29þ engraft and

mature into hepatocytes when transplanted into the livers of congenic hosts exposed to ret-

rorsine and CCl4 (136). Similarly, hepatoblasts that are c-kit2 CD452 TER1192 c-metþ

CD49fþ/low also engraft and give rise to both hepatocytes and cholangiocytes when

transplanted into the liver (214).

Indeed, these cells differentiate also into acinar and duct cells of the pancreas and

into intestinal epithelial cells of crypts and villi of the small intestine (251). Using uPA

transgenic mice as a model of liver injury shows a differentiation of mouse fetal liver

(ED13.5) cells and proliferation of these cells after engraftment; differentiation correlates

with increased expression of albumin and decreased expression of AFP (200).

Transplantation of Precursors from Sources Other than Liver

As noted in an earlier section of this review, bone marrow cells can be a source of precur-

sors for hepatocytes (3,4,252) as can purified hemopoietic stem cells (88) and
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multipotential progenitors isolated from bone marrow (5). However, the hepatocytes have

been shown to arise from cell fusion and not by differentiation of hematopoietic stem cells

or other bone marrow cells (113,253). Although experimental studies will go on in explor-

ing transdifferentiation, they are likely to provide a minor contribution toward future

efforts in establishing liver cell therapies other than investigations of bone marrow cells

or factors, such as those involved in inflammation, that might participate in aspects of

liver regeneration.

ES cells, in contrast, could prove a major new source of cells for liver cell therapies

if methods for lineage restricting them into endodermal fates prove successful and if they

can be modified to eliminate concerns about tumorigenicity. Liver progenitor cells purified

from lineage-restricted ES cells from culture using AFP as a marker differentiate into hep-

atocytes when transplanted into partially hepatectomized lacZ-positive ROSA26 mice

(254). GFP(þ) cells engrafted and differentiated into lacZ-negative and albuminþ

cells. Differentiation into hepatocytes also occurred after transplantation of GFP(þ)

cells in apolipoprotein-E- (ApoE) or haptoglobin-deficient mice as demonstrated by the

presence of ApoE-positive hepatocytes and ApoE mRNA in the liver of ApoE-deficient

mice or by haptoglobin in the serum and haptoglobin mRNA in the liver of haptoglobin-

deficient mice. This study describes the first isolation of ES-cell-derived liver progenitor

cells that are viable mediators of liver-specific functions in vivo (254). Cellular uptake of

indocyanine green (ICG) was used to evaluate liver function in the cultures of lineage-

restricted murine ES cells; ICG-stained cells appeared around 14 days after the formation

of embryoid bodies and formed distinct three-dimensional structures. They were immuno-

reactive to albumin and expressed mRNAs such as albumin, AFP, transthyretin, HNF3

beta, AAT, tryptophan-2,3-dioxygenase, urea cycle enzyme, and gluconeogenic enzyme.

After transplantation of ICGþ cells into the portal veins of female mice, they incorporate

into hepatic plates and produce albumin. Bipotential mouse embryonic liver (BMEL) cell

lines present a mixed morphology, derived from E14 embryos, containing both epithelial

and palmate-like cells, and an uncoupled phenotype, expressing hepatocyte transcription

factors (HNF1alpha, HNF4alpha, and GATA4) but not liver-specific functions (apolipopro-

teins and albumin). The BMEL stem-cell lines participate in liver regeneration in albumin-

urokinase plasminogen activator/severe combined immunodeficiency disease (Alb-uPA/
SCID) transgenic mice (255). After transplantation into the spleen, they engraft into the

liver and then proliferate and differentiate into both hepatocytes and bile ducts, forming

small to large clusters detected throughout the three to eight weeks analyzed after transplan-

tation. They participate in the repair of damaged tissue without evidence of cell fusion (255).

Method of Inoculation of Parenchymal Cells

The host liver represents an ideal “home” for the transplanted hepatocytes in terms of the

unique hepatic organization and interactions with non-parenchymal liver cells (256). All

the experiments summarized above utilized methods of transplantation involving infusing

cells to the liver through intraportal or intrasplenic routes. For transplanted hepatocytes to

engraft, the most important criterion for these cells was to translocate from the portal

pedicle into the liver microenvironment, as described by several groups (227,229,257).

This process begins after hepatocyte infusion and takes approximately 20 hours until the

cells finally join adjacent host hepatocyte, the transplanted cells become stacked at the

portal vein radicals, which results in some of the cells being deposited at the hepatic sinusoid.

Although the majority of the hepatocytes are cleared from these areas, a portion of the cells

start to translocate into the space of Disse by disrupting the sinusoidal endothelium (227).
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The spleen is also a viable target tissue for transplantation of hepatocytes because it

offers the ability to form differentiated cord structures and to reform nearly normal hepatic

architectures (258–260). The major limitation of the transplanted hepatocyte procedure

via the portal vein or intrasplenic route is that the number of viable cells that can be

engrafted without causing complications is in the range of 2% to 5% of the host hepato-

cytes (261,262). The major complication has been found to be portal vein thrombosis,

which results in liver failure and severe portal hypertension, hemorrhage, and migration

of cells to the lungs leading to pulmonary embolism (263). Portal hypertension is associ-

ated with a high probability of intrapulmonary deposition of hepatocytes, as shown in a

previous study in the rat (264).

Efforts are needed to evaluate grafting methods in which donor cells are transplanted

as a graft while embedded in forms of extracellular matrix (76,265) or onto biodegradable

scaffolds (266–270) (Table 10). Grafting could increase the numbers of cells that can be

transplanted, could avoid the problems of portal hypertension, and of the spread of cells to

sites other than liver, and could be done with a microenvironment within the graft designed

to optimize initial expansion of the cells.

LIVER CELL THERAPIES—CLINICAL PROGRAMS

Introduction

Liver failure is a serious health problem. Each year, there are an estimated 300,000

hospitalizations and 30,000 deaths in the United States due to liver diseases, and approxi-

mately 18,000 patients are on the liver transplant waiting list, an increase of more than

100% over the last four years. Currently, the only cure available for many of these liver

diseases is a liver transplant. However, the vast majority of patients with liver diseases

cannot rely on organ transplantation as a solution in the coming years.

Efforts by numerous investigators are ongoing to develop liver cell therapies

(Tables 9–12) as alternatives to organ transplantation for dysfunctional livers (141).

The two major forms of liver cell therapies are injections, implantations or transplantation

of cells (141), and extracorporeal bioartificial livers used as liver assistance devices

(271–274). A major anticipated advantage of cell therapy, in light of the well-known

regenerative capacity of the liver, is that cells obtained from a single donated liver

might be used to treat many patients. Furthermore, the surgical procedures for cell

therapy are less drastic, potentially safer, and more economical than whole-organ trans-

plantation (275). However, unless the dose of liver cells sufficient to treat an individual

patient turns out to be surprisingly small, the current level of organ donation will

remain inadequate to support widespread clinical investigation or future implementation

of liver cell therapy. The only real hope of solving the “sourcing” problem is to use

stem cells with their renowned capacity for expansion and differentiation (Table 9).

Liver Cell Therapies Using Liver Assistance Devices

(Bioartificial Organs)

Bioartificial livers are being developed as extracorporeal liver assistance devices to

support patients in liver failure (76,276–279). They are likely to be used as adjuncts to

transplantation of liver cells to enable a patient to have liver functions even while trans-

planted donor cells are reconstituting normal liver tissue. Although there have been
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clinical trials with hepatic cell lines (Hepatics, San Diego, CA) and porcine liver cells

(277), the only ones that have achieved success have been those with human liver cells

inoculated into bioreactors with efficient supply of oxygen and nutrients (280,281). The

ones with cell lines failed clinical trial due to poor functioning of the cells and those

with porcine liver cells partially succeeded but have been constrained by potential

severe immunological reactions with long-term use and concerns about pathogens that

might derive from porcine cells with unknown effects on humans (280,282,283). The clini-

cal trials with mature human liver cells (284) have offered the best results to date in ability

to support patients in liver failure; the patient and organ survival rate has been 100% with

an observation period of three years (285). However, the limiting issue for liver support

still depends on the availability of fresh, normal human liver cells. The present sources

are from discarded organs intended for transplantation. Thus, although liver assistance

devices are an attractive technology with therapeutic potential, the limited availability

of normal human liver cells has prevented the technology from being utilized in

clinical settings.

Therefore, one of the great hopes is that hepatic stem cells will be able to

make possible the expansion of the bioartificial organ technologies into widespread

clinical programs.

Liver Cell Therapies Using Injection or Implantation of Cells

The idea of liver cell transplantation for the treatment of liver disease was first touted in

1977, when it was noted that liver cells could be isolated and transplanted into animal

models to ameliorate liver insufficiency (286,287). Recent research has demonstrated

the ability of donor liver cells to repopulate the diseased liver in animal models of

metabolic liver disease (120) and fulminant liver failure (288), whereas from the

Table 11 Sourcing of Human Liver Tissue

Fetal livers (16–20 wk

gestation)

High percentage of stem cells

and progenitors; ease in

isolation; economical

Ability to procure and use

them depends on political

and cultural attitudes

Liver resections Pediatric and adult livers Difficult to obtain; highly

variable quality of tissue;

small amounts

Organ donors (“brain-dead

but beating heart

donors”)

Pediatric and adult livers; �1–

2% of deaths; �5000/yr in
United States; cold ischemia

only

Highly variable quality of

tissue; considerable

competition for organs

rejected from transplant

programs

Cadaveric livers (asystolic

donors)

Neonatal, pediatric, and adult

livers; all neonatal deaths and

98–99% of pediatric and adult

deaths; all are available for

research and cell therapy

programs; warm and cold

ischemia; stem cells survive

for 6–8 hr; neonatal livers

survive as an organ for 6–8 hr,

as so rich in stem cells

The organs cannot be used for

transplantation, mature

liver cells are lost within

�1 hr of death
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Table 12 Representative Strategies for Cell Therapies

Group 1. Adults with cirrhosis and who do not qualify for organ transplantation

Large, underserved patient population

6–18 months life expectancy

Co-morbidities keep patients off transplant list

Assess

Safety, engraftment, proliferation (scans, donor HLA)

Functions (MEG-X, ammonia challenge, etc.)

Clinical complications of end stage of liver disease; quality of life

Concerns

Scar tissue in the liver will block engraftment and maturation of donor cells

Immunosuppression may lead to expansion of tumor cells that are pre-existing in

recipient’s liver

Ideal future therapies: autologous therapies with hepatoblasts prepared from one of the liver lobes

and seeded onto polylactide meshes that are then grafted onto the residual liver; should

minimize (or eliminate) the need for immunosuppression

Group 2. Children with inborn errors of metabolism

Small, underserved patient population

Children typically die before they can be transplanted

Many difficult to manage clinically

Livers are normal except for the effects of the defective gene

Strategies unique to this patient population

Liver’s feedback loop will be intact so must transplant large numbers of stem cells

Monitor function(s) missing due to genetic condition

Concerns

Immunological issues: will the children reject the cells after the cells mature?

Future for these patients: should be ideal patients for stem-cell therapies; may be able to modulate

immunology to be able to avoid immunosuppression

Group 3. Children and adults with acute liver failure

Acute crisis and requires rapid response

Low dosage of cells should work, as feedback loop will be inactivated

May require cell therapy with diploid adult cells to give rapid response of adult-specific

functions

May require adjunct therapy with bioartificial liver to give cells time to become established and

mature

Assess

Safety, engraftment, proliferation (scans, donor HLA)

Functions (MBG-X, ammonia challenge)

Clinical complications, quality of life

Concerns

Will the cells engraft and mature sufficiently fast to overcome liver failure?

Will the cells be rejected once the cells mature?

Future ideal therapies for these patients: most likely stem cells plus temporary support with

bioartificial liver; alternatively, large graft of diploid adult cells on polylactide meshes

Group 4. Children and adults with viral infections

Lineage-dependent viruses

Hepatitis C is representative; it is hypothesized to replicate in stem cells and early progenitors

and then matures along with host cells producing mature virions only in mature cells (327)

Cannot use stem-cell therapy, as stem cells will become infected

(Continued)
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other side researchers have shown the ability of non-liver-derived cells such as bone

marrow cells to differentiate into functional hepatocytes under the condition of liver

injury (3,4,88).

Liver cell therapies in humans during the past decade have made use of suspensions

of mature liver cells and have resulted in benefits to patients with fulminant liver failure

(260,289–290) and are able to bridge some patients until whole-organ transplant is

possible (292). Cell therapies for metabolic liver disorders in humans, such as familial

hypercholesterolemia (261), Crigler-Najjar (293), and ornithine transcarbamylase

(OTC) deficiency (294), have shown proof of principle in that the donor liver cells have

the potential to survive and function long term in patients with good safety profiles clini-

cally. However, the ability to expand these early studies into a widespread clinical

program is minimal for many reasons (Table 11): (i) the mature liver cells must be

obtained from the rare livers that are rejected from organ transplant programs, (ii) they

cannot be cryopreserved with any degree of success meaning that there are limits on

testing for diseases and limits on how far one can transport them, (iii) the cells do not

proliferate after transplantation resulting in the need to transplant large numbers of

cells, (iv) they rapidly form balls of cells, spheroids, that can cause potentially lethal

emboli, and (v) the cells are highly immunogenic requiring significant immunosuppression

of the recipients. These difficulties will be alleviated or solved by use of stem cells,

especially probably in combination with grafting methods (Table 10), because the pro-

genitor cells can be cryopreserved, have dramatic expansion potential, and have low or

negligible immunogenic antigens (although these will appear with differentiation of the

cells) that can possibly be managed with minimal need for immunosuppressive drugs.

The problems with portal hypertension and with emboli formation are solvable by utilizing

grafting rather than inoculation into blood vessels of the liver.

Current clinical trials of liver cell transplantation are underway for the treatment of

fulminant liver failure. Therapy for fulminant liver failure is effective if patient survival is

significantly improved. Success can be achieved in several ways: (i) bridging patients to

organ transplant, (ii) bridging them to recovery of liver function of the native liver with

concurrent disappearance of the donor liver cells, (iii) by engraftment and long-term func-

tion of the liver cell transplant. This third possibility cannot be achieved yet even with

multiple infusions of mature cells, increasing portal hypertension, and pulmonary dysfunc-

tion cause the maximum number of cells that can be transplanted to be only 2% to 5% of

the recipient original liver mass. In one clinical trial, an attempt to treat OTC-deficient

patients who received 109 hepatocytes via portal vein injection showed an increase of

Table 12 Representative Strategies for Cell Therapies (Continued )

Viruses that are not lineage-dependent

Grafts with cells modified by gene therapies to protect cells from virus

Concerns

It must use a lineage stage with limited growth potential, must use large numbers of cells or

large graft, or must do the treatment repeatedly

Will the cells be rejected once the cells mature?

The effect of immunosuppression may allow the virus to flourish

Future ideal treatments for these patients: grafts with lineage stage(s) still capable of hyperplastic

growth and yet not infectable by virus or grafts with stem cells modified by gene therapies to

block the virus

Abbreviation: HLA, human leukocyte antigens.
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approximately 70% in portal pressure (295). Another study (291) reported a transient

increase in oxygen requirements due to the cell migration into the lungs and

ventilation/perfusion mismatch after transplantation. Another limitation is that the trans-

planted cells do not grow and do not survive long term in the host. There are similar com-

plications after intrasplenic transplantation, because 80% of the cells migrate out of the

spleen into the portal circulation (259,264,296).

Several recent clinical trials of liver cell transplantation (LCT) for the treatment of

acute liver failure have been reported in the literature. Strom et al. (292) describes the use

of LCT as a bridge to whole-organ transplantation in five patients with grade IV hepatic

encephalopathy and multisystem organ failure. Those who received an arterial splenic

perfusion of a mixture of liver cells (freshly isolated and cryopreserved liver cells)

maintained normal cerebral perfusion and cardiac stability, with withdrawal of medical

support 2 to 10 days before whole-organ transplantation. Blood ammonia levels decreased

significantly, and three of the five patients successfully bridged to whole-organ transplant

were alive and well at 20 months follow-up compared to four control patients who died

within three days. Other trials that have been reported (289,297,298) had some degrees

of success after transplantation of fresh and frozen human hepatocytes into the portal

vein of patients with liver failure. Some of the critically ill patients recovered

spontaneously, whereas other patients demonstrated some improvement in ammonia, pro-

thrombin time, encephalopathy, cerebral perfusion pressure, and cardiovascular stability,

but there has been no evidence that the demonstrated engraftment of transplanted liver

cells in these patients was responsible for the clinical improvements. Trials of LCT in

metabolic liver diseases have been reported using autologous hepatocytes transfected

in vitro with a human low-density lipoprotein-expressing recombinant retrovirus in a

patient with familial hypercholesterolemia (261) or allogeneic clinical trial of LCT

(299). In the first trial as described by Grossman et al. (261) cells could be harvested

and safely infused into the recipient’s liver, with significantly decreased serum cholesterol

levels for a prolonged period (18 months). Fox et al. (299) described the first allogeneic

liver cell transplantation in a 11-year-old girl with Crigler-Najjar metabolic disorder

and showed that the patient’s total serum bilirubin decreased from 26.1 to 14 mg/dL,
and bilirubin conjugates measured in bile increased from a trace to 33%. Bilirubin

uridyl glucuronyl transferase activity measured in a liver biopsy sample increased from

0.4% to 5.5% of normal activity. Furthermore, phototherapy treatment could be reduced

from 12 to 6 hours per day—an outcome that would significantly improve this patient’s

quality of life. Long-term evidence of liver cell transplant engraftment and function in

this patient was demonstrated for more than 18 months; this study demonstrated the

proof of principle that donor liver cells have the potential to survive and function long

term in patients but with a limitation of art being able to repopulate the host liver.

Thus, further liver cells would need to be infused that could increase the possibility to

develop portal vein thrombosis or portal hypertention and pulmonary dysfunction.

The ideal outcome of liver cell therapy is not just the engraftment but the coordi-

nated and orderly expansion of donor cells so that a new liver can be created in the

architecture of the old with the smallest number of donor cells. Alternatively, engraftment

without proliferation could be insufficient support for a metabolic disorder for long-term

outcome, and the need for multiple cell perfusion increases the risk for sepsis, hemo-

dynamic instability, and developing portal vein thrombosis and parenchymal ischemia,

which could be minimized by using a small number of cells and a slow perfusion

speed, but the effect of a small number of cells could show minor improvement in the

patient without repopulating the host liver.
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Cell Sources

Cell sourcing remains among the most critical difficulties in the development of cell thera-

pies, whether for bioartificial organs or for cell transplantation (Table 9). To date, the

studies have made use of mature liver cells derived from organs rejected for transplan-

tation. However, the quality of these cells, the inability to cryopreserve them with suffi-

cient preservation of functions, and the limitation on proliferation of the cells after

transplanting have caused investigators to focus on alternative sources such as ES cells

that are differentiated into cells of the liver lineage or even porcine hepatocytes (Tables

9–11). The studies to date on transplantation with progenitors and the findings that pro-

genitors survive even warm ischemia provide hope that cadaveric organs, such as those

from neonates, may alleviate the sourcing problems.

Strategies for Patients

Future considerations for liver cell therapies must incorporate the realization that the stra-

tegies will be different for different diseases. Some representative examples of these are

indicated in Table 12. For example, the use of purified hepatic stem cells and hepatoblasts

should be ideal for those with inborn errors of metabolism but the numbers of the cells to

be injected or grafted must be large given that the feedback loop will be intact in these

patients. In contrast, patients with lineage-dependent viruses, such as hepatitis C,

cannot be treated with stem cells because the virus can enter and undergo some stages

of replication in the stem cells; transplanted stem cells will be obvious targets for the

endogenous virus. The two options for these patients are either to identify the lineage

stages in which the virus cannot enter the cells and if it is a stage at which the cells can

still undergo significant replication, use cells of that stage to transplant the patients. Alter-

natively, the stem cells can be modified by gene therapy mechanisms to protect them from

infection after transplantation. The patients with acute liver failure can be treated with

stem cells and hepatoblasts but will surely require adjunct support from bioartificial

livers while the transplanted cells are expanding and maturing.

Perhaps the most difficult category of patients will be that with end-stage cirrhosis.

The microenvironment of the cirrhotic livers will limit engraftment and proliferation of

transplanted cells. Moreover, these patients are known to have transformed cells that

could flourish into tumors with immunosuppression. The patients with cirrhosis, especially

those with the end-stage disease, are likely to be the patients who in the future will be

transplanted. An alternative that, theoretically could work, is to do a form of autologous

cell therapy: isolate the large numbers of hepatoblasts, known to be in cirrhotic livers,

from a portion of the person’s liver; graft the cells onto biodegradable scaffolds; and

graft the scaffolds to the remaining liver. Although this strategy is quite exotic and

would require support from a bioartificial liver while the graft is maturing, it would

have the advantage of not requiring immunosuppression.

CONCLUSION

The liver is a tissue comprised maturational lineages of cells with lineage-dependent size,

morphology, growth potential, gene expression and functions. These phenomena have

ramifications for liver biology, liver regeneration, and various liver diseases and strategies

for cell and gene therapies. The coming years offer great hope of exploiting the stem-cell

and lineage biology phenomena in experimental studies and in the treatment of patients

with liver diseases.
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10
Multistage Carcinogenesis: From Intestinal
Stem Cell to Colon Cancer in the
Population

E. Georg Luebeck
Public Health Sciences Division, Fred Hutchinson Cancer Research Center,
Seattle, Washington, U.S.A.

INTRODUCTION

The organization of a high-turnover epithelial tissue into self-renewing crypt units that are

maintained by a small number of resident but pluripotent stem cells provides a protective

environment for cancer induction. In the intestine, two important principles appear to be at

work: the first one, suggested by Cairns (1,2), relates to the preferential segregation of

DNA strands in the stem cells preventing (or minimizing) the accumulation of DNA repli-

cation errors. Experimental evidence for this mechanism has recently been proffered by

Potten et al. (3). The genomic integrity of stem cells may be further protected by an over-

riding apoptotic response to DNA damage, rather than being permissive to misrepair of

DNA damage. The second principle relates to the transport of stem-cell progeny by the

crypt “conveyor belt”, which is driven by proliferating transient cells above the stem

cell compartment (4). The implications of these two principles, their incorporation into

quantitative models of crypt dynamics and carcinogenesis, and how cancer circumvents

these protective mechanisms, are important issues that have only come into focus more

recently in experimental studies and their mathematical analysis. Here we describe a

simple multistage carcinogenesis model for the development of colon cancer, however

a model that is consistent with the role of stem cells in maintaining tissue (and crypt) archi-

tecture (Chap. 6).

It is generally believed that mutations that arise in the transient amplifying cell

(TAC) compartment, or in differentiated cells, are lost when the cells carrying the

mutations undergo apoptosis or are sloughed off into the lumen within a few days.

Thus, only a few (resident) stem cells at the base of the crypt are assumed susceptible

to accumulating mutations over extended periods of time. In situations of normal

(intact) crypt architecture, a mutant stem cell is physically isolated in its niche at the

bottom of the crypt, and this tissue architecture provides a physical barrier to clonal expan-

sion of the mutant. However, if mutations disrupt orderly maturation and differentiation in

the crypt or if stem cells can migrate and populate adjacent crypts during clonal
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expansion, it is conceivable that a mutant colony is formed that continues to proliferate,

escaping the cryptal barrier. Alternatively, abnormal (mutant) crypts may possibly

undergo bifurcation as a result of an increase in stem-cell number or an increase in the

size of the TAC compartment.

Intriguing clues on the origins of disruption of crypt structure and cell migration and

differentiation were recently reported in two papers by Clevers and co-workers (5,6). In

the colon, the transition of an epithelial stem cell into a fully transformed cancer cell is

thought to require mutations in multiple proto-oncogenes and tumor suppressors.

Although the exact number of mutational targets is not known, there is consensus that

tumor-initiating mutations occur in the Wnt pathway, two members of which are recog-

nized as primary targets: the adenomatous polyposis coli (APC) gene and the b-catenin

gene. The interaction between these two components in particular as well as their inter-

actions with other components of the Wnt pathway (GSK3b, axin/conductin) regulate a
cell proliferation/differentiation switch as described by van de Wetering et al. (6).

Briefly, specific defects in Wnt signaling lead to the accumulation of nuclear b-catenin

and the b-catenin/TCF4 transcription factor complex even when the signal is turned

off. Defective cells, therefore, are stuck in a proliferative state. In contrast, normal prolif-

erating crypt cells respond to the change in Wnt signaling and undergo differentiation as

they leave the proliferative zone near the top of the crypt. The outcome of this disruption

appears to be the accumulation of proliferating cells at the luminal end of the crypt, crypt

elongation, aberrant invaginations into the intercrypt space (7), and possibly the formation

of aberrant crypt foci (ACF) (8–12).

This model of tumor initiation in human colon has an interesting dynamic conse-

quence. If the APC-inactivating mutation occurs in a (quasi)immortal stem cell, then

there will be a constant production of mutant progeny (amplified in the proliferative

zone) that accumulate at the boundary between the proliferative zone and the differen-

tiation zone. This “flux” of mutant progeny may be substantial. At any given time, a

stem cell maintains several hundred transient cells in the proliferative compartment of a

crypt (4). Even if only 10% of these cells divide every day, we would expect several thou-

sand cells to emerge from the mutant progenitor annually. However, it is not clear what

fraction of these cells will “stick” around before they undergo apoptosis or succumb to

mechanical pressure and are sloughed off into the lumen.

Among the earliest premalignant lesions observed in colorectal cancer are the so-

called ACF of both hyperplastic and dysplastic histology (13). The dysplastic ACF

appears to play an important role in cancer development and are also referred to as an

adenomatous crypt or a microadenoma (14). These early lesions frequently show loss

of heterozygosity (LOH) on chromosome 5q, the locus of the APC gene (15,16) and are

believed to be precursors to the adenomatous polyps, the characteristic lesion in people

afflicted with familial adenomatous polyposis (FAP).

The number of necessary genomic changes required for malignant transformation of

an adenoma is not known with certainty, although it is thought to be at least two (invoking

Knudson’s “two-hit” hypothesis). In fact, the transition from an adenoma to high-grade

dysplasia (HGD) appears frequently accompanied by LOH on 17p, implicating the

TP53 tumor suppressor gene, generally considered a guardian of the genome. Once

HGD is activated, “genetic chaos” may ensue setting the stage for malignant transform-

ation (17). In contrast, hyperplastic polyps in colon have long been considered to have

no, or only low, neoplastic potential. Recent studies, however, also appear to contradict

this view (18,19).

Finally, colorectal tumors can be geno- and allelo-typed and assigned to either one

of the two categories: the so-called LOH-positive cancers (believed to comprise 80% to
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90% of all colorectal cancers) and the so-called microsatellite instability (MIN) prone

cancers [e.g., see Ref. 20]. These two categories appear to be mutually exclusive, but are

known to share common pathways as discussed by Laurent-Puig et al. (21). MIN-positive

cancers are usually associated with defects in the DNA-mismatch repair system, involving

mutations (or epigenetic silencing) in a number of genes, among them human homologues

of theMSH2,MLH1,MSH6, and PMS2 genes. These defects are now known to give rise to

a mutator phenotype as postulated early on by Loeb (22,23). The inheritance of a requisite

step of this form of cancer (in colon) is referred to as heritable non-polyposis colon cancer

(HNPCC) or Lynch syndrome [for a review, seeRef. 24]. In contrast, LOH-positive cancers,

which show abundant allelic losses and gains at numerous loci (14,17,25), frequently

present biallelic inactivation of the APC tumor suppressor gene.

A BIOLOGICALLY BASED MULTISTAGE MODEL

FOR COLON CANCER

In a 1954 landmark paper, Armitage and Doll (26) observed that the age-specific incidence

of many solid tumors appeared to increase, at least roughly so, with the power of age. The

power (slope on a log–log plot of incidence versus age) could be related mathematically,

at some level of approximation, to the number of rate-limiting steps in the sequence of

transformations from a normal cell to the formation of a malignant tumor under the

assumption that the target cells in which the rate-limiting changes occur do not proliferate

[e.g., see Ref. 27]. However, considering the large body of evidence on the importance of

premalignant precursor lesions during carcinogenesis (e.g., enzyme-altered liver foci in

rodents, mouse skin papillomas, adenomas in mouse intestine, and human colon), this

assumption is not tenable. Clonal expansion of intermediate (premalignant) cells may

greatly amplify the number of cells at risk for malignant transformations. Therefore, the

number of required rate-limiting transitions may well be much lower than predicted by

models that do not take cell proliferation into account. However, it has also been hypoth-

esized that the rate at which mutations occur in the genome increases with advanced neo-

plastic progression, either as a result of the development of a mutator phenotype or as a

result of ensuing genomic instability (28,29). In either case, clonal evolution is thought

to favor specific cancer pathways that include a number of critical genomic targets in

addition to neutral and opportunistic mutations (30).

The emerging picture of carcinogenesis is one of clonal evolution. It considers

cancer as the outcome of a sequence of (epi)genetic events that lead to heterogeneous

cell populations. Clonal selection, cellular competition, and complex interactions of the

cells with environmental factors are viewed to determine the carcinogenic process. This

process has also been compared with Darwinian selection (31,32).

The Two-Stage Clonal Expansion Model

Salient features of these concepts have been condensed into an effective model of carcino-

genesis, the two-stage clonal expansion (TSCE) model, also known as the Moolgavkar–

Venzon–Knudson (MVK) model (33–35). It combines two important aspects of

carcinogenesis: First, the idea of recessive oncogenesis, as formulated by Knudson (36)

for retinoblastoma, a rare embryonal cancer, explaining the role of tumor suppressor

genes that (when inactivated) lead to loss of cellular growth control. The second aspect

of this model pertains to the process of clonal expansion after growth control is abrogated.

The model represents this process as a (stochastic) birth–death process, and therefore
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allowing for the possibility of clonal extinction and for random fluctuations in the size of

the clones. Incidentally, the latter aspect parallels the “jackpot” phenomenon predicted by

the fluctuation analysis of Luria and Delbrück (37), which provides a dramatic illustration

of the rapid spread of mutations in a clonally expanding population of cells.

Recently, the TSCE model has been extended to reflect more details of the carcino-

genic process and to account for the specific role of stem cells in maintaining crypt renewal

in the colon. The basic model framework is shown in Figure 1. Colonic stem cells may

undergo a series of pre-initiation steps, accumulating allelic losses and/or mutations in

genes participating in critical pathways such as the Wnt pathway. Our model allows resi-

dent (immortal) stem cells to amplify mutant progeny that may accumulate to form a

nascent lesion of proliferating cells in the crypt (Fig. 2). In addition to the constant

accumulation (in the model with rate mk22) generated by the mutant progenitor cells, the

lesion may also undergo clonal expansion via increased symmetric cell division (with

rate a) or a decrease in terminal differentiation or apoptosis (with rate b).

Clonal expansion, as emphasized before, may dramatically increase the risk

of malignant transformation. In the current formulation of the model (Fig. 1), this

expansion process comprises the entire clonal evolution up to the point of malignant

transformation of an initiated (premalignant) stem cell. However, more than a single dis-

tinct proliferating compartment can be added to our models. This has been considered by

Moolgavkar and Luebeck (39) and by Herrero-Jimenez et al. (40) with the result that a

single proliferative compartment at the penultimate stage is sufficient to explain the

age-specific incidence of colorectal cancer in the population.

Models of the type shown in Figure 1 have recently been fitted to colorectal cancer

incidence data from the surveillance epidemiology and end results (SEER) registry (35).

The data appear to be most consistent with a four-stage model that posits two rare events

followed by an event that can be interpreted as asymmetric stem-cell divisions that are not

mutational, but describe a positional lineage effect in the crypt, that is, the accumulation of

APC2/2 stem-cell progeny in the differentiation zone of the crypt. This interpretation

simply states that a stem cell that has suffered mutations on both copies of the APC

gene continues to function as a stem cell and populates the proliferative zone with

mutant progeny. Upon entering the differentiation zone, APC2/2 cells fail to down-regu-

late b-catenin/T cell factor (TCF)-mediated transcription resulting in continued cell pro-

liferation, although the model suggests that this failure has only a subtle effect on

disturbing the balance between symmetric cell division and apoptosis or terminal

Figure 1 Extension of the TSCE model, which describes the stepwise progression of a normal

stem cell to an initiated cell via pre-initiation stages in which mutated stem cells may accumulate,

but have not yet acquired, the capacity to proliferate clonally. Note that pre-initiated cells are con-

sidered immortal in this model. However, once initiated, stem cells may undergo clonal expansion,

which is modeled by stochastic birth and death processes. Initiated cells may also divide asymme-

trically with rate mk21 giving rise to a malignant cell. Cancer progression until detection may be

modeled by a fixed or randomly distributed lag time tlag [e.g., see Ref. 38]. Abbreviation: TSCE,

two-stage clonal expansion.
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differentiation. The value of the net growth parameter a2 b is about 0.15 per year, which

leads to a tumor doubling time of about 4.5 years which states that adenoma grow very

slowly. In contrast, the cell division rate in adenomas has been estimated to be much

larger, about 10 symmetric divisions per year (40,41).

It is intriguing to consider the consequence of our assumption that the stem cell is

immortal and possibly can divide many times before a lethal event occurs that leads to

its extinction (say, as a result of cytotoxic exposure or exposure to ionizing radiation).

Under this assumption, an APC2/2 stem cell continues to be lodged in the stem-cell

compartment, supplying the nascent polyp with mutant progeny. As long as the mutant

stem cell remains in place, the polyp cannot become extinct but continues to be fed

mutant progeny at a high rate, possibly several thousand cells per year (4). However,

other explanations may be possible. For instance, the high-frequency event may represent

an epigenetic phenomenon involved in carcinogenesis, or the consequence of genomic

instability in the stem cell (42,43). For completeness, the parameter estimates of this

model are provided in Table 1.

Temporal Trends

It is well known that cancer incidence is subject to geographic variation (44) and temporal

trends. The joint determination of age, cohort, and calendar-year effects under this model

reveals that for colorectal cancers in the SEER database, the calendar-year effects were

much stronger than the estimated cohort effects [see Ref. 35 and supporting evidence

posted at the PNAS Web site]. No obvious trends of colorectal cancer with birth cohort

could be seen with this model. In contrast, for all population segments studied, the

Figure 2 The formation of an adenoma in the Luebeck–Moolgavkar model, schematically. The

basic steps involved (from left to right) in a section of the colonic crypt: normal stem-cell division

maintaining the crypt with normal cell differentiation and apoptosis. Step 1: rare mutation in a stem

cell inactivates one allele of the APC gene. Unless the normal (APC-wild-type) stem is inactivated or

dies, the crypt may become mosaic, that is, may consist of a mixture of APC-wild-type and APCþ/2

cells. Step 2: second rare event leads to biallelic inactivation of the APC gene in a stem cell. Step 3:

frequent asymmetric divisions of the defective stem cell and transient amplification populate prolif-

erative zone with APC2/2 progeny. Unresponsive to the change in Wnt signaling, the mutant

progeny remains in a proliferative state as it enters the differentiation zone. The constant stream

of mutant cells out of the proliferative zone leads to rapid accumulation and subsequent clonal

expansion. Abbreviations: APC, adenomatous polyposis coli; ACF, aberrant crypt foci.
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incidence of colorectal cancer rises significantly with calendar-year until 1985, and then

decreases modestly (Figs. 3 and 4). This increase in incidence by calendar-year may

possibly be related to improved population screening for colon cancer (related to fecal

occult blood tests, and/or wider use of colonoscopies and sigmoidoscopies) in the

United States, whereas the drop seen after 1985 could be due to the gradual wearing-off

of a “harvesting” effect (45), or alternatively to a reduction of cancers from increased

opportunistic polypectomies following screening (A. Renehan, personal communication).

Table 1 Maximum Likelihood Estimates of the Four-Stage Model Parameters from Analyses of

Colorectal Cancer Incidence in the SEER registry (1973–1996)

APC mutation

rate (per year) Initiation index

Malignant

transformation

rate � a (per year)2
Adenoma growth

rate (per year)

White males 1.4 � 1028 9.0 5.2 � 1027 0.15

Black males 1.2 � 1026 4.3 1.8 � 1026 0.15

White females 1.3 � 1026 0.7 1.2 � 1028 0.13

Black females 1.1 � 1026 2.9 5.2 � 1026 0.13

Note: With one exception (black females), the four-stage model gave the best fits.

Source: From Ref. 35.

Figure 3 Adjustment of the incidence of colorectal cancer in the SEER registry (1973–1996) for

calendar-year effect. Error bars reflect 95% confidence intervals of estimated coefficients. Squares

indicate normalization points where the coefficients are anchored to 1.
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A particular advantage of the biologically motivated model described here (in con-

trast to purely statistical descriptions of carcinogenesis) is that one can compute the dis-

tribution of numbers and sizes of clones in intermediate compartments. This feature is

useful when the model is used to derive predictions for colon cancer screening and inter-

ventions that involve the detection and surgical removal of adenomatous polyps. It is also

useful when one desires to analyze quantitatively, rather than descriptively, polyp data

from endoscopic screening studies.

ADENOMATOUS POLYPS—OBSERVATIONS AND

MODEL PREDICTIONS

The particular colon cancer model described here was exclusively fitted to cancer inci-

dence data without the inclusion of quantitative information on precursor lesions such

as adenomatous polyps (35). It is interesting to compare the model prediction for the

number of polyps with the observed number of polyps in asymptomatic subjects of

Figure 4 Adjustment of the incidence of colorectal cancer in the SEER registry (1973–1996) for

birth-cohort effect. Error bars reflect 95% confidence intervals of estimated coefficients. Squares

indicate normalization points where the coefficients are anchored to 1.
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different age. Table 2 shows the numbers observed in a Japanese study using videoendo-

scopy summarized recently by Iwama (46). These observations are compared with the

model-generated numbers for males and females in SEER. The agreement is surprising

given the expected ethnic differences in cancer risks between these two populations.

Note that 60% to 70% of the observed adenoma were hyperplastic (therefore of low

neoplastic potential) and hence were left out in this comparison between endoscopic

observation and model prediction.

Individuals afflicted with FAP present clinically colons with hundreds and some-

times thousands of dysplastic polyps at an early age with a high degree of variability

(46). The same multistage model, modified to accommodate the fact that individuals

with FAP require one less step in the process of initiating an adenoma, predicts about

3200 polyps (at age 20) to about 6300 polyps (at age 40) in an FAP colon.

Our model does not yet provide an explanation for the observed strong variability,

but yields expectations that are in the right range. However, studies in the APCMin mouse

show that the severity of the multiple intestinal neoplastia (Min) phenotype is sensitive to

the location of the truncating Apc mutation. For example, mice that carry the ApcD716

mutation (when present in a C57BL/6J background) develop a severe Min phenotype

with hundreds of adenomas in their intestinal tract, whereas Apc1638 N mice will

develop only a few during the first six months of life (47).

Several important questions regarding the intermediate endpoints can be addressed

with the multistage model. For example, for colon cancer we may want to explore the con-

sequences of the model concerning polyp prevalence, their size distribution, their risk of

malignant transformation, and the sojourn time distribution before a polyp turns malignant

and becomes the first malignancy in the tissue.

To demonstrate the utility of the multistage model, we provide four illustrations.

Using the four-stage model for colon cancer (with the parameters given in Table 1, for

white males), we predict the size distribution of adenomas at different times given that

they all arose at time 0 from an APC2/2 stem cell (Fig. 5). This calculation shows that

the distribution can be very long-tailed after three decades of growth. Figure 6 gives

the simulated adenoma prevalences (i.e., percent of individuals with one or more adeno-

mas) and shows the expected size distribution in individuals with at least one adenoma at

age 60, 70, and 80 years. Note, however, that in clinical studies involving sigmoidoscopies

and/or colonoscopies, typically only polyps larger than a few millimeters in diameter are

detectable. According to an estimate by Pinsky (49), a polyp of size 1 cm in diameter may

consist of hundreds of thousands of cells. This raises the question as to the fraction of cells

in a polyp that are actively dividing and are not yet committed to differentiation or apop-

tosis. Although adenoma size usually refers to its physical diameter, in the context of the

mathematical model described here, this term needs to be translated into the size of the

pool of actively dividing (undifferentiated) cells in a lesion.

Table 2 Predicted Prevalence of Adenomas by Males and Females per Age Group

Average no. of polyps

Age (range)

35 (30–39) 45 (40–49) 55 (50–59) 65 (60–69)

Observed no. (videoendoscopic) 0.07 0.18 0.32 0.37

Predicted (males) 0.13 0.22 0.33 0.46

Predicted (females) 0.10 0.17 0.25 0.35

Source: From Refs. 46 and 48.
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Figure 6 The simulated adenoma prevalences and size distributions at different ages.

Figure 5 The predicted size distribution of adenomas at different times after birth of the

adenomas.
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Figures 7 and 8 show the predicted probability of detectable colon cancer arising

from a single adenoma born at time 0 and the simulated distribution of sojourn times of

adenomas that gave rise to detectable colon cancers up to age 80, respectively. What is

striking is that the model predicts that most colon cancers arise in adenomas that have

been around for five to six decades. If true, interventions that aim to retard or reverse

the growth of adenoma [e.g., by using non-steroidal anti-inflammatory drugs (NSAIDs)]

or seek to identify and remove polyps altogether (via polypectomy) may be very effective

prevention strategies. However, removal of polyps just larger than some detection

threshold may leave smaller polyps in place, as well as pre-initiated cells that have not

yet turned into polyps. For example, such pre-initiated cells may be stem cells that have

acquired a mutated allele at the APC locus. Again, the model presented here can be

used to compute the risks associated with latent precursors, in addition to lesions that

are already detectable.

The predictions and the hypotheses that follow from our model could clearly be

strengthened substantially if we were to include data on adenomatous polyps in our

analyses, for example, polyp number and sizes in individuals of known age and gender,

as well as data on malignancies (absence, presence, number, sizes, etc.) in individuals

who have developed this cancer. Multistage models that are consistent with both incidence

and intermediate lesion data may then be considered validated models for the prediction

of risk (modifications) in response to cancer screening (by conditioning on outcome),

secondary preventions such as surgical removal of benign lesions, and chemopreventions

using NSAIDs, for example.

Figure 7 The predicted probability of colon cancer arising from a single adenoma as a function of

time since the adenoma first appeared.
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SUMMARY

The model of colorectal cancer presented here is an example of how colonic tissue organ-

ization, crypt structure and maintenance, and stem-cell kinetics contribute to our under-

standing of tumor development in this organ (Fig. 9). There are many important (but

not yet fully characterized) details that we wish to incorporate into this model, for

example, the spatial development of ACF, or the development of polyps of different mor-

phology (villous vs. tubulovillous), or the dynamics of clonal evolution in an adenoma that

Figure 8 The simulated distribution of sojourn times of adenomas giving colon cancers.

Figure 9 The model of colorectal cancer from intestinal stem-cell kinetics, crypt structure, and

function to tissue organization and a common cancer within a population.
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leads to malignant transformation. As these details become clearer and their impact on

carcinogenesis better understood, our cancer models will become more sophisticated

and hopefully more specific and predictive.

The ability to compute and predict the distribution of numbers and sizes of clones in

intermediate stages of tumor development (as demonstrated here) is a major advantage

over purely statistical descriptions of carcinogenesis, which do not impose biological

constraints on the predictions of one type of lesion given the observation of another

(subsequent) type of lesion. Colorectal cancer and its prevention via screening for precur-

sors and specific interventions targeted to block the development of such precursors also

present the unique opportunity to use these models to plan optimal screening schedules

and to optimize prevention strategies that directly improve public health.
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INTRODUCTION

The mammalian intestinal epithelium is a rapidly renewing tissue in which tissue homeo-

stasis is regulated by a balance between cell proliferation, differentiation, and apoptosis.

Over the last three decades, investigators have described the structure and cell kinetics

of the functional unit—the intestinal crypt (known as the crypt of Lieberkühn in the

small intestine)—and evidence has accumulated to support the concept that there are prin-

cipally four differentiated intestinal cell types (enterocytes, mucosecreting or goblet cells,

enteroendocrine cells, and Paneth cells in the small intestine), derived from a common

pluripotent progenitor cell, the intestinal stem cell, located at or just above the bottom

of the intestinal crypt. The first half of this chapter will review the evidence behind

these prevailing concepts. Until recently, chapters on intestinal stem cells concluded
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with speculation on the molecular regulation of intestinal stem cells (1,2). Over the last

five years, however, there has been an explosion in our understanding of the key molecular

systems regulating cell proliferation, differentiation and migration, and, in particular, the

Wingless (Wnt) pathway, which includes adenomatous polyposis coli (APC) and

b-catenin (3). These molecules are not only pivotal to normal crypt homeostasis, but

are also frequently mutated as early events of intestinal neoplastic transformation.

Colorectal cancer, the third commonest malignancy worldwide (4), is thought to arise

from a mutated intestinal stem cell and thus, understanding the genetic mechanisms of

this stem-cell system strikes at the very origin of these tumors. The second half of this

chapter will thus cover the molecular regulation of intestinal stem cells and the molecular

and cellular changes observed in early tumorigenesis.

Much of our knowledge of intestinal stem-cell function is based upon experiments

carried out in the mouse, and throughout the chapter we will describe how intestinal stem

cells are characterized in this model with human correlates where these are known.

Finally, this chapter is built from the frameworks of many previous reviews from the

authors (5–16) and other investigators (17–20).

BASIC STRUCTURE AND FUNCTION OF THE INTESTINAL CRYPT

Basic Cell Kinetics and Topography

The intestine is lined by a simple columnar epithelium, which is continually replaced, as

cells are shed into the gut lumen (21). The baseline characteristics for the intestinal crypts

of the large and small bowels in mice and humans are listed in Table 1. Each new cell will

undergo four to six rounds of cell division before it migrates out of the crypt to the mucosal

surface—a process that takes five to seven days. Murine small intestinal crypts constitute

an average of 250 cells in a test-tube-like structure. When viewed in longitudinal cross-

section, there are approximately 22 cells in height, with 16 cells forming an average

circumference at the widest point. The vertical dimension, however, is overestimated

in cross-section, due to the three-dimensional configuration of the cells, but using

crypt cell positional analysis (Fig. 1A and B), this value is actually nearer 16 once

Table 1 Baseline Characteristics of the Small and Large Intestines

Small intestine Large intestine

Mouse Human Mouse Human

Cells/column 25 34 42 82

Cells/circumference 16 22 18 46

Cells/crypt 250 450 300–450 2250

Cell cycle (hr) 12 �33 �35 �34

Stem-cell cycle (hr) �24 �36 �36 �36

Stem cells/crypt 4–16 NK 1–8 NK

Transit cell generations 4–6 .4–6 5–9 .5–9

Crypts per villus 6–10 �6

Crypts per intestine 1–3 � 106 NK

Abbreviation: NK, not known.

Source: From Ref. 21.

230 McDonald et al.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


these factors are taken into account (22,23). Approximately 30 fully differentiated

Paneth cells occupy the very lowest crypt cell positions. The next 150 or so cells are

actively proliferating as determined by incorporation of tritiated thymidine (3H-Tdr) or

bromodeoxyuridine (BrdU), with 75 of these in the S phase of the cell cycle at any one

time. Analysis of the percentage of mitotic cells labeled demonstrates an average

cell-cycle time of 12 to 13 hours for these rapidly proliferating cells—referred to as

the proliferation zone [for review, see Ref. 9]. A small proportion of cells situated at

the base of this band has a somewhat slower cell-cycle time of at least 24 hours

(though this may be considerably longer) and it is proposed that these may be stem

cells (24). The remaining cells occupying positions toward the luminal pole of the crypt

are relatively more differentiated—the differentiation zone—and will usually undergo

only one further cell division before emerging onto the villus surface. Conventional

models suggested that there is a gradual transition between proliferating and differen-

tiation zones, but when crypt size is taken into account, this is not the case (25).

Figure 1 Crypt cell positional analysis and topographic expression of regulatory peptides within

crypts of the small and large intestinal crypts. (A) Representation of a longitudinal section of an

intestinal crypt and illustrates how the position of events up the crypt axis can be determined

(position 1 being at the crypt base). When a number of crypt cross-sections are counted, an event

frequency at each cell position can be plotted (B). (C) The apoptosis frequency plot (radiation-

induced: solid line) can be compared with the theoretical distribution of actual stem cells (dotted

line), clonogenic, or potential stem cells (dashed line) based on the mathematical modeling. The pro-

liferating cells in normal homeostasis are shown as a thick solid gray line. (D) Representation of the

expression of various apoptotic-related and growth arrest peptides within crypts of the small intestine

(left) and colon (right).
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In humans, the cell-cycle times of stem cells are less well defined, but they are generally

thought to be at least four to eight times longer (26,27).

Apoptotic Activity in the Intestinal Crypt

Using the murine model, and fixing the intestinal tissue rapidly in Carnoy’s medium, apop-

totic bodies and fragments can be readily identified and reliably distinguished from mitotic

and normal cells. Consequently, spontaneous and induced apoptosis can be quantified, as

for proliferating cells, using crypt cell positional analysis (23). Over a decade of studies at

the Potten laboratory have convincingly demonstrated that the patterns of apoptotic

activity differ between the small and large intestines [for review, see Refs. 28–32]. In

the small intestine, spontaneous apoptotic cells are readily observed but restricted to the

stem-cell region (positions 4 and 5), whereas in colonic crypts, spontaneous apoptosis

is very infrequent (Fig. 1C). Critically, few apoptotic cells are observed at the base of

the colonic crypts where the stem cells are thought to be located (defined later). This

so-called naturally occurring or spontaneous apoptosis, which is p53-independent

(33,34), has been interpreted as part of the stem-cell homeostasis mechanism. When the

process is repressed by Bcl2 (an anti-apoptotic factor), the colonic stem-cell numbers,

and hence carcinogen target cells, may gradually drift upwards with time (8). Additionally,

in comparison with the small intestine, the DNA-damage-induced apoptosis response in

large intestine is blunted and distributed throughout the crypt. These observations of the

differential amounts and position of apoptosis in the crypts led to the hypothesis that

damaged small intestinal stem cells were deleted by an altruistic apoptotic process,

thereby protecting this site from genetic and carcinogenic damages, whereas in the

colon, damaged cells survive with the consequence of increased susceptibility to neoplas-

tic transformation (31,35,36).

In support of this hypothesis, Bcl2 protein is minimally expressed in the small intes-

tine of both mouse and human, but more strongly expressed at the base of colonic crypts in

both species, indicating that this may be involved in overriding the apoptotic (both spon-

taneous and induced) homeostatic mechanisms in these cells (31,35–39). In addition, in

Bcl2 knockout mice, the incidence of spontaneous and induced apoptosis is dramatically

increased in the stem-cell region of the colon, but unchanged in the stem-cell region of the

small intestine (37) (Fig. 1D). Expression of cell-cycle regulators [for review, see Ref. 40]

is also relevant. On the one hand, expression of proteins associated with cell growth arrest

such as p21WAF1/CIP1 and p27KIP is restricted to the nonproliferating compartment of

the crypt (40–43), whereas on the other hand, expression of cell-cycle promoters such

as Cdk2 and cyclin D1 is down-regulated in crypt areas corresponding to terminal differ-

entiation (44).

Problems in Defining Intestinal Stem Cells

Morphological criteria do not exist to identify stem cells in gut mucosa and until

very recently, there have been no molecular markers for intestinal stem cells. Instead,

intestinal stem cells are defined by their characteristics, namely relatively undifferentiated

cell types capable of (i) proliferation and self-maintenance, (ii) producing a variety of

cell lineages, and (iii) tissue regeneration following injury (10). It should be remembered

that in attempting to measure stem cells, one may find oneself in a circular argument,

that is, in order to answer the question whether a cell is a stem cell, one has to

alter its circumstances, and in doing so inevitably lose the original cell properties,
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a situation with marked analogy to Heisenberg’s uncertainty principle in quantum

physics (12).

Stem-Cell Location and Number

Studies measuring cell velocity, as determined by changes in the position of 3H-Tdr-

labeled cells with time, show that, under steady-state conditions, the cellular migration

pathways of small intestinal crypts arise from positions 4 to 6 (that is, above the Paneth

cells), whereas in the colon, they originate from the very base of the crypt (45,46).

When large doses of irradiation or cytotoxic drugs (e.g., hydroxyurea or etoposide) are

used to induce significant cell death within intestinal crypts, proliferative regenerative

responses also arise from the aforementioned positions (24,47). Furthermore, when

these basally situated cells are exposed to a lethal dose of radiation derived from the fil-

tered weak beams of beta particles from 147promethium, the whole crypt is sterilized by

radiation doses that spare middle and upper crypt regions, further supporting the hypo-

thesis that regenerative clonogenic cells are located exclusively at the lower pole of the

crypt (48).

The number of stem cells located within small intestinal and colonic crypts is not

known precisely. However, estimates based upon cell proliferation studies and math-

ematical modeling of stem-cell division and subsequent crypt fission suggest that in

the small intestine, a crypt could be maintained under steady-state conditions by

between four and six ultimate stem cells, with six generations of dividing transit

cells (48,49). The situation is somewhat different in colonic epithelium, where model-

ing of 3H-Tdr labeling and mitoses suggests that there is only one stem cell with eight

generations of transit cells. However, it should be noted that a larger number of stem

cells could also be supported by these data. Therefore, despite the greater size of

colonic crypts, it would appear that their stem-cell quota might actually be lower

than that of small intestinal crypts, presumably because the turnover of the former is

less rapid.

The Intestinal Stem-Cell Niche

Stem cells within many tissues are thought to reside within a niche formed by a group of

surrounding cells and their extracellular matrices, which provide an optimal environment

for the stem cells to function. The identification of a niche within any tissue involves the

knowledge of the location of the stem cells. According to Spradling et al. (50), to prove

that a niche is present, the stem cells must be removed and subsequently replaced while

the niche persists. Although this has been accomplished in Drosophila (51), such mani-

pulations have not yet been possible in mammals. Despite this, the intestinal stem-cell

niche is proposed to be as follows. The intestinal crypts are surrounded by a fenestrated

sheath of intestinal subepithelial myofibroblasts (ISEMFs). These cells exist as a syncy-

tium that extends throughout the lamina propria and merges with the pericytes of the

blood vessels. The ISEMFs are closely applied to the intestinal epithelium and play a

vital role in epithelial–mesenchymal interactions. ISEMFs secrete hepatocyte growth

factor, transforming growth factor b type 2 (TGF-b2) (52), and keratinocyte growth

factor (53), but the receptors for these growth factors are located on the epithelial

cells. Thus, the ISEMFs are essential for the regulation of epithelial cell differentiation

through these growth factors, and possibly others including factors in the Wnt

pathway (discussed later in this chapter).
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Novel Intestinal Stem-Cell Markers

Until recently, evidence of predicted stem-cell position and numbers relied on indirect

experimental approaches, as described earlier. Recently, Potten et al. (54) have observed

using immunohistochemistry the expression of Musashi1 (Msi1)—a gene that encodes an

RNA-binding protein associated with asymmetric divisions in neural progenitor cells

(55)—in neonatal, adult, and regenerating crypts with a staining pattern consistent with

the predicted number and distribution of early lineage cells, including the functional

stem cells, in these situations. Early dysplastic crypts and adenomas are also strongly

Musashi1-positive. In situ hybridization studies showed similar expression patterns for

the Musashi mRNA and real-time quantitative polymerase chain reaction showed dramati-

cally more Msi1 mRNA expression in multiple intestinal neoplasia (Min) mouse

adenomas compared with adjacent normal tissue (56).

Notably, Musashi1 and the transcriptional repressor Hes1 were co-expressed in the

crypt base columnar cells located between the Paneth cells, findings that suggest that not

only the cells just above the Paneth cells, but also the crypt base columnar cells between

the Paneth cells have stem-cell characteristics (57). Nishimura et al. (58) have shown

similar patterns of expression of Musashi1 in human colon crypts. It should be noted,

however, that Hes1 can be expressed in some cells outside the stem-cell zone and that

Msi1 persists in all adenomas.

STEM-CELL HIERARCHY

The ability of stem cells to regenerate damaged tissue following injury has been used to

study their functional characteristics. The microcolony clonogenic stem-cell assay

measures the number of intestinal stem cells surviving exposure to radiation or cytotoxic

therapy (59). The number of regenerating crypts is measured in cross-sections of murine

intestine following a range of enterotoxic treatment dosages. Crypt regeneration occurs

where one or more functional stem cells survive the toxic insult. Repopulation of the

crypt will begin over the course of three days enabling surviving crypts to be counted

at day 4. By this time, crypts without surviving stem cells have largely disappeared or

are reproductively sterile. Dose–response curves (survival curves) can then be generated.

These data suggest that the number of clonogenic cells present within a crypt is dependent

upon the level of damage induced within the crypt. As damage increases, so more cells

appear to be recruited into the clonogenic compartment. At low doses of radiation,

there are approximately six clonogenic cells per crypt, a figure that corresponds closely

to the ultimate stem-cell number, under steady-state conditions predicted by the mathemat-

ical model discussed earlier (10). At higher doses, this number increases to 36, in both the

small intestine and colon (60,61). Similar experiments complement these data following

cytotoxic exposure (62,63).

The number of stem cells per crypt is governed by net production versus cell del-

etion. To maintain the stem-cell population, each stem cell gives rise to one stem-cell

daughter plus one daughter cell that will undergo further rounds of division prior to com-

mitment to differentiate—termed asymmetric division. If both daughters are stem cells,

under normal steady-state conditions, the excess stem cell is thought to be deleted by

apoptosis (the niche environment presumably providing a limiting quantity of stem-cell

survival factors) and stable stem-cell population is maintained (8). If both stem-cell daugh-

ters become committed to a differentiated fate (i.e., they are biologically equivalent)—

symmetric division—then the stem cell from which they arose will cease to exist. It is
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probable that stem cells have the ability to switch between these various options in

response to environmental conditions, thereby regulating their own number and conse-

quently that of the crypt as a whole.

On the basis of the above observations, a hierarchical stem-cell organization has

been proposed for mouse small and large intestines (10). A similar system is probably

applicable in the human intestine. Three distinct categories of stem cells have been

suggested: (i) in the steady state, the murine small intestinal crypt contains four to six

actual stem cells (lineage ancestor cells) located approximately four cells up from the

base of the crypt, (ii) an area of clonogenic cells (regenerative stem cells) that normally

divide into transit cells and ultimately differentiate, but retain the ability to act as stem

cells if needed, and (iii) a further tier of clonogenic cells (approximately 20 cells) that

are particularly “hardy” and are the final resource when the first two tiers have died. It

should be noted that it is extremely unlikely that the destruction of all stem cells occurs

in nature resulting in recruitment from tier 2 and 3 stem cells—this is likely to be a con-

sequence of the experimental situation. Thus, there is a gradual loss of “stemness” along

the crypt and although a crypt may be using four to six stem cells normally, it has the

ability to call upon about 36 cells to ensure crypt survival (Fig. 2) (60,61,63). There

are, in addition to the actual and potential stem cells, about 120 other proliferative cells

with no stem-cell attributes, that is, the dividing transit cells.

Figure 2 The stem-cell hierarchy of the intestinal crypt. This is a three-tier system. There are four

to six actual stem cells per crypt, but many more cells (potential stem cells) are capable of stem-cell

function. When a stem cell undergoes a commitment to differentiation, it often first enters a transient

state of rapid proliferation. Upon exhaustion of its proliferative potential, the transiently amplifying

cell withdraws from the cell cycle and executes terminal differentiation. Note: �Approximately 5%

may be symmetrical divisions.
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Spatial Considerations for Intestinal Stem-Cell Populations

Combined studies from Potten’s laboratory and Loeffler’s bio-mathematical team have

built up a concept of spatial distribution of stem cells within the intestinal crypt (9,64).

Specifically, in the mouse small intestine, there are four to six stem cells per crypt, with

a preferential location in the annulus of 16 cells at cell position 4. However, in reality,

cell position 4 is the average position immediately above the highest Paneth cell, and

this, in turn, may vary between cell positions 2 and 7. So, within this undulating

annulus, the stem cells are unlikely to be touching, but somehow know to initiate apoptosis

when numbers increase, and trigger symmetric division when numbers decrease. This

could be achieved by a “shell” of stemness effect (15) and add support to the existence

of a stem-cell niche (65).

CRYPT CLONALITY

Somatic mutations at certain loci allow us to study clonal succession of stem cells within

intestinal crypts. Mutations in the Dlb1 gene on chromosome 11 are one good example of

this; C57BL/6J/SWR chimeric mice show heterozygous expression of a binding site on

intestinal epithelial cells for the Dolichos biflorus agglutinin (DBA) lectin. This binding

site can be abolished when the Dlb1 locus becomes mutated either spontaneously or by

the chemical mutagen ethyl nitrosourea (ENU). After ENU treatment, crypts emerge

that are initially partially and then entirely negative for DBA staining (66). An obvious

explanation for this is that the initial mutation is occurring in one of the crypt stem

cells which then expands, presumably in a stochastic fashion, until all stem cells within

a crypt are mutated and do not bind DBA. A “knock-in” strategy at the Dlb1 locus can

also be used to further explain these findings. If SWR mice do not express a DBA-

binding site on their intestinal epithelial cells but can be induced to bind DBA by ENU

treatment, wholly Dbaþ or Dba2 crypts would result if this occurred in the stem cells.

From the use of this model, Bjerknes and Cheng (67) proposed that “committed epithelial

progenitor” cells exist in mouse intestinal crypts by visualizing the morphology, location,

and longevity of mutant clones in crypts and villi of the mouse small intestine. These

transitory committed progenitor cells—the columnar cell progenitors (Co) and

the mucus cell progenitors (Mo)—evolve from pluripotential stem cells and then

differentiate further into adult intestinal epithelial cell types.

There remains the possibility that cells from different parental strains of chimeric

animals segregate independently during development to produce monophenotypic, but

not necessarily monoclonal, crypts. When mice heterozygous for the X-linked alleles

Pgk1a and Pgk1b were examined for clonality, no mixed crypts were observed, each

being either Pgk1aþ or Pgk1bþ (68). Similar results were found in experiments using

mice heterozygous for the glucose-6-phosphate dehydrogenase (G6pd ) gene which

have a crypt-restricted pattern of G6pd expression (69). These experiments show that

murine crypt epithelial cells are ultimately derived during development from a single

progenitor cell. Park et al. (70) have also shown that ENU-induced mutations in the

G6pd gene result in crypts being initially partially then later wholly negative for G6pd

staining.

After ENU treatment in both the G6pd and the Dlb1 models, the time taken for a

partial deficient crypt to become a wholly deficient crypt is similar. Two weeks after

ENU treatment, crypts became wholly negative, reaching a plateau in four weeks in the

small intestine and 12 weeks in the large intestine. The difference between the large
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and small bowels is interesting and cannot be fully explained by cell-cycle differences in

each region of the gut. An explanation can be found in the stem-cell niche hypothesis

that states that multiple stem cells occupy a crypt with random cell loss after division.

This was originally formulated as the stem-cell zone hypothesis by Bjerknes and Cheng

(71–75). The numbers of stem cells in the small intestine may be greater than that in

the large intestine, explaining the speed at which small intestinal crypts can become

G6pd-deficient compared with large intestinal crypts within the same mouse. Crypt

fission, the process by which a crypt splits to form two daughter crypts (discussed

later), also occurs at different rates between the small and large intestines and this may

be a further reason why there are time differences.

Crypt clonality in the human has been harder to show. Initial experiments, transfer-

ring a human single-cell-derived colorectal carcinoma cell line into nude mice, produced

identical tumors to the original tumor it was derived from and contained all the major epi-

thelial cell types. This, of course, is not in any form a normal system, but does highlight

that all these cells are multi-potential and can produce all major epithelial cell types. The

majority of crypt clonality studies have been performed using patients with traceable

mutations, whether they are genetic or somatic. Nine percent of the human Caucasian

population has a homozygous (OAT2/2) mutation in the O-acetyl transferase gene (O-

acetylated mucin is normally expressed by goblet cells). Goblet cells from these patients

are positive when stained for mild periodic acid-Schiff (mPAS) stain (76). Forty-two

percent of the Caucasian population is heterozygous for the OAT mutation (OAT2/þ)

and mPAS staining of crypts is negative. Loss of the remaining active OAT gene converts

the genotype to OAT2/2, resulting in the occasional, apparently randomly located posi-

tive mPAS-stained crypts with uniform staining of the goblet cells from the base to the

luminal surface (77). Similar to the mouse models, when crypts are stained with mPAS

from patients who have undergone radiation therapy, over time there is partial then

whole crypt staining where the goblet cells are positive (78).

A rare case of an XO/XY patient with familial adenomatous polyposis (FAP) was

able to give valuable insight into the monoclonal nature of human colonic crypts (79).

Non-isotopic in situ hybridization (NISH) using Y-chromosome-specific probes showed

the patient’s normal intestinal crypts to be composed almost entirely of either Y-chromo-

some-positive or Y-chromosome-negative cells with about 20% of crypts being XO.

Immunostaining for neuroendocrine-specific markers along with Y-chromosome NISH

showed that crypt neuroendocrine cells shared the genotype of other crypt cells. The

villous epithelium of the small intestine was, however, a mixture of Y2 and Yþ epithelial

cells, which follows from the theory that each villus is derived from the stem cells of more

than one crypt. The vast majority of the crypts examined in this patient were monoclonal,

with only 4 of 12,614 crypts showing a mixed phenotype, but none of these at patch bound-

aries. Further work by the same group has shown in Sardinian women heterozygous for

X-linked mutation of the G6pd gene that crypts are either G6PD-positive or -negative

and that monoclonal patches can contain up to �450 crypts (80).

Somatic mutations have also been used to assess clonality and stem-cell hierarchy in

the human colon. Mutations within the mitochondrial-encoded enzyme cytochrome

coxidase (COX) occur naturally at random and increase in number with age (81,82). Mito-

chondrial DNA (mtDNA) mutations are thought to occur due to the lack of protective his-

tones, poor DNA repair mechanisms, and the presence of free-radical-generating enzymes

(83). They are lifelong, but in order for a mutated genotype to result in a mutated

phenotype (such as COX deficiency), most, or all, of the copies of mtDNA within any

cell must carry the mutation. Taylor et al. (84) have used the detection of mtDNA

mutations by histochemical means to suggest that these mutations occur initially in the

Intestinal Stem Cells and the Development of Colorectal Neoplasia 237

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


colonic crypt stem cell and are passed onto all the subsequent progeny, eventually leading

to whole crypt COX deficiency.

All these data have shown that within the normal mammalian intestinal crypt, a

single stem cell is able to dominate the entire crypt by the so-called monoclonal conver-

sion and that crypts are monoclonal in nature.

INTESTINAL STEM-CELL REPERTOIRE

Closely related to the property of crypt clonality is the question of pluripotentiality, that is,

does one intestinal stem cell give rise to all the different cell lineage types in each crypt?

At a functional and structural level, there are four main cell lineages in the intestinal epi-

thelium: columnar, mucosecreting, enteroendocrine, and Paneth cells. There are other less

abundant lineages, such as caveolated and M cells, but these are not covered in this

chapter. The columnar cells are the most populated in the intestine, and most of the

time they are termed enterocytes in the small intestine and colonocytes in the large intes-

tine. Comprehensive characterization of these four cell lineages can be found elsewhere

[for review, see Ref. 11].

Previous debates about the origin of cell lineages in the intestine have focused

around the endocrine cells. Pearse and Takor (85) maintained that these cells were

derived from the neural crest, presumably by migration of neuroendocrine stem cells, in

the same way that the ultimo-branchial body is colonized by migrating neuroectoderm,

eventually to produce the C cell lineage in the thyroid (86). As these cells were amine pre-

cursor uptake decarboxylase positive, they were referred to as APUD cells. This concept

has now essentially been abandoned in favor of the Unitarian hypothesis, which postulates

that a single stem cell gives rise to all cell lineages in the epithelium. A modification of this

concept was proposed by Holzer (87), suggesting that pluripotentiality can only be the

property of a group of cells rather than a single cell and led to the proposal of “committed

progenitor cells,” but ultimately all cell lineages take their origin from a single cell.

Evidence for Pluripotentiality

The Unitarian hypothesis has been supported by many investigators (73,88–91) for the

following reasons. First, radiation experiments indicate that a single surviving cell can

form a regenerative crypt containing all four cell lineages (59–61). The surviving clono-

genic cell was therefore probably pluripotent (88). Second, the injection of single cells

from rat colonic adenocarcinoma subcutaneously into mice can give rise to tumors con-

taining all cell lineages (92). Third, the human HRA19 cell line has also been shown to

produce a variety of cell types from a single cell in vitro (91,93).

However, convincing evidence in support of the Unitarian hypothesis only came

about relatively recently with the publication of the work by Bjerknes and Cheng (67).

Using the DBA chimeric mouse model described earlier, they demonstrated that

mutated progenitor cells give rise to a clone of similarly unstained progeny. The presence

of multiple cell lineages within a mutated clone indicates pluripotency of the progenitor,

whereas a clone composed of a single cell type is likely to be derived from a unipotent

progenitor. Interestingly, during the early weeks of these experiments, crypts appear com-

prising some mutated and some nonmutated cells. In these experiments, there is induction

of a rapid, but transient, increase in the frequency of crypts showing a partial or segmented

mutated phenotype. Later on, there is an increase in the frequency of crypts showing a

completely or wholly mutated phenotype, an increase which levels off at the same time
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as partially or segmented crypts disappear. Interestingly, and most importantly, the

small intestine and colon show major differences in the timing of these events: the

plateau is reached at between five and seven weeks in the colon, but not until some 12

weeks in the small intestine. The reasons for these differences in timing are threefold:

(i) different durations of the stem-cell-cycle time, (ii) the presence of a stem-cell

“niche” with differences in the number of stem cells between the two tissues, or (iii)

the possibility that crypt fission plays an important part in the genesis of the wholly

mutated phenotype (94).

In order to appreciate this more closely and the implication for colon tumorigenesis

(see later), it is necessary to describe the process of crypt fission in more detail. In addition,

as we will see later, molecular regulation also plays a role in determining the cell fate

specification.

Crypts Grow by Fission

The importance of crypt fission as a mechanism determining crypt number in the small and

large intestines has been appreciated for almost two decades (95). Initial studies indicated

its pivotal position in two processes: (i) the massive increase in crypt numbers that occurs

in the postnatal period (96) and (ii) during recovery of the intestine from irradiation (97)

and cytotoxic chemotherapy (98). The morphology of this process can be followed in his-

tological sections, but is perhaps best seen in bulk-stained microdissected material (Fig. 3).

In many instances, crypt fission begins as an indentation in the base of the crypt and

advances via a vertical split in the crypt (bifurcation), which continues until two new

crypts are produced. In other instances, the process begins asymmetrically with respect

to the crypt axis, a process called “budding,” which can be seen in apparently normal

colonic mucosa, but is more common in precancerous states such as FAP and in rat

colonic mucosa after systemic treatment with carcinogens such as 1,2-dimethylhydrazine.

In some situations, notably after irradiation, multiple buds can be seen coming off the

same crypt (97).

The dynamics of crypt fission have been described in a series of seminal papers by

Bjerknes and coworkers (99–101), leading to the concept of the crypt cycle. Crypts, born

by fission, gradually increase in size, and after about 108 days in the mouse, the crypt

undergoes fission, a process that takes about 12 hours. Measurements of crypt volume

or size show that crypts at the upper end of the crypt size distribution initiated fission,

suggesting that they have acquired a sufficient number of stem cell increases to a value

above which crypt fission is initiated. In the human colon, the fraction of crypts in

fission (crypt fission index) is small, of the order of 0.003%, and calculations indicate a

crypt cycle time of 17 years (49,64). Despite the good evidence for crypt fission, some

data suggest that it may be of limited importance in the normal bowel. Kim and Shibata

(102) have shown that CpG methylation patterns of the MyoD gene in the normal colon

appear to be as dissimilar in neighboring crypts as they do in crypts separated by some

distance. This could be explained by the random accumulation of CpG methylation

mutations over time masking any relationship two neighboring crypts may have.

THE CONCEPT OF STEMNESS AND “IMMORTAL” DNA STRANDS

A recurrent theme in stem-cell biology is whether stem cells are long-lived progenitors

with the intrinsic capability to self-perpetuate their pluripotency or whether “stemness”
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is not an intrinsic property, but rather a non-autonomous feature. The latter model suggests

that in every adult tissue with renewal capabilities there must be a niche that determines

the stem potential of cells within. Due to the general lack of specific markers (until

recently), epithelial stem cells have been traditionally identified by their ability to retain

radiolabeled thymidine for long periods of time (103). More than 25 years ago, Cairns

(103,104) proposed that stem cells selectively retain old (i.e., labeled) replication error-

free DNA strands while donating newly synthesized strands to their descendents that

will be lost from the tissue after a short time. Although this has long been controversial,

recent works by two independent groups have confirmed Cairns’s model. Potten et al.

(105) demonstrated asymmetric segregation of chromatids in stem cells of small intestine

using specific labels for new and old chromatids. This study labeled DNA template strands

of proliferative cells by injecting 3H-thymidine into mouse during development or in adult

Figure 3 Crypt fission in adult mouse intestines. (A and B) Examples of “spontaneous” crypt

fission in normal adult mouse small intestine. (C) Multiple fission after irradiation with 12 Gy. A

new crypt can be seen developing from the mid-crypt region as well as from the crypt base. Each

neocrypt contains Paneth’s cells. (D) Similar bifurcation from a higher crypt cell position can be

seen in the colon after irradiation (10 Gy). Source: From Ref. 6. (See color insert.)
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animals that have been irradiated. After several cell generations, the label was retained by

only a few stem cells. Newly synthesized DNA strands, labeled with BrdU, segregated to

the immediate stem-cell descendents and, therefore, were not retained (Fig. 4). Moreover,

retention of old chromatids by stem cells has also been demonstrated using in vitro models

(106) and in in vivo breast stem-cell systems (107). The existence of “immortal” DNA

strands has implications for understanding the lifespan and mutagenesis dynamics of

stem cells, but it also implies that certain stem-cell properties are maintained or inherited

autonomously throughout adulthood (108).

It is estimated that the small intestinal stem cells of mice undergo up to 1000

divisions in their lifetime. It has been noted that these cells divide more slowly with a

cycle time of approximately twice that seen in their daughters within the transit cell

Figure 4 The segregation of template and newly synthesized DNA strands in one chromosome.

The Cairns’ hypothesis (1975) proposed that all the chromosomes would behave in this way. The

template strands are selectively retained by the stem-cell daughter of a cell division, whereas the

newly synthesized strands are segregated to the daughter cell destined to enter the dividing transit

compartment and be shed from the tissue after a few days, thus removing any replication-induced

errors. Label introduced into the newly synthesized strands takes two divisions to be removed

from the stem cells. Label in the template strand would persist in the stem-cell-line.

Source: Adapted from Ref. 105. (See color insert.)
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compartment. It is possible that this occurs in order to minimize the risk of mutation within

the stem-cell compartment and to allow maximum time for detection and correction of

replicative errors or the implementation of altruistic apoptosis. Heddle et al. (109) pro-

posed that the continued existence of stem cells throughout an organism’s lifetime is

not necessary for the purpose of populating tissue compartments. It is calculated that

their progeny could create sufficient cells to adequately perform this function. Instead,

this group hypothesizes that stem cells by their comparatively low rate of division serve

to reduce the rate of spontaneous somatic mutation and therefore the risk of developing

cancer. Actively proliferating cell types are more prone to mutating events, but their

short lifespans prohibit the development of cancer.

Despite the above observations, intestinal stem-cell populations apparently go

through bottlenecks in which a single stem cell survives and repopulates each crypt.

This was first demonstrated during the transition from juvenile to adult intestinal epi-

thelium by studying aggregation chimeras (110), and it has also been postulated recently

for the adult crypt (111). These authors applied population dynamics algorithms to methyl-

ation tag patterns of single crypts to reach the conclusion that intestinal stem cells are not

determined to divide asymmetrically, but rather that each stem cell can choose to generate

zero, one, or two stem cells every time they divide. This stochastic pattern of division,

together with data derived from mutagenesis studies, suggests the existence of a niche

in the crypts responsible for determining “stemness,” a concept in concert with the

model that molecular control local to the crypt region where stem cells reside is of key

importance, as outlined next.

MOLECULAR REGULATION OF NORMAL INTESTINAL

CRYPT HOMEOSTASIS

So far in this chapter, we have established that stem cells reside at or near the base of the

intestinal crypt, from where cells proliferate, migrate, and differentiate toward the lumen

of the intestine. Over the past five years, a huge volume of data has emerged elucidating

the molecular mechanisms which regulate these tightly controlled processes.

Developmental studies identified a number of genes that affect cell fate specification

and proliferation during intestinal development [for review, see Ref. 112], including Hes1

(113), Math1 (114), Rac1 (115), and Tcf4 (116). Simultaneously, studies in human colon

cancers demonstrated that mutations in the APC tumor suppressor gene, together with

aberrations in other members of the Wnt/b-catenin signaling pathway, are among the

commonest and earliest in colorectal carcinogenesis [for review, see Refs. 117–122].

As dysregulation of normal cellular function is a hallmark of early tumorigenesis (123),

these observations were the impetus to focus on these molecular factors as key regulators

of normal cellular homeostasis within the intestinal crypt (124,125).

This section will describe the Wnt/b-catenin signaling pathway, the bone morpho-

genetic protein (BMP)/SMAD4 pathway, and other molecular systems as potential

regulators of intestinal homeostasis.

Wnt/b-Catenin Signaling Pathway

The so-called canonical Wnt/b-catenin signaling transduction pathway is essentially a

network of separate but interacting pathways, characterized by binding of Wnt ligands

to membrane receptors of the frizzled family, with subsequent inhibition of the

complex that targets b-catenin for degradation and downstream activation of the
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transcription of Wnt target genes [for review, see Ref. 119] (Fig. 5). This multi-protein

destruction complex involves axin and APC as scaffolds which in turn bind both

b-catenin and GSK3b, to facilitate phosphorylation of the former by the latter. In turn,

phosphorylated b-catenin is ubiquitinated and degraded in proteasomes, whereas unpho-

sphorylated b-catenin accumulates and associates with nuclear transcription factors such

as lymphoid enhancer-binding factor (LEF) (126,127) and T-cell factor 4 (TCF4) (128),

leading to the eventual transcription and expression of target genes, including c-MYC

[for review, see Ref. 129], cyclin D1 p21WAF1/CIP1 (reduced expression) (130), matrilysin,

Figure 5 Wnt/b-catenin signaling pathway. Wnt proteins initiate intracellular signaling by

binding to a complex containing frizzled and LRP5/6 receptors at the cell surface. This mobilizes

the signaling protein dishevelled, which in turn inhibits the activity of the kinase GSK3b function.

Wnt signaling reduces phosphorylation and degradation of repressors from LEF/TCF family tran-

scription factors and gene activation. Tumor-associated mutations in APC that disrupts its ability

to bind b-catenin and axin stabilize b-catenin and result in dysregulation of the Wnt/b-catenin sig-

naling pathway. Source: Adapted from Ref. 205. (See color insert.)
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CD44, urokinase-type plasminogen activator and, recently described, SOX9 (131). There

are several regulatory mechanisms for the down-regulation of the Wnt/b-catenin signal,

reflecting the pivotal nature of the pathway and the detrimental consequences of inap-

propriate activation [for review, see Ref. 3].

Wnt/b-Catenin Pathway and Control of Cell Proliferation

The small intestine of mice deficient for Tcf4 is populated only by cell-cycle-arrested, dif-

ferentiated cells (116) and progenitor cells in the epithelium of fetal small intestine

accumulate nuclear b-catenin (132). Recent data suggest that TCF/b-catenin also plays

a role in the maintenance of intestinal progenitors in adult mammalian crypts. Clevers’

laboratory (133) reported the results of DNA micro-array analysis in human colon adeno-

carcinoma cell lines with inducible dominant-negative TCF4 mutations, which by inhibit-

ing TCF/b-catenin complex formation, induced G1 growth arrest. They found 120 genes

with at least a twofold drop in expression, of which five genes were known TCF targets in

colorectal cancer. Among these five genes, only the transcription factor c-MYC was

capable of overriding the G1 growth arrest. The authors then showed that c-MYC was

able to repress the growth inhibitor p21WAF1/CIP1, a key coordinator of cell proliferation

and differentiation. It is possible that the TCF/b-catenin complex acts as a master switch

that controls proliferation versus differentiation in healthy and malignant intestinal epi-

thelial cells. Two further studies support these observations (134,135). Consistent with

the earlier described labeling studies (25), there appears to be a distinct transition along

the intestinal crypt from proliferation to differentiation status (Fig. 6).

Using a different approach, the transgenic expression in the intestine of Dickkopf1

(Dkk1), a secreted Wnt inhibitor (136), results in the reduction of the proliferative com-

partment and the loss of crypts in adult animals (3), a phenotype largely reminiscent of

that present in Tcf4 knockout mice. The phenotype of the Dkk1 transgenic mouse provides

a strong indication for the presence of a Wnt source in the intestine. Indeed, several Wnts

are expressed along the intestinal track during mouse (137) and chicken development

(138). However, it remains unclear as to which Wnt genes are expressed in adult

crypts or where the source of Wnt proteins is located in the intestinal epithelium or

subepithelial tissue.

Wnt/b-Catenin Pathway and Control of Cell Migration

Cell renewal in the small intestine is intimately coupled to bidirectional migration of the

precursors of the various differentiated lineages. Although the mucosecreting cells,

absorptive enterocytes, and enteroendocrine cells migrate upwards toward the lumen,

Paneth cells migrate downwards and locate to the base of the crypt. It is unclear

whether cells move passively along the epithelium or are pushed or pulled by attractive

or repulsive forces. A second study from Clevers’ laboratory (139) tested the hypothesis

that TCF/b-catenin up-regulates two receptors associated with cell migration (EphB2 and

EphB3) and down-regulates their ligand (Ephrin B). This family of tyrosine kinase recep-

tors is known to control cytoskeletal re-modeling during cell migration (140) and may also

be involved in colorectal tumorigenesis, as EphB4 is overexpressed in adenomas (141)

(Fig. 6). This group of investigators first showed that b-catenin and TCF inversely

control the expression of EphB2/EphB3 receptors and, then, using mice lacking these

receptors, showed that their absence results in intermingling of proliferating and differen-

tiating cells. In the intestinal crypt, therefore, the TCF/b-catenin complex appears to

couple proliferation and differentiation to the sorting of cell populations through the

EphB/ephrin system.
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Wnt/b-Catenin Pathway and Control of Cell Fate Specification

Recent data suggest that the Wnt signaling pathway and related systems are also respon-

sible, at least in part, for cell fate specification. In the simplest model, the mature cell types

in the intestinal epithelium are determined via at least four consecutive binary decisions.

Two of the genes acting in this decision chain have been identified, the basic helix–loop–

helix (b-HLH) transcription factors Math1 and neurogenin-3 (Ngn-3) (Fig. 7). Math1

expression is required for commitment toward the secretory lineage (Paneth, goblet,

and enteroendocrine cells)—the epithelium of Math1 mutant mice is populated only by

enterocytes (114). Neurogenin null (Ngn-32/2) mice lack enteroendocrine precursors,

yet the other three cell types develop normally (142), indicating that this transcription

factor drives the already committed secretory precursor toward the enteroendocrine

fate. Interestingly, inhibition of Wnt signaling by Dkk1 results in the down-regulation

of Math1 and the consequent loss of all secretory lineages. Transmembrane proteins

Kremen1 and Kremen2 are high-affinity Dkk1 receptors that functionally cooperate

with Dkk1 to block Wnt/b-catenin signaling (143).

Figure 6 The intestinal crypt and the Wnt/b-catenin signaling pathway. Illustrated are protein

expression patterns of TCF/b-catenin target genes EphB/Ephrin and c-MYC/p21. Also shown are the

proliferative regions, including stem-cell locations. Abbreviation: S, stem cells. Source: Adapted from

Ref. 124.
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How does the differential expression of “selector” genes occur in identical precur-

sors? Indirect evidence suggests that, as in many developmental systems, Notch signaling

plays an important role. Animals deficient for hairy and enhancer of split1 (Hes1), a tran-

scriptional repressor downstream of Notch signaling, show increased numbers of

Figure 7 Cell fate specification in intestinal differentiation. The simplest model proposes that four

different lineages arise from a common source of pluripotent stem cells through binary decisions. A

few “pro-choice” genes involved in these decisions have been characterized. Math1 is required for

the commitment toward the secretary lineage (Paneth, mucosecreting, and enteroendocrine cells),

and HES1 probably antagonizes Math-1. Ngn-32/2 mice lack enteroendocrine precursors. Other

transcription factors appear to play a role in the terminal differentiation of these cells, such as

KLF4 an ELF-3. Nuclear b-catenin is detected in the bottom-most positions of the intestinal

crypt, that is, in the position occupied by the putative stem cells and Paneth cells. Although in

colonic crypts, the domain of b-catenin nuclear staining is extended through part of the transient

amplifying compartment, it is not clear whether this is the case in the small intestine. However,

the expression of several target genes, including those for c-MYC or EphB2, suggests that Wnt sig-

naling might occur. A perfect complementation exists between the expression of c-MYC in prolif-

erative precursors and p21WAF1/CIP1 in the cell cycle arrested, differentiated cells. Paneth cells are

cell cycle arrested and differentiated cells, despite showing the highest levels of nuclear b-catenin

accumulation. Although in colon crypts the domain of b-catenin nuclear staining is extended

through part of the transient amplifying compartment, it is not clear whether this is the case in

the small intestine. Source: Adapted from Ref. 123. (See color insert.)
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mucosecreting and enteroendocrine cells at the expense of absorptive cells (113). Hes1

represses Math1 expression in the intestine (113) and in other systems (144), suggesting

that the absorptive versus secretory fate decision is likely to be established through

Notch–HES1 coupling [for review, see Refs. 16,20].

Besides the involvement of b-HLH factors in lineage determination, other transcrip-

tional factors are implicated in terminal differentiation in the intestinal epithelium.

Kruppel-like factor 4 (KLF4) mutant mice are impaired in the maturation of goblet

cells in the colon (145), whereas E74-like factor (ELF-3)-deficient animals show abnorm-

alities in the maturation of both enterocytes and goblet cells (146). The latter work

suggests that, once determined, some lineages might use the same signaling cascades

during their terminal differentiation. Interestingly, both KLF4 and ELF-3 are up-regulated

on expression of dominant-negative TCFs in colorectal cancer cells (133), indicating that

they might participate in the regulation of the proliferation/differentiation transition by the
TCF/b-catenin complex.

Finally, terminal differentiation in the intestine appears to be intimately coupled to

cell-cycle arrest. It remains unclear how both processes are linked. One of the primary

consequences of b-catenin–TCF blockage in colorectal cancer cells is up-regulation of

p21WAF1/CIP1, which, in turn, mediates cell-cycle arrest (133). Additionally, cell-cycle

inhibitors of the p21WAF1/CIP1/p27KIP family have been closely linked to terminal differ-

entiation in other systems [for review, see Ref. 147]. Indeed, enforced expression of these

inhibitors triggers intestinal differentiation in vitro (148,149). Although current data point

to an important role for these cell-cycle inhibitors in intestinal homeostasis, the lack of

phenotype in the intestine of mice with targeted p21WAF1/CIP or p27KIP1 deletions is some-

what puzzling (41,150).

Wnt/b-Catenin Pathway and Control of Apoptosis

Other outcomes of Wnt signaling in the intestine are imaginable. A study from the Gordon

laboratory (151) demonstrated a fusion protein between the DNA-binding domain of

LEF1, a transcription factor from the LEF–TCF family, and the trans-activation

domain of b-catenin-induced apoptosis in intestinal stem cells of transgenic animals,

suggesting that b-catenin in complex with different LEF/TCF family members may

control alternative genetic programs in the gut through stimulation of the expression of

survivin—a bi-functional regulator of cell death and proliferation expressed during

embryonic development but undetectable in healthy adult tissues and re-expressed in

many cancers, including colorectal cancer (152,153)—the TCF/b-catenin imposes a

stem-cell-like phenotype in colonic crypt epithelium with resistance to apoptosis and

thus may contribute to the pathogenesis of colorectal cancer (154).

BMP/SMAD4 Pathway

BMP is a member of the TGF family of proteins and is an important regulating pathway

that also has a key role during intestinal development. BMP proteins bind to their type II

receptor, recruit type I receptors (BMPR1A or BMPR1B), and the signal is then trans-

duced to the nucleus via SMAD transcription factors. The BMP signal is antagonized

by Noggin (Nog), an extracellular protein that binds BMP and prevents its activity

(155). During mouse embryonic development, there is high BMP4 expression in the intra-

villous mesenchyme but not in the precursor cells of the crypts of Lieberkühn. This pattern

of expression is confirmed in normal colons of adult mice and humans, with highest

expression in differentiating and mature colonocytes (156). Transgenic mice have been
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created with Xenopus cDNA expressing the BMP inhibitor Noggin, under the control of

the mouse villin gene promoter, which becomes fully active during late gestation. The

inhibition of the BMP pathway results in a characteristic pattern of epithelial development

characterized by ectopic crypt development perpendicular to the crypt–villus axis. In

addition, there is excessive branching and budding of the epithelium along with dilated

cysts, an inflammatory infiltrate, and a high rate of dysplastic change (156). The

changes closely mimic features seen in human juvenile polyposis (JP), an autosomal-

dominant hereditary polyposis syndrome, with increased risk of gastrointestinal malig-

nancy. JP syndrome is heterogeneous, although 25% to 40% of cases have mutations in

the gene for BMPR1A and 15% to 20% have germline mutations in the gene for

SMAD4 (157). Recent work on conditionally inactivated BMP1RA mice suggests that

BMP signaling may have a role in preventing stem-cell renewal by inhibition of

b-catenin, thus providing a counterbalance to the Wnt signaling cascade. Mutated

BMP1RA mice develop characteristic polyps containing increased numbers of colonic

crypts and had a fivefold increase in the number of stem cells in comparison to wild-

type mice (158). The inhibitory effect on b-catenin appears to be mediated via the

tumor suppressor PTEN (a dual protein and lipid phosphatase). This acts via phosphatidyl-

inositol-3 kinase (PI3K) to inhibit the serine–theonine kinase Akt, which normally pro-

motes cell-cycle progression, inhibits apoptosis (159), and enhances b-catenin activity

(158). Thus, it seems that BMP activity is required for control of duplication of intestinal

stem cells and this effect is via suppression of Wnt signaling (160).

Other Molecular Regulators

In both the small intestine and colon, wild-type p53 protein is expressed two to four hours

after radiation exposure and in the small bowel its expression, in terms of time and cell posi-

tion, is coincident with that observed for apoptosis (33). It is not, however, expressed inmany

of the apoptotic cells but can be found in other cells at the stem cell position. The p53-related

gene, p21WAF1/CIP, is also expressed at this time and broadly over the stem cell positions and

slightly higher positions within the crypt, suggesting a role for p21WAF1/CIP in the cellular

repair mechanisms of the clonogenic stem cells. In p53 knockout mice, radiation-induced

apoptosis (mainly an ultimate stem-cell response) is completely absent, indicating a role

for this protein in the detection of DNA damage in the ultimate stem cells (33,34).

The anti-apoptotic gene Bcl2 is expressed at the base of murine and human colonic

crypts while expression is not seen in the small intestine, supporting the view that Bcl2

increases the apoptotic threshold of colonic stem cells (37). Irradiation of Bcl2 null mice sig-

nificantly increases apoptotic cell death within the colon, compared with wild-type controls.

In human adenomas, Bcl2 expression is increased, whereas low levels are generally found in

carcinomas (38), whichmay indicate that altered expression of the Bcl2 gene initially confers

a survival advantage, but later is superseded by more potent factors, for instance, the strong

expression of the survival gene Bcl-w in colonic adenocarcinomas (161).

The TGF-b signaling pathway inhibits intestinal epithelial proliferation, particularly

in colonic mucosa. In vivo, the role of TGF-b may be to modulate cell-cycle exit and the

subsequent differentiation of enterocytes in the upper crypt or villus (162). Alternatively,

increased expression has also been reported in the proliferative zone of the crypt and it is

hypothesized that this factor mediates the output of cells from this area (163). Loss of

responsiveness to TGF-b is commonly seen during the development of colon cancer;

indeed, under these circumstances, TGF-b may become a tumor promoter by stimulating

angiogenesis, causing immunosuppression, and encouraging the growth of extracellular

matrix (164).

248 McDonald et al.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Mammalian homeobox genes Cdx1 and Cdx2 have specific expression distributions

in the developing and mature colon and small intestine. During embryogenesis, Cdx1 is

found in proliferating cells in the crypts and maintains this expression during adulthood.

The Tcf42/2 mouse does not express Cdx1 in the small intestinal epithelium and thus the

Wnt/b-catenin pathway appears to induce Cdx1 expression with Tcf4 during the develop-
ment of intestinal crypts (165). Mice heterozygous for a Cdx2 mutation develop colonic

polyps comprised squamous, body, and antral gastric mucosa with small intestinal

tissue. These region-specific homeobox genes appear to help define the morphological

features of differential regions of the intestine and regulate the proliferation and differen-

tiation of the stem cells [for review, see Ref. 166].

The winged helix–forkhead family of transcription factors are vital components of

the development of the ectodermal and endodermal regions of the gut. Fkh6 is expressed in

gastrointestinal mesenchymal cells (167,168) and Fkh612/2 null mice have elongated

villi and goblet cell hyperplasia (169). They show up-regulated levels of heparan

sulfate proteoglycans which increase Wnt-binding efficacy to the frizzled receptors on epi-

thelial cells. This results in the overactivation of the Wnt pathways and increased nuclear

b-catenin, the downstream effects of which have been summarized above.

A further potential regulator is the gene encoding the human BRCA2 tumor suppres-

sor, which is mutated in a number of different tumor types, most notably inherited breast

cancers. The primary role of BRCA2 is thought to lie in the maintenance of genomic stab-

ility via its role in the homologous recombination pathway. In a recent elegant study using

generated mice in which Brca2 was deleted from virtually all cells within the adult small

intestine, using a CYP1A1-driven Cre-Lox approach, Clarke’s group (170) noted a signifi-

cant p53-dependent increase in the levels of spontaneous apoptosis which persisted for

several months after removal of the gene. This study went on to show that Brca2

deficiency results in the spontaneous deletion of stem cells, thereby protecting the small

intestine against tumorigenesis.

Morphological development of the small intestinal mucosa involves the stepwise

remodeling of a smooth-surfaced endodermal tube to form finger-like luminal projections

(villi) and flask-shaped invaginations (crypts). These remodeling processes are orche-

strated by instructive signals that pass bidirectionally between the epithelium and under-

lying mesenchyme [for review, see Ref. 17]. Sonic (Shh) and Indian (Ihh) hedgehogs are

expressed in the epithelium throughout these morphogenic events and mice lacking either

factor exhibit intestinal abnormalities (171). Hedgehog (Hh) signaling in the mouse neo-

natal intestine is paracrine, from epithelium to Ptch1-expressing ISEMFs and smooth

muscle cells. Strong inhibition of this signal compromises epithelial remodeling and

villus formation. Surprisingly, modest attenuation of Hh also perturbs villus patterning.

Desmin-positive smooth muscle progenitors are expanded and ISEMFs are mislocated.

This mesenchymal change secondarily affects the epithelium—Tcf4/b-catenin target

gene activity is enhanced, proliferation is increased, and ectopic precrypt structures

form on villus tips.

The Stem-Cell Molecular Signature

Gordon’s group (172–174) have profiled the gene expression of murine intestinal stem

cells and demonstrated that they are richly equipped with genes involved in c-MYC path-

ways. This laboratory developed approaches to overcome the problems of physically

retrieving intestinal stem cells using germ-free transgenic mice lacking Paneth cells and

harvesting a consolidated population of stem cells using laser-capture microdissection.
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Expression profiling identified 15 predominantly expressed genes, of which, seven are

intimately involved in c-MYC related actions (Table 2).

EARLY MOLECULAR EVENTS IN COLORECTAL TUMORIGENESIS

Colorectal cancers are believed to originate from a mutated intestinal stem cell (detailed

subsequently) and progress through a series of well-characterized histological changes—

the adenoma–carcinoma sequence (175)—with corresponding accumulation of genetic

changes (176–179). The paradigm early step in this pathway is mutation of tumor suppres-

sor gene APC [for review, see Ref. 180]. Genetic changes subsequent to APC mutation

commonly include mutational activation of the K-ras oncogene, inactivation of the p53

tumor suppressor, and deletion of material on the long arm of chromosome 18, occasion-

ally accompanied by mutation of the tumor suppressor DPC4/SMAD4/MADH4. APC

mutations are generally sufficient for colorectal tumors to grow to about 1 cm diameter

(181). Several other genes have been reported to undergo activating or inactivating

mutation at low frequencies and a large panel of genes show evidence of promoter methyl-

ation and consequent transcriptional silencing (182). In addition to mutations that

directly promote tumor growth, there exist (epi)mutations that lead to various forms

Table 2 c-MYC-Related Genes in the Gastrointestinal Stem Cells

Gene

SI

crypt

Colon

crypt

Stomach

crypt c-MYC-related action

Pituitary tumor-

transforming factor

(Pttg1)

2.3 2.0 3.7 Erk1 (extracellular-regulated kinase 1)

phosphorylates Pttg1 allowing

nuclear translocation and c-MYC

transactivation

Ubiquitin-conjugating

enzyme (Ube2ve1)

1.8 2.1 1.2 Ubiquitin degrades c-MYC, a process

prevented by CKII phosphorylation

Macrophage migration-

inhibitory factor

(secreted) (Mif)

11.5 4.3 2.6 Erk1 stimulates cell proliferation in

response to a variety of factors

including Mif

BRG1/brm-associated

factor 53A (Baf53a)

4.2 2.4 2.5 c-MYC together with the co-factor

Baf53 forms a complex that functions

in nucleosome remodeling during

transcription

Histone acetyltransferase,

type B subunit 2 (Rbbp7)

13.8 10.5 3.3 c-MYC binding to chromatin induces

histone acetylation by histone

acetyltransferase (Rbbp7)

Casein kinase II, beta

subunit (CKII) (Csnk2b)

1.7 3.8 1.2 c-MYC is phosphorylated by CKII in

response to polyamines, known as

intestinal stem-cell mitogens

Protein phosphatase 2A

catalytic subunit

(Ppp2cb)

2.4 15.7 0.8 CKII substrates are dephosphorylated

by Pp2A (Ppp2cb is the b-isoform),

which promotes ubiquitin

degradation

Note: Values refer to x-fold increases in gene expression compared with non–stem cells.

Abbreviation: SI, small intestine; c-MYC, the human homologue of an oncogene carried by an acutely transform-

ing retrovirus known as Avian myelocytomatos virus.

Source: From Ref. 173.

250 McDonald et al.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


of genomic instability in colorectal cancers. The best-characterized form of genomic

instability is defective mismatch repair (MMR) which usually results from transcriptional

silencing of the MLH1 gene. These cancers comprise 15% of all colorectal malignancies

and follow a different—though overlapping—genetic pathway from the classical pathway

delineated above, which is followed by many MMR-proficient tumors. MMR-deficient

tumors have few karyotypic changes, but are prone to frameshift mutations and tend to

acquire fewer mutations of APC, mutation of BRAF rather than K-ras, inactivation of

BAX rather than p53, and mutation of TGFB2R rather than SMAD4. Hereditary non-

polyposis colorectal cancer (HNPCC) is the hereditary form of the MMR-deficient

pathway [for review, see Ref. 183] and results from germline mutations in not only

MLH1, but also the related MMR genes MSH2 and MSH6 mechanism. Given that they

act as tumor suppressors, one intriguing possibility is that mutations in the MMR genes

may affect not only DNA repair, but also cell proliferation. Additional pathways of color-

ectal tumorigenesis exist, including one driven by germline defects in the base excision

repair gene, MYH, leading to a failure to repair oxidative damage and hypermutation of

APC and K-ras [for review, see Ref. 184].

Although there is no conclusive evidence of genomic instability in all colorectal

tumors, especially early lesions, the increased genetic instability associated with colorectal

cancer development is generally considered to be of the MMR-deficient (or microsatellite

instability, MIN) type or of the chromosomal instability (CIN) type (185,186). Intrigu-

ingly, it has been suggested that mutation of APC itself can cause chromosomal mis-

segregation, although this has to date only been demonstrated in in vitro models.

Mutation of APC yields mainly truncated forms of the protein that lack all of the

axin-binding and most of the b-catenin-binding sites (187). In turn, the efficient degra-

dation of b-catenin is blocked (188), leading to increased associations with TCFs. Accord-

ingly, immunohistochemical studies demonstrate nuclear accumulation of nuclear

b-catenin in early lesions such as microadenomas (189–192). Other Wnt pathway mol-

ecules such as conductin (193) and axin (194) may also be perturbed. Interestingly,

from the perspective of crypt homeostasis, APC mutations do not simply inactivate the

protein. Instead, there are tight constraints on the levels of APC activity of the proteins

encoded by the two mutant alleles (195). Specifically, most colorectal adenomas have

mutations that truncate the APC protein so as to leave a total of one or two of the 20

amino acid repeats involved in b-catenin degradation. The consequence of this may be

to set an optimal level of Wnt signaling for colorectal tumorigenesis that is different

from the norm, but is neither too weak not too strong. The pattern of APC mutations

shows that this level is different between adenomas from the large and small bowels

in FAP.

On the basis of these observations, various models of molecular and genetic

changes in colorectal tumorigenesis have emerged (185). One view proposes that the

multifunctional nature of APC confers one of the rate-limiting steps in tumor initiation

and progression. Loss of b-catenin regulation by APC provides the intestinal cell,

perhaps a mutated daughter cell, with a selective advantage and allows the initial

clonal expansion (196). At this stage, CIN caused by loss of the C-terminal functional

motifs of APC is latent due to surveillance by the cell cycle and mitotic checkpoint

machinery (197). The early activation of the oncogenes K-ras (by point mutation) and

MYC (as a downstream target of the Wnt pathway) will synergize with APC in triggering

CIN and the subsequent allelic imbalances at chromosomal positions 17p and 18q

(Fig. 8). Additional synergisms between APC and other tumor suppressor genes in elicit-

ing aneuploidy and CIN will progressively lead to malignant transformation and metas-

tasis (198).
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Altered maturation is increasingly recognized as an early event in tumorigenesis.

Loss of imprinting (LOI) of the insulin-like growth factor II gene (IGF-2) is an epigenetic

alteration that results in a modest increase in IGF-2 expression, which in turn may drive

adenoma growth in a paracrine manner (199). Mice with LOI developed twice as many

intestinal tumors as did control littermates (200). These mice also showed a shift

toward a less differentiated normal intestinal epithelium, reflected by an increase in

crypt length and increased staining with progenitor cell markers. A similar shift in differ-

entiation was seen in the normal colonic mucosa of humans with LOI.

INTESTINAL STEM CELLS AND THE ORIGIN OF

COLORECTAL CANCER

It is a well-held view (although not proven) that colorectal carcinomas are derived from

the clonal expansion of a single intestinal stem cell (5,201,202). The evidence in

support of this postulate is as follows:

. For the most part (caveat below), human tumors are monoclonal, suggesting that

they arise from a single transformed cell. Examples supporting monoclonality

include immunoglobulins and their heavy- and light-chain components secreted

by malignant plasma cells in multiple myeloma and some B-cell lymphomas,

and the expression of a single isoenzyme of G6pd (an X chromosome gene)

in tumors (203,204).

. Given the evidence for monoclonal origin of most human tumors, there are two

candidate target cells in the process of carcinogenesis: “proliferating” differen-

tiated cells and stem cells. The acquisition of proliferative features in a differen-

tiated cell necessitates the concept of de-differentiation and a cessation of

migration. These scenarios are arguably unlikely. In the intestinal crypt, the

Figure 8 The accumulation of genetic alterations in the adenoma–carcinoma sequence. Sequen-

tial genetic changes leading to the evolution of colorectal cancer. Diagram mainly representative of

the gatekeeper pathway. (See color insert.)
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proliferating cells or transit cells are short lived (five to seven days) and rapidly

migrating, whereas the natural history of carcinoma development is of many

years or decades. Stem cells are the only cells with such a lifespan. Transit

cells could conceivably be transformed but would ceteris paribus be lost with

the upward drift of cells in the crypt—the so-called “escalator” effect.

. Most human tumors contain cell types consistent with an origin from the stem

cells of that tissue. Thus, a cloned colorectal adenocarcinoma cell line, subcu-

taneously xenografted in immunodeficient mice, gives rise to four single-cell-

type tumors (91).

. Changes in stem-cell-regulation mechanisms during early tumorigenesis is a

further line of evidence (205). A number of studies (195,206) have been able

to demonstrate that by APC mutation in embryonic stem cells, and it is possible

to alter the level of cell differentiation through modulation of b-catenin dosage

in these pluripotent cells (207).

Bearing in mind the fact that cancer development requires at least four mutational-type

changes that span a long period of time and hence can only accumulate in the long-

lived stem cell, there will be a point in time when a stem cell will have accumulated all

but the last of these changes. This may be expressed by distortional and/or proliferative
changes in the crypt. However, at this point, any cell in the crypt could sustain the final

mutational change and develop into a neoplastic lesion, but this still requires changes to

have occurred in the stem cell.

Caveat to the Monoclonal Theory of Human Colorectal Tumors

An unusual (and very rare) patient found both to be a constitutional XO/XYmosaic and to

have FAP was used to explore the relationship between adenoma evolution and XO or XY

karyotype utilizing the technique of in situ hybridization with a Y chromosome probe (79).

The intestinal crypts of normal tissue were indeed monoclonal, as demonstrated in pre-

vious studies (described earlier), but 76% of microadenomas, although not the larger ade-

nomas, were found to be polyclonal. The clonality of adenomas has also been assessed in a

chimeric Min/ROSA26 mouse model (208). This study found 79% of adenomas to be

polyclonal. It is not known precisely how these polyclonal tumors arise and what, if

any interaction occurs between the genetically distinct cell types during the early stages

of tumor evolution (209). The most likely explanations include synergy and/or fusion
between adjacent early lesions and entrapment of genetically normal tissue within

growing adenomas.

COLORECTAL TUMOR MORPHOGENESIS

On the basis of the histological distribution of proliferating cells within the crypt

(described earlier), colonic adenoma formation is conventionally attributed to an

upward extension of proliferating epithelial cells from the crypt base toward the colonic

lumen, followed by an outward extension beyond the crypt surface into the lumen, ulti-

mately forming a polyp (210,211). In this theory, adenomas form when the rate of cell pro-

liferation exceeds that of the adjacent normal mucosa (212). Apoptosis is also important in

determining tissue mass, and it is increasingly appreciated that its impairment may be an

early event in the neoplastic process (38). Indeed, mean proliferation and apoptosis rates

increase from early to advanced adenomas, although the rate of change of the former is
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greater than that of the latter (Table 3). Abnormal expression of oncoproteins and

apoptosis-related proteins is also observed in microadenomas. Thus, for example,

p21WAF1/CIP1 protein expression is reduced early in the progression of both sporadic

and FAP adenomas (213), but not those arising in HNPCC patients (214). Bcl2 (an

anti-apoptotic peptide), but not p53 protein expression, is also increased in early

adenoma formation (38,215,216).

Top-Down Morphogenesis

Some investigators have challenged the outward theory of adenoma formation. Building

on the earlier observations of Maskens (217) and Nigro and Bull (218) that proliferative

activity is increased on the villous table in mucosa adjacent to colon tumors, two of the

studies demonstrated that the distribution of proliferative cells and apoptotic cells is strik-

ingly reversed in adenomas compared with normal colonic mucosa (216,219). This was

referred to as loss of crypt compartmentalization and led the authors to conclude that

cell migration in adenomas is not toward the lumen but rather inward toward the polyp

base. Extending this concept further, Vogelstein’s group have recently coined the term

Top-down morphogenesis for adenoma development, demonstrating that early molecular

markers of neoplastic change (APC gene mutation and b-catenin) are first noted in cells in

the superficial portions of mucosa, and migrate laterally and downwards to form new

crypts (190). The top-down hypothesis holds favor in some contemporary medical litera-

ture (220). A modification of this proposal is that a mutant cell in the crypt base, classically

the site of the stem-cell compartment, migrates to the crypt apex, where it expands as

above (221).

Bottom-Up Morphogenesis

Although there is undoubtedly loss of crypt compartmentalization and early molecular

markers of neoplastic changes, such as APCmutation and b-catenin nuclear accumulation,

in cells in the upper aspects of the crypt, there are several strong arguments against the

“top-down” morphogenesis hypothesis. First, the evidence that stem cells originate

from the base of the crypt and form lineages that spread to the surface is considerable.

Table 3 Proliferation and Apoptotic Characteristics in the Adenoma–Carcinoma Sequence

Early adenoma Advanced adenoma Adeno-carcinoma P-valuea

Median (range)

N 38 23 67

Proliferation index (%) 16.0 (1.0–95.0) 20.5 (0–95.0) 49.4 (2.0–98.0) ,0.0001

Apoptotic index (%) 0.3 (0–7.9) 1.0 (0–7.3) 1.9 (0.1–12.4) ,0.0001

Percentages (%)

N 21 16 27

p53 immunopositivity (%) 28 38 70 0.009

bcl2 immunopositivity (%) 81 88 22 ,0.001

Notes: Unpublished data from Potten laboratory. Early and advanced adenomas defined by clinicopathological

criteria in accordance with the Flexi-Scope trial. Advanced adenoma: �1 cm, .20% villous component on his-

tology, and/or severe dysplasia.
aPercentages compared using x2-tests: median compared using Kruskal–Wallis nonparametric tests.
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Second, for clonal expansion of a mutated stem cell, there must be proliferation. Yet, in the

intestinal crypt, the proliferating cells are short lived (five to seven days) and migrating,

whereas the natural history of carcinoma development is of many years. Third, in the

upper aspects of the crypt, the molecular signals are those of cell growth arrest. For expan-

sion of a stem cell in this crypt position, there is a need for a change in the molecular

environment (the “niche”) and/or de-differentiation of cells, scenarios that seem unlikely.

An alternative hypothesis—bottom-up histogenesis—involves the recognition of the

earliest lesion, the unicryptal or monocryptal adenoma (Fig. 9A), where the dysplastic

epithelium occupies an entire single crypt (222). These lesions are very common in FAP,

and although they are rare in non-FAP patients, they have certainly been described (223).

Here a stem cell apparently acquires a second hit and expands (either stochastically or

more probably because of a selective advantage, to colonize the entire crypt). Such mono-

cryptal lesions thus should be clonal (79). Similar crypt-restricted expansion of mutated

stem cells has been well documented in mice after ENU treatment (70) and also in

humans heterozygous for the OAT gene, where, after LOH, initially half and then the

whole crypt is colonized by the progeny of the mutated stem cell (78). Interestingly,

OATþ/OAT2 individuals with FAP show increased rates of stem-cell mutation with clus-

tering of mutated crypts (224). In this scenario, in sharp contrast to the “top-down” model,

the mutated clone further expands, not by lateral migration but by crypt fission, where the

crypt divides, usually symmetrically at the base, or by budding (Fig. 9B–D).

In several studies, fission of adenomatous crypts is regarded as the main mode of

adenoma progression, certainly in FAP, where such events are readily evaluated

Figure 9 Adenoma morphogenesis. (A) A monocryptal or unicryptal adenoma. (B) A three-

dimensional reconstruction of a unicryptal adenoma (inset) from serial sections, showing the

adenoma in blue. Note that the adenomatous epithelium extends to the base of the crypt. (C) The

mechanism of crypt fission in the normal colon whereby a crypt divides into two by this fission

process. (D) A larger adenoma, from a three-dimensional reconstruction, showing expansion by

basal fission and budding. (E) Lateral migration at the margins of an adenoma, with adenomatous

epithelium invading crypt territories. (F) “Top-down” morphogenesis where a single cell incurs

APC activation, passes to the top of the crypt, and proliferates or transforms in situ at the top

of the crypt. Both concepts lead to expansion of the clone in the intercrypt zone. (G) Representa-

tion of how mutated clones expand in the colorectal epithelium by crypt fission. Source:

From Ref. 231. (See color insert.)
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(225,226), but also in sporadic adenomas (201). In fact, the non-adenomatous mucosa of

FAP, with only one APC mutation, shows a large increase in the incidence of crypts in

fission (226). Aberrant crypt foci, murine lesions that are putative precursors of

adenomas and which can show K-ras and APC mutations (227), grow by crypt fission

(228,229), as do hyperplastic polyps (230), but this concept does not exclude the possi-

bility that the clone later expands by lateral migration and spreads downward into adjacent

crypts, with the initial lesion being the monocryptal adenoma. This model of morpho-

genesis is conceptually very different from that proposed by Shih and co-workers (190)

(Fig. 9E) (231).

On the basis of their observations, Boman et al. (232) hypothesize that tumor

initiation in the colon is caused by crypt stem-cell overproduction. Using a combination

of cell proliferation data in crypts from FAP patients and mathematical simulation, they

show that only an increase in stem-cell numbers can explain the observed altered crypt

labeling pattern in the premalignant crypt. This postulate is consistent with the previously

mentioned “threshold” number of stem cells to trigger crypt fission and also the concept of

hierarchical proliferation as described earlier. One possibility is that stem-cell over-

production increases the number of susceptible cells, leading to an increased likelihood

of tumor initiation. Further studies suggest that mutated APC may confer enhanced

stem-cell survival either directly (233) or indirectly through increased surviving

expression (234). In addition, there are instances where mutated clones expand and

remain cohesive, often involving a large area of tissue. The main example is the movement

of mutated clonal crypts through the colorectal epithelium, again, by the process of crypt

fission (235) (Fig. 9G).

The most persuasive evidence for the bottom-up hypothesis has recently come from

the Wright laboratory. Preston et al. (236) examined 10 sporadic adenomas, the flat

mucosa of three FAP patients, and specimens from the XO/XY individual with FAP.

In the earliest sporadic adenomas, there were crypts entirely filled with the adenomatous

epithelium, which showed proliferative activity and nuclear localization of b-catenin.

There was a sharp cut-off between crypt epithelial cells showing nuclear b-catenin and

surface cells with membrane staining. In contrast, in the larger lesions, downward adeno-

matous spread spilling over from an adjacent crypt was seen. Microdissected adenomas

showed multiple fission events, with proliferation distributed equally throughout. In

FAP tissues, numerous isolated monocryptal adenomas, which were clonal in origin,

were seen, and examination of adenomas in the XO/XY individual also showed no

instances of XY or XO adenomatous epithelium growing down into crypts of the other

genotype. These data, together with an earlier study (237), provide the strongest evidence

to date that both sporadic and FAP adenomas start as a unicryptal adenomas and grow

initially by crypt fission, that is, bottom-up histogenesis. Later, in sporadic adenomas,

there is evidence of growth down into adjacent crypts (top-down).

CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS

The study of stem cells, with specific reference to intestinal stem cells, is of medical

importance for a number of reasons.

. This chapter has shown that mechanisms of normal intestinal stem-cell homeo-

stasis are at least some of the same processes that become dysregulated in car-

cinogenesis. Discovery of these pathways, therefore, brings us a step closer to

treating uncontrolled clonal expansion and providing us with targets for future
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cancer treatments (238), lifestyle and dietary changes (239), and gene

therapy (240).

. Molecular targeting of the Wnt/b-catenin pathway for cancer prevention and

anti-cancer therapy is already a reality and is summarized in Figure 10 [for

review, see Refs. 241,242].

Figure 10 Different therapeutic agents block constitutive b-catenin/TCF signaling activity.

(See color insert.)
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. The rapidly dividing tissues of bone marrow, gut, and skin are the first to be

affected by cancer treatment. Toxicity in these tissues is dose limiting for

many chemotherapeutic agents or radiotherapeutic practices (243). Isolation of

viable stem cells could be used as a therapeutic maneuver to repopulate such

tissues following cancer therapy (244). Alternatively, growth factor manipu-

lation to alter their sensitivity to treatment or improve their regenerative poten-

tial could also have benefits.

. The culture of intestinal stem cells may eventually facilitate tissue engineering.

Already skin can be manufactured from its constitutive elements to provide

cover following ulceration or burns. Hopefully, this tissue and others may even-

tually be derived from clones of our own progenitor cells (245).

. The identification of stem cells by novel markers may aid the development of

stem-cell gene therapy for single gene conditions, such as APC, similar to

examples in cystic fibrosis (246).

The importance of LOI of the IGF-2 gene as an epigenetic alteration in early

colorectal carcinogenesis is already mentioned. Importantly, IGF-2 LOI may be deter-

mined in human leucocytes and this is a potential powerful marker of the presence of

colorectal adenomas (247,248). The IGF-2 gene is one of the most commonly up-regu-

lated genes in colorectal neoplasia (249)—there is concomitant overexpression of IGF-2

protein, which may spill over into the circulation, and corresponding levels of serum

IGF-2 are elevated (250). This may serve as an inexpensive tumor marker.

Bone Marrow–Derived Cells and Intestinal Cancer Development

The evidence and potential clinical implications of plasticity of adult human stem cells (the

ability to generate cells of different lineage from their organ of origin) have been discussed

elsewhere (Chaps. 2, 9, and 14). Studies in several species have demonstrated that bone

marrow-derived cells (BMDCs) are not simply stromal or hemopoietic stem cells, but they

are precursors for many peripheral tissues, andmay have potential implications in the clinical

management of common diseases of the heart and central nervous system (Chap. 14).

In the intestinal tract, BMDCs are frequently recruited to sites of tissue injury and

inflammation (251–253), and thus, may also be a potential source of malignancy. In a

recent study, using a Helicobacter-gastric cancer model, Wang’s laboratory showed that

although acute injury, acute inflammation, or transient parietal cell loss within the

stomach do not lead to BMDC recruitment, chronic infection of C57BL/6 mice with Heli-

cobacter (a known gastric cancer carcinogen) induces repopulation with BMDCs (254).

These cells go on to progress through metaplasia and dysplasia to intraepithelial cancer.

However, BMDCs have a tendency to fuse with other cells, a trait not demonstrated in

this study. Although these experiments have yet to be reported for intestinal cancer devel-

opment, nonetheless they suggest for the first time that intestinal cancers can originate

from BMDCs. As current hypotheses are generally based on the tenet that epithelial

cancers originate from transformation of tissue-specific stem cells, these observations

challenge the multi-step model of cancer progression discussed earlier and open a

whole new field of intestinal carcinogenesis (255).

SUMMARY

The main issues of this chapter are summarized in Table 4. Over the past three decades, we

have gained huge insight into the origin and characteristics of intestinal stem cells. Along
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the route, we have learned that the stem-cell systems differ between the small and large

intestines, an observation that may explain the vast difference in cancer incidences at

these respective cancer sites. More recently, scientists have identified the individual mol-

ecules that regulate proliferation, migration, and fate of stem-cell daughter cells within the

crypt and identified that dysregulation of these processes are common features of early

tumorigenesis. These findings strike at the very origin of colorectal carcinogenesis and

offer untapped opportunities for primary prevention of this common cancer.
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12
Stem Cells in Neurodegeneration
and Injury

Reaz Vawda, Nigel L. Kennea, and Huseyin Mehmet
Institute of Reproductive and Developmental Biology, Imperial College, London,
London, U.K.

INTRODUCTION

One in four people worldwide suffer some form of neurodegenerative disorder. The World

Health Organization estimates that there are currently four million people worldwide with

Parkinson’s disease (PD), 37 million with Alzheimer’s disease (AD) (4.5 million in the

United States), and 5.5 million die each year as a result of cerebrovascular events. In

the United States, more than 50 million people are affected by various central nervous

system (CNS) diseases. Each year, 11,000 people sustain spinal cord injury, adding to

the 400,000 or so already affected. Two million people have been disabled by head injuries

with 1.5 million people a year suffering traumatic brain injury (TBI), adding to the 5.3

million already living with disabilities resulting from TBI (http://www.who.int). With

an aging global population, the number of people with neurodegenerative and cerebrovas-

cular conditions continues to grow, as does the cost to the health service.

The adult CNS has only a limited capacity for self-repair, although varying degrees

of functional recovery are achievable, often with little or no clinical intervention. As the

brain matures, it loses its ability to support the growth of axons and consists of a cellular

environment largely dominated by growth-inhibitory molecules, including myelin (1,2).

Because neuronal loss is at the core of most neurodegenerative conditions, clinical

therapy has until recently been limited to their symptomatic relief. Cellular replacement

therapy is aimed at restoring neural circuits damaged either by trauma or neurodegenera-

tion. Different strategies have been attempted both in the laboratory and at the clinical

level, especially for PD (given its localized and well-characterized etiology), which has

served as a platform for testing cell-based restorative therapies. These include the implan-

tation of adrenal cells, Sertoli cells, and fetal mesencephalic cells (3). Unlike their less

developed counterparts, mature or differentiated neural cells are mitotically quiescent

and do not survive well after intracerebral implantation. Therefore, alternative sources

of expandable cells are needed for regenerative therapy. The use of human fetal mesence-

phalic tissue, despite providing some promising early results, is constrained by ethical and

practical concerns surrounding the availability and survival of CNS tissue from elective
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abortions. The use of fetal mesencephalic tissue of porcine origin (xenotransplantation)

has been attempted in some patients with late-stage PD (4), but the immunological con-

straints and unsatisfactory benefit have prompted a radical rethink of this approach.

Stem cells from a range of sources have the potential to overcome these obstacles.

STEM CELLS

Although a universal definition of stem cells has yet to be agreed, the following criteria

represent the current consensus: they are karyotypically normal, undifferentiated cells

(lacking a specific morphology and not expressing antigens of mature cells) with extensive

proliferative capacity, long-term self-renewal, and pluripotency (that is, capable of giving

rise to multiple types of cell lineages). It is not always possible to assess all these par-

ameters simultaneously, although a number of antigenic markers have been used to

characterize and detect these cells (Table 1) (5).

Pluripotent stem cells can be derived from embryonic, fetal, and adult tissues

(Fig. 1). At least three different types of mammalian stem cells have been identified in

the embryo: embryonal carcinoma cells, embryonic stem (ES) cells derived from the

inner cell mass of blastocysts, and embryonic germ cells obtained from postimplantation

embryos. In the early 1990s, several groups (13,14) reported the existence of a subset of

stem cells in the CNS. However, they were more restricted in their differentiation potential

than ES cells, giving rise predominantly to the three major cell types of the CNS: neur-

ones, astrocytes, and oligodendrocytes and were therefore named neural stem cells

(NSCs) (15). These can be isolated from both fetal and adult CNS.

More recently, stem cells referred to as “mesenchymal stem cells” (MSCs) with

neurogenic potential have been derived from non-neural tissues such as blood, bone

marrow (BM), umbilical cord matrix Wharton’s jelly (WJ), liver, skin, muscle, and

adipose tissue. MSCs are derived from the developing mesoderm of the embryo and

give rise to connective tissue in the adult, which retains a population of MSCs throughout

life (16).

Table 1 Major Antigenic Markers of Undifferentiated Stem Cells—ES cells, NSCs, and MSCs

Marker type Designation References

ES cells Oct-4 (6,7)

SSEA-1, SSEA-3, SSEA-4 (8,9)

TRA-1-60, TRA-1-81 (10,11)

nanog (12)

NSCs Nestin,

PSA-NCAM

Sox1, Sox2

Bcrp1

(5)

MSCs CD105 (SH2 antibody), CD73 (SH3 and SH4 antibodies)

STRO-1

a-smooth muscle actin

prolyl-4 hydroxylase

(5)

Note: Neural induction results in a down-regulation of these markers and an up-regulation of neural markers.

Abbreviations: ES, embryonic stem; NSCs, neural stem cells; MSCs, mesenchymal stem cells.

Source: From Ref. 5.
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Embryonic Stem Cells

ES cells are totipotent (can give rise to all tissues in the body, including those of the

nervous system) (17) and, as such, are a promising source of material for therapeutic appli-

cations. They can be propagated in vitro and can be engineered to express therapeutic

genes. ES cells can be cultured as floating aggregates called embryoid bodies and retain

their ability to differentiate into cell types of all three germ layers. The first demonstration

that mouse ES cells can be differentiated into multiple neural phenotypes in culture was

reported by Bain and colleagues (18), using retinoic acid. The newly formed neurones

not only expressed lineage-specific markers, but were also capable of generating action

potentials. Several groups have now enriched neural progenitors from murine and

human ES cells (19,20).

Figure 1 Derivation of stem cells from embryonic, fetal, and adult tissues. Source: From

Ref. 16.

Stem Cells in Neurodegeneration and Injury 273

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Neural Stem Cells—Fetal and Adult

NSCs are found in both the developing (embryonic and neonatal) and adult mammalian

CNS mostly in two main active neurogenic germinal zones: the subgranular zone of

the dentate gyrus (which generates hippocampal interneurones) and the subventricular

zone (SVZ) (Fig. 2). The main source of mature neurones and glia in the CNS

seems to be the undifferentiated precursor cell population of the embryonic germinal

periventricular neuroepithelium (21,22). Adult mammalian CNS non-neurogenic

regions have also been reported to contain small numbers of stem-like cells, including

the spinal cord (which has important clinical implications for spinal cord repair), where

neurogenesis has not been described in the adult (Fig. 2), the septum, and striatal par-

enchyma (23). NSCs from different CNS regions have different growth factor require-

ments for the maintenance of their undifferentiated and proliferative state. The diagram

below summarizes the various locations in the rodent CNS from which NSCs have been

isolated.

Although the bulk of experimental data has been obtained using rodent NSCs,

similar multipotent cells have been identified in the human, with the antigenic phenotype

CD133þ, CD342, CD452, CD242/lo, and 5E12þ. These have been shown to generate

neurospheres, to self-renew, and to differentiate into neurones and glia (24,25). When

these cells are injected into the lateral ventricles of immunodeficient newborn NOD/
SCID mice, they show engraftment, migration, and region-specific neuronal differen-

tiation up to seven months later (26).

Figure 2 Anatomical distribution of NSCs in the rodent CNS, and their growth factor responsive-

ness. Abbreviations: NSCs, neural stem cells; CNS, central nervous system; SVZ, subventricular

zone. Source: From Ref. 23.
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There are important similarities between the in vivo and culture properties of rodent

and human NSCs, but there are also notable differences (27). One of the most evident is

that differentiation of rat neurospheres generates large proportions of oligodendrocytes,

whereas human NSCs generate relatively few. The reason for this is not clear and more

work is needed to determine the signals that influence the cell phenotype, and indeed

what the specific cues are for differentiation and maturation.

Another potential source of human NSCs is the adult brain, and stem cells have even

been cultured from human cadavers up to five days after death (28). At present, NSCs

derived from adults are difficult to isolate, found in smaller numbers, have a more

limited proliferative capacity, and seem to have a more restricted differentiation potential

than their fetal counterparts. In the light of current knowledge, it appears that fetal NSCs

are likely to be more useful for cell therapy. However, the highly controversial nature of

this source of neural tissue has provided an impetus for understanding adult NSCs in more

detail. Whether fetal or adult NSCs are used in cerebral transplants, little is known about

the cell-intrinsic and external factors that influence proliferative capacity and fate choice.

By careful examination of the effects of defined neurotrophic factors and accurate defi-

nition of the factors in the transplant microenvironment, it may well be possible to

improve the potential of NSC therapy in the future.

Although their discovery and isolation is useful for the understanding of brain

development and repair, the basic biology of NSCs is still not well understood.

Indeed, the unequivocal identification of true NSC remains difficult, as there are no

specific markers for this cell type. Nestin, for example, is a widely used marker and is

highly expressed in the developing neuroepithelium and NSCs (29,30), but is also

found in other cell types such as endothelial cells, developing myoblasts, and reactive

astrocytes (31). Other markers used to define NSCs include Musashi, tai-ji, and notch-

1 (32–34). However, none of these markers is exclusive or definitive. Moreover, the

apparent continuum of stem, precursor, and progenitor cell subtypes hinders a straightfor-

ward classification of cell lineages (35). Therefore, the identification of neural stem cells

in culture relies on their functional attributes, including their growth factor responsive-

ness, their multilineage differentiation potential (ability to generate one or more cell

types), and their capacity for proliferative self-renewal (36). In vivo, the survival and

migration of implanted cells can be measured using magnetic resonance microscopy,

complemented by the identification of cells at matched time points by conventional

immunohistochemistry (37).

When considering NSCs for replacement therapies, it is important to recognize that

cells from different gestational ages and anatomical sites are not identical, displaying

different growth characteristics, trophic factor requirements, and specific patterns of

differentiation (38–42). The gene expression of isolated neural stem cells seems unaltered

within the neurospheres they generate in culture (43–46). Rodent neural stem cells

express developmentally regulated genes in vitro, such as the Pax family, which is influ-

enced by the ECM molecules to which they are exposed (43–46). The spatio-temporal

variations in NSC growth factor receptor expression (especially epidermal growth

factor receptor and fibroblast growth factor receptor) also seem to influence NSC fate,

as might do differences in receptor expression levels (47,48).

Stem Cells from Non-neural Tissues

Recent studies have suggested that MSCs from certain adult and fetal tissues have the

potential both in vitro and in vivo to exhibit phenotypic characteristics of cells not

expected within the tissue of origin (49,50), including neural phenotypes. These tissues
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include BM (51), peripheral blood (PB) (52–54), umbilical cord blood (55–57), umbilical

cord matrix (WJ) cells (58,59), amniotic fluid (60), amniotic epithelium (61), endothelium

(62,63), adipose tissue (64,65), muscle (66,67), liver (68), dental pulp (69) and skin (70).

As well as representing a plentiful, ethically acceptable, and easily accessible source of

neural tissue for therapeutic brain and spinal cord repair and regeneration, these cells

could potentially be obtained from the very patient receiving the intracerebral cell graft,

thereby reducing the risk of tissue rejection. To date, however, little is known about the

sources, frequency, and characteristics of cells with the potential to adopt neural lineages

and the mechanisms by which they are generated outside the nervous system. This chapter

will focus on MSCs isolated from BM and WJ.

Bone Marrow

Adult hematopoiesis (the generation of blood cells) takes place in the BM (located within

the vascular sinuses of flat and short bones), which consists of two stem-cell types: hema-

topoietic (HSCs) and mesenchymal (MSCs) (71). HSCs self-renew and continually

generate blood cells throughout life. They express CD34, CD45, c-kit/CD117, and

HLA-DR; are typically non-adherent in cell culture; and can be maintained in long-

term culture using a bone marrow stromal cell (BMSC) feeder layer. Until recently,

they were thought of as tissue-specific stem cells able to differentiate into blood-lineage

cells only. However, recent evidence suggests that HSCs may have greater differentiation

potential (72,73).

BMSCs are non-hematopoietic cells, also referred to as colony forming unit fibro-

blasts, which provide the structural and functional support for the generation of blood

lineages from HSCs (51). They also have the potential to differentiate into a range of mor-

phologically and biochemically distinct cell types from all three germ layers (ectoderm,

mesoderm, and endoderm), including adipocytes, osteoblasts, macrophages, chondro-

cytes, tendon, hepatocytes, muscle, cardiac myocytes, endothelial cells, and neural cells

(51,73). BMSCs are present within the BM at a very low frequency (less than one per

million mononuclear cells) (74,75), hence the need for expanding them in culture

before phenotypic characterization and implantation. The different enrichment and

expansion methods used have been shown not to influence the immunophenotype and

proliferation rate of BMSCs (76). Due to their expression of several adhesion-related

antigens, including the integrin subunits a4, a5, b1, integrins anb3 and anb5, ICAM-

1, and CD44H, proliferative BMSCs can be enriched or purified by spontaneous adherence

to tissue culture plastic, but only in the presence of serum. This forms the basis on

which they were first isolated by Friedenstein et al. in the early 1970s (77–85). There

is as yet no single specific antigenic marker for BMSCs. However, they express CD29,

CD44, and CD166, but lack HSC-associated markers. They do not express antigenic

markers of mature blood lineages either: CD14 (monocytes and macrophages), CD31

(endothelial cells), and CD11a (lymphocytes). The replacement of serum with a defined

formulation for BMSC expansion in vitro is an important challenge if hBMSCs (human

BMSCs) are to be used in clinical transplantation, as serum of bovine origin may

contain as yet unidentified xenogenic pathogens potentially harmful to man. Even

serum of human origin may transmit prions, which would escape standard, routine

pathogen screening (86,87).

There is still debate as to whether BMSCs are bona fide stem cells. In addition to

displaying the characteristics described earlier, are they capable of self-renewing in

long-term culture and pluripotent or multipotent lineage specification and differentiation?

In this respect, some groups have successfully passaged BMSCs for 60 to 120 population

doublings [as in the case of multipotent adult progenitor cells (MAPCs)], with little or no
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apparent change in their multipotency (88). The differentiation potential of BMSCs has

not been extensively studied at the clonal level, given the difficulty in generating clonal

BMSC lines. This is important because colonies of BMSCs derived from several cells

may consist of a number of clones each capable of differentiating into specific lineages.

Although the antigenic enrichment of neurones and their progenitors from ES cells has

been reported (20), the same has not yet been attempted for BM cells after the induction

of differentiation into a specific lineage. This would allow the subsequent comparison of

the in vivo efficacy of positively-selected, negatively-selected, and unselected hBMSCs.

The superiority of positively-labeled cells in effecting CNS repair will rely on their

hypothetical ability either to re-establish functional synaptic connections and restore

lost or damaged neural circuitry, or to release specific, diffusible, trophic factors

capable of enhancing CNS repair.

The demonstration of the functionality of hBMSCs is based primarily on their ability

to function electrophysiologically in vitro, as this would suggest that they might establish

appropriate synaptic connections with depleted host neurones after implantation in vivo.

Few studies have examined the electrophysiological properties of BM-derived neurones

using whole-cell patch clamp recording (88–90), although in one study, a resting mem-

brane potential similar to that of neurones and a rectifying ionic current typical of

voltage-dependent potassium ion (Kþ) channels were recorded (90). A rapid and revers-

ible rise in calcium ion (Ca2þ) levels in response to acetylcholine that is characteristic

of neurones was also measured. In another study (89), voltage-sensitive ionic currents

were also detected, as well as intracellular Ca2þ concentrations, which could be elevated

by high Kþ and glutamate, in b-mercaptoethanol-treated size-sieved hBMSCs, and not in

untreated cells.

Wharton’s Jelly Cells of the Umbilical Cord

The human umbilical cord (Fig. 3) consists of an outer layer of amniotic epithelial cells (5)

enclosing a gelatinous matrix referred to as WJ, first described by Thomas Wharton (91).

The latter encases a single vein (1) and two arteries (2 and 3). WJ is the gelatinous

connective tissue (4) that constitutes the umbilical cord and is composed of myofibro-

blast-like stromal WJ cells, collagen fibers, and proteoglycans (92). WJ cells are highly

proliferative and can be propagated for over 80 population doublings, while maintaining

high levels of telomerase activity. They reportedly express several stem cells markers,

including c-kit and Oct-4, as well as telomerase, an enzyme that inhibits cell senescence

by maintaining telomere length. They also seem to have neurogenic potential (58). Their

osteogenic, chondrogenic, and adipogenic differentiation potential is currently being

assessed in order to test whether they are genuine MSCs similar to those isolated from

other sources. WJ cells have been shown to survive for at least six weeks following

intracerebral transplantation or systemic infusion without the need for immunosuppression

of the host rat. The enhanced green fluorescent protein (eGFP)-labeled cells migrate

extensively following implantation and co-express neuronal filament 70 (59). To date,

no electrophysiological confirmation of neuronal differentiation has been reported for

WJ cells and, similarly, no behavioral assessment of animals transplanted with WJ cells

has yet been published, as they have not yet been used in any disease model.

Differentiation Potential of Stem Cells

Multipotent stem cells undergo a progressive restriction of their lineage potential as

development or differentiation proceeds, until the terminal final fate is specified. This

“developmentally driven lineage restriction” operates within all stem-cell systems
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Figure 3 H&E of human umbilical cord in transverse section: (A) magnification (�2) 1, umbilical

vein; 2 and 3, umbilical arteries; 4, matrix or WJ; 5, amniotic epithelium. (B) low magnification (�4)

of transverse section through the umbilical vein and WJ. (C) Higher magnification (�40) of WJ

and the cells making up the matrix. Abbreviation: WJ, Wharton’s Jelly. Source: From Ref. 278.

(See color insert.)
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(93,94), and occurs alongside a reduction in proliferative capacity (36). The stage of

development at which fate specification occurs and the regulatory mechanisms involved

are poorly understood, although both extrinsic or epigenetic (extracellular matrix,

growth factor availability, and cell–cell contact) and intrinsic genetic influences are

likely to operate (48). Differentiation involves the sequential expression of specific

genes leading to a mature phenotype in a temporally defined manner. The maturation of

stem cells involves a continuous loss of pluripotency and increased phenotypic commit-

ment, until terminal differentiation into a specific cell type or subtype (95).

Transdifferentiation (Fig. 4) is the genetic reprogramming of a differentiated cell

into a pluripotent one (51,88), as occurs in reproductive cloning (when a somatic

nucleus is transferred into an enucleated egg). It has also been used to describe a switch

in cellular phenotype or lineage fate without genetic reprogramming, as occurs in the

conversion of cells of mesodermal lineage (such as osteoblasts) into cells of ecto-

dermal origin, including neural cells (90). Another example of transdifferentiation is

the expression of neurogenic phenotypes (including neurone-specific enolase, neuro-

filament, and neurotrophic growth factor receptor) in bone-derived “Ewing” sarcomas,

which are rare neoplastic growths of bone and extra-osseous tissue (96–98). This

has important implications for brain regeneration and repair after traumatic injury and

degenerative disease, as it suggests that bone-derived cells are capable of generating

neural cells under certain circumstances, and may therefore represent an alternative,

more easily accessible source of neural tissue for therapeutic implantation than neural

or ES cells.

The reverse may also be true and so NSCs are not restricted to a neural fate. They

can apparently generate a variety of blood cell types including myeloid, lymphoid, and

Figure 4 Different mechanisms by which observed “transdifferentiation” could occur. The three

models shown represent mechanisms of differentiation from BM-derived cells into an alternate phe-

notype. (A) Consistent with a paradigm that cells always travel from a less differentiated to a more

differentiated state, this model predicts that there is a highly pluripotent cell that has not yet com-

mitted to the hematopoietic lineage and maintains the ability to differentiate into multiple diverse

cells types. (B) In direct transdifferentiation, an HSC may be able to directly change its gene

expression pattern from that of an HSC into an alternate cell type. (C) If cell fusion is the mechanism

by which HSCs acquire a non-hematopoietic phenotype, a marrow-derived cell, perhaps a macro-

phage, fuses with a non-hematopoietic cell and the nucleus of the marrow-derived cell assumes

the gene expression pattern of the non-hematopoietic cell type. The two nuclei do not necessarily

need to fuse. Note that these models are not mutually exclusive and may all reflect the in vivo

mechanisms involved. These models apply equally well to MSCs, which may be highly pluripotent

stem cells with the ability to differentiate directly into multiple cell types, transdifferentiate into

non-mesenchymal cell lineages, or have the ability to fuse with different cell types. Source:

From Ref. 130. (See color insert.)
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early hematopoietic cells when transplanted into the marrow of irradiated rodent hosts

(99). Similarly, co-culture of NSCs with muscle cells can induce their differentiation

into myocytes (100,101). Although one should not underestimate the controversial

nature of these findings, they suggest a possible lineage relationship between stem cells

in unrelated parts of the body. Such studies also illustrate the deterministic influence of

environmental cues on the fate of NSCs.

This phenotypic plasticity is not restricted to NSCs (102). There are several reports

of non-neural stem cells undergoing transdifferentiation to a proneural form. Some of

these have demonstrated the presence of cells expressing markers of differentiated

neural lineages within BM (51,103) and WJ cell cultures (58), although only few have

shown the presence of putative NSCs. Furthermore, none has isolated, purified, or

enriched those neural-like cells from BM and WJ, and many have used non-physiological

(toxic and carcinogenic) stimuli to induce or promote the emergence of neural-like cells,

which would limit their clinical application. The use of substances toxic to cells can cause

them to react non-specifically with a range of antigenic neural markers (104).

The early in vivo experimental data indicative of transdifferentiation is based on

bone marrow transplantation (BMT) studies in lethally irradiated mice. Transplanted

cells were tracked by genetic differences (e.g., mouse strain, sex, expression of green flu-

orescent protein (GFP)) between the injected cells and the host. In one case of female

mice, which were rescued by male BMT, up to 2.4% of neurones were male (carrying

the Y chromosome) (103). Further studies have demonstrated the presence of donor

markers in neurones of the olfactory bulb (105). Similar work has also been undertaken

in humans (106,107). Postmortem studies of females who had BMT from male donors

revealed that 0.1% of Purkinje cells carried the Y chromosome and were presumed to

be of donor origin (108,109). However, no account was taken of previous pregnancies

with male offspring and the possibility of microchimerism (110).

A range of physiological and non-physiological agents, which have direct or indirect

effects on gene transcription, have been used to induce neural specification of BMSCs

in vitro (111). Furthermore, co-culture with neural tissue or with differentiated neural cells

(astrocytes, oligodendrocytes, or neurones) has been used in an attempt to increase the pro-

portions of BMSC- (51,88) and UCB (umbilical and cord blood) cell-derived (112) neural

antigen-expressing cells. No study has yet examined the effect of co-culturing NSCs

with BMSCs in order to generate neural-like cells from the latter. Similarly, WJ cells have

not been co-cultured with other cell types for the purposes of directed differentiation.

The precise identity of the cell type or subpopulation of BM and WJ cells with the

potential to generate neural-like cells remains unknown, as most studies have used hetero-

geneous or poorly characterized starting populations of cells (113). For instance, it is not

yet certain whether only BMSCs (putatively CD342) have the ability to express neural

antigenic markers, or whether HSCs (putatively CD34þ or c-kit/CD117þ) also have

this potential. This is complicated by the finding that HSCs can be both CD34þ or

CD342 (114). This uncertainty also applies to studies on UCB. For instance, two recent

studies on stem cells from cord blood have published conflicting data with regard to

their expression of CD133 (55,57). This controversy may in part be the result of different

isolation and culture protocols prior to characterization. Nevertheless, a number of BM-

derived HSC (115,116) and non-HSC populations (including cells expressing SSEA1, a

marker of ES cells) [Bonnet, pers. commun., Nov. 2003] have been shown to express

neural antigens both in vitro and in vivo. The in vitro expression of neural antigens by

cells derived from HSCs has only very recently gained attention (52,116,117), although

in vivo observations of their transdifferentiation potential have previously been reported

(115,118). Hematopoietic c-kit/CD117þ cells from murine BM were shown to generate
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oligodendrocytes in vivo after transplantation (115). However, no account was taken of the

possibility of spontaneous donor–host cell fusion (119,120), and, therefore, confirmatory

tests remain outstanding.

However, the concept of stem-cell transdifferentiation is not universally accepted

(121). In one study, Bjornson et al. intravenously injected clonally derived NSCs into

the tail veins of irradiated mice and found that they generated significant numbers of

hematopoietic cells (99). However, this could not be reproduced by Morshead et al.

(122), who failed to detect significant numbers of hematopoietic cells arising from the

injection of labeled neurospheres into the tail vein. The long-term culture of stem cells

in the earlier experiments might account for this apparent discrepancy.

More recently, two independent studies have provided an alternative explanation

for transdifferentiation. In the first, by co-culturing GFP-labeled neurones with hygromy-

cin-resistant ES cells, undifferentiated hybrid cells with molecular characteristics of both

neurones and ES cells were obtained (120). In the second study, co-culture of BM cells

(labeled with GFP) with ES cells resulted in fused cells that were GFP-positive and

expressed a number of ES cell genes. Significantly, the hybrid cells were predominantly

tetraploid, demonstrating that BM cells can fuse spontaneously with other cell types,

adopting their phenotype (119,120).

Cell fusion can also influence in vivo observations. It has been claimed that the

apparent donor-derived cells do not represent “transdifferentiation” of donor cells, but

are the result of cell fusion. In the case of female patients who had had BMT from

male donors and revealed a small proportion (0.1%) of Purkinje cells carrying the

Y chromosome, this fusion would be between endogenous Purkinje cells and donor

cells forming stable heterokaryons that express markers of both recipient and donor

tissue. This possibility has been confirmed in murine models, and it is thought that the

fusion event reprogrammes the donor cell (123).

Fusion of donor cells with host brain cells may explain the apparent transdifferentia-

tion of blood to brain in vivo, but cannot explain all of the in vitro data. There are now

several published protocols for directing BMSC to neural lineages (51,86,88,111,

124,125). The approaches used are different and range from using chemical demethylating

or reducing agents to more physiological growth factors. Although controversial, much of

the transdifferentiation data is tantalizing and is not easily explained by cell fusion.

In these experiments, the generation of neural cells from blood could be a result

of either:

1. Reprogramming of the gene expression profile of a tissue-specific committed

progenitor or fully differentiated cell into that of a pluripotent or multipotent

cell. This could operate through a process of transdifferentiation in response

to local microenvironmental cues or through cell fusion, although some

authors choose to consider the latter simply as a possible mechanism of plas-

ticity, rather than a distinct phenomenon (Fig. 4A–C); or

2. Proliferation or differentiation of a pluripotent progenitor cell residing within an

adult tissue, either after migrating into the tissue early in development, or at a

later stage from a different tissue (126) (Fig. 4A). Verfaillie’s group has described

the multipotent adult progenitor cell as a BM-derived cell that has multi-tissue

differentiation potential, including neural lineages. When transplanted, these

cells have been shown to ameliorate neurological deficits in a rat model of cerebral

ischemia (127).

Therefore, fusion, although unable to increase the number of cells in a damaged

CNS, may contribute to replacing damaged cells. If the mechanisms of reprogramming

could be understood in detail and the frequency of fusion increased, this approach
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could still be useful for therapy, although the possible genomic instability of hetero-

karyotic cells would have to be taken into consideration.

Ethically, the transdifferentiation debate is of particular interest as, if adult stem

cells can be induced to differentiate into any cell type, the need for ES cell research is

reduced (128). However, a large body of research still suggests that fetal stem cells are

significantly more plastic than their adult counterparts (129).

Embryonic, Fetal, or Adult Stem Cells?

A number of factors determine the usefulness of specific cell populations in clinical trans-

plantation. However, if stem-cell replacement is necessary, which source of stem cells is

the best for which conditions?

Embryonic Stem Cells

Several groups have found that enriched neural precursors from human ES cells can incor-

porate into brain tissue and differentiate in vivo (131). Zhang et al. (132) transplanted

neural precursors enriched from ES cells into the lateral ventricles of newborn mice,

and observed migration to multiple brain regions, followed by differentiation into cells

with mature neuronal and astrocytic phenotypes, although, interestingly, no mature oligo-

dendrocytes were identified. Such in vivo studies are important in two respects. First, they

suggest that transplanted cells do have the potential to populate the brain and, second,

they highlight the fact that more manipulation may be necessary before the required

neural cell types are efficiently generated (21,133). Early successes in neural differen-

tiation of ES cell grafts in vivo have led to further work in injury models to demonstrate

that transplanted ES cells can integrate and functionally improve outcome following CNS

injury (134,135). However, it is clear that there is still a significant gap in our knowledge

of how to direct the appropriate differentiation of ES cells in vivo.

Advantages of ES Cells. ES cells provide the most promising alternative source

of cells for therapeutic transfer into neural tissue. They are multipotent, can be propagated

in vitro and can be engineered to express therapeutic genes. They migrate and differentiate

into regionally appropriate cell types and do not appear to interfere with normal brain

development (133). ES cells can also be differentiated in vitro into oligodendrocyte pre-

cursors that effectively myelinate host axons in animal models of human demyelinating

disease (136,137).

Disadvantages of ES Cells. In addition to the ethical considerations restricting the

therapeutic use of ES cells, their capacity for unlimited growth in culture reflects their

tendency to form teratomas after implantation. Until a reliable means of completely elim-

inating undifferentiated ES cells from populations intended for implantation are developed

and tested, ES cells remain an experimental tool with which to explore proof-of-principle

therapies for neurodegenerative conditions. Thus, there are more than just ethical reasons

for using adult stem cells rather than those derived from embryos (129).

Neural Stem Cells

Cortical neurones undergoing injury-induced apoptosis can be replaced by transplanted

fetal NSCs that can also differentiate in situ into region-specific neuronal and glial sub-

types when implanted into the lesioned hippocampus, neocortex, or striatum in adult

rodents (138). In the developing brain, stable clones of NSCs can participate in aspects

of normal brain development when injected into the germinal zones of newborn

mice (133).
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Advantages of Fetal NSCs. Comparisons of fetal stem cells with those derived

from defined developmental niches in the mature brain seem to indicate that NSC plas-

ticity decreases with developmental age. Although the precise mechanisms for this are

not fully understood, there is evidence that many of the fate decisions may be cell intrinsic

(95). For example, EGF-R expression increases in cortical stem cells with increased

passage number, and this may result in an increased responsiveness to this ligand (47).

Human fetal NSCs have been successfully isolated from fresh post-mortem brain

tissue by exploiting the unique expression of the cell surface marker CD133 together

with the absence of CD34 and CD45. Not only can single cells with this antigenic pheno-

type form neurosphere cultures that differentiate into both neurones and glia, they can also

be successfully transplanted into brains of immune-deficient neonatal mice (26). Impor-

tantly, such studies have been extrapolated to non-human primates, using BrdU-labeled

human NSCs. Ourednik et al. observed that transplantation into the developing primate

forebrain resulted in the integration of the donor cells into both the mature cerebral

cortex and the SVZ where, presumably, they remained until needed for further neurogen-

esis or post-injury repair (139). One further advantage of fetal NSCs is that they can be

rapidly propagated in vitro with little or no apparent change in their plasticity. In one

study, human neural progenitors isolated from embryonic forebrain were expanded for

up to a year in culture using EGF, FGF and leukemia inhibitory factor. Subsequent

injection of these cell lines into the developing rat brain showed extensive migration

and integration (140,141).

Disadvantages of Fetal NSCs. Clinical use of fetal tissue for stem-cell transplan-

tation ismade difficult by ethical constraints. Confrontedwith the spectre of couples conceiv-

ing for the sole purpose of obtaining aborted brain tissue for the treatment of either parent or

afflicted siblings, scientists have turned to themost unlikely sources for NSCs. Indeed, inves-

tigators have claimed to isolate functional NSCs from adult post-mortem brain tissue as late

as five days after death (28). Although it is suspected that adult NSCs have a more limited

ability to form all the neural subtypes, they may have an even broader potential than first

thought. Using a chick-mouse chimera approach, adult NSCs were reported to readily give

rise to cells in all the germ layers, demonstrating a high degree of plasticity and indicating

that their application may go beyond the treatment of CNS disorders (142). Although it is

known that stem cells in the SVZ of the adult mammalian brain can proliferate, migrate to

the olfactory bulb, and ultimately differentiate into mature neurones, are these cells func-

tional? In an elegant study from Frisen’s lab, labeled stem cells were shown to respond to

a specific odor-induced signal in the olfactory bulb by upregulating expression of the

c-Fos proto-oncogene. These results indicate that newly formed adult neurones can function-

ally integrate into the synaptic circuits of the mature brain (143).

Mesenchymal Stem Cells

Advantages of MSCs. MSCs offer a number of advantages over NSCs and ES

cells for clinical implantation (Table 2). They may:

1. be more easily and ethically isolated than NSCs,

2. have a greater ability to “home in” on the brain than NSCs after intravenous

infusion, although no systematic comparison has yet been carried out

(103,105,144,145),

3. negate the need for immunosuppression in the case of autologous transplants

and possibly even in the case of heterologous transplants (59,146,147). The

same may not be true of NSCs (148,149). MSCs have already been used in
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several clinical trials of autologous transplantation for a wide range of con-

ditions and were found to be well tolerated with minimal side-effects (86),

4. present fewer ethical constraints, unlike NSCs isolated from human fetal CNS

tissue and human ES cells,

5. be confronted with fewer regulatory obstacles. Autologous transplantations of

BMSCs are already possible and such cells from postnatal tissue would open

up the possibility of using autologous transplants to treat neurodegenerative

conditions (51),

6. have a greater differentiation potential than NSCs, which may be restricted to

neural fates (71,130,150–153).

In addition, there are some possible advantages to the use of UCB andWJ cells over that of

BM-derived and PB-derived cells:

1. There is negligible risk of contamination of UCB or WJ cells by leukemic cells.

2. They may have a greater self-renewal capacity, proliferation rate, and differen-

tiation potential than adult BM and PB cells (154), although no systematic

comparison of different non-neural sources of neural cells has yet been

published.

Disadvantages of MSCs. There are a number of possible drawbacks of using

non-neural sources of neural-like cells for intracerebral implantation. A report was

made recently of tumor formation after BM cell intracerebral implantation in rats (155).

So far there has been only one report to date of tumor formation following NSC

implantation (156). Furthermore, neural-like cells derived from non-neural tissue might

not be able to respond appropriately to positional signals within the recipient brain, as indi-

cated by their presence in inappropriate areas (157). This latter observation contrasts with

published observations of the fate of donor-derived BM cells in the human CNS (107) and

that of BM-derived MAPCs implanted into the blastocyst-stage mouse embryos (158),

Table 2 Factors Affecting Clinical Use of WJ, thMSC, ES, NSC, BM, PB and UCB Cells

WJ fhMSC ES NSC BM PB UCB

Ease of collection/Availability þþ þ/2 2 2 þ þþþ þþ

Ethical constraints þþþ þ/2 2 2 þþ þþþ þþþ

Risk of contamination with

tumorigenic cells

2 2 þþþ 2 þþ þþþ 2

Relative stem-cell complement ? þþþ þþþ þþ þ þþþ

Proliferative potential þþþ þþþ þþþ þþ þþ þ þþ

Differentiation potential Neural All All Neural All All All

Immunogenicity ? 2 ? 2/? 2 ? ?

Homing capacity ? ? ? þ þþþ þþþ þþþ

Possibility of autologous

transplantation

þ 2/þ 2 2 þþ þþþ þ

Gene therapy (ex vivo) ? þ

Integration into host CNS

parenchyma; migration

and growth

? þþþ

Notes: 2, none or worst; þ, good; þþ, better or more; þþþ, best or most; ?, unknown.

Abbreviations: WJ, Whartons Jelly; thMSCs, fetal human mesenchymal stem cells; ES, embryonic stem cells;

NSC, neural stem cells; BM, bone marrow; UCB, umbilical cord blood; CNS, central nervous system.

284 Vawda et al.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


which have indicated that they might respond to local positional and migrational signals

within the recipient brain, but nevertheless highlights the need for caution during the

design of transplantation studies and the subsequent interpretation of results. A number

of other factors have to be taken into account when selecting the most appropriate cell

types for transplantation, and these are listed in Table 2.

THE USE OF STEM CELLS IN BRAIN DISEASE AND INJURY

While the therapeutic replacement of entire tissues with stem cells is some way off, BMT

are routinely used to treat immune-deficient patients and similarly, tentative steps are

being taken to repair PD with neural cell grafts. It should be borne in mind that the treat-

ment of localized diseases [such as PD, Huntington’s disease (HD), stroke, and trauma]

and global or disseminated diseases [such as multiple sclerosis (MS), AD, and metastatic

brain tumors] require different approaches (159). The latter do not preclude the use of cel-

lular therapy, as stem cells are able to migrate extensively within the mature brain and

even home to sites of injury and degeneration. Furthermore, it has been estimated in

PD, for instance, that more than 80% of striatal neurones and more than 50% of nigral

neurones have died by the time the first observable symptoms of neurodegeneration

appear (160, 161), and a relatively small degree of repair or trophic compensation is

likely to lead to a dramatic clinical improvement.

Cells of non-neural derivation, such as MSCs have also been used for clinical trans-

plantation. At least four experimental models have been used to assess the therapeutic

effectiveness of MSCs from BM, UCB, and WJ in neurodegeneration and injury:

rodents with induced parkinsonism, rodents and marmosets with ischemic infarcts, and

rodents with traumatic brain or spinal cord injury. Similarly, three methods of implan-

tation have been used in most in vivo studies on rodents: direct implantation into the

brain parenchyma, injection into the cerebral ventricles, usually the lateral, systemic

infusion via the tail vein, and rodents with induced demyelination (162).

The precise mechanism of recovery afforded by the transplantation of MSCs from

BM and UCB is unclear, although there is widespread acceptance that humoral factors

secreted by the grafted cells play a significant role (51,163). For instance, hBMSCs release

factors capable of supporting the prolonged expansion of human ES cells in vitro (164).

These diffusible factors might enhance the endogenous repair systems by the provision

of trophic support.

Parkinson’s Disease

PD is attributed to a selective loss of dopaminergic neurones in the substantia nigra and is

typified by motor symptoms including tremor, rigidity, and bradykinesia (slowness of

gait). Symptomatic relief is provided by pharmacological dopamine stimulation in the

form of levodopa, which despite being highly effective for the first few years of treatment,

causes disabling side-effects, including tachykinesia (fast involuntary movements),

dyskinesia (abnormal movements), and tremors (165).

From a cell therapy perspective, experience already exists of fetal neural cell

transfer in humans suffering neurodegenerative disorders. Over 300 patients with PD

have now received grafts of fetal mesencephalic cells into the striatum. These grafts are

spontaneously active and can restore dopamine release to near-normal levels with symp-

tomatic improvement. There is a downside, however; in a clinical trial from Denver and

New York, 15% of grafted patients developed unacceptable dyskinesias (166).
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Furthermore, the supply of fetal neural tissue is limited and consequently only small

numbers of neurones are available. This could be partially overcome by in vitro expansion,

but fetal tissue contains a heterogenous population of cells, many of which are inappropri-

ate for use in clinical transplantation. The limitation of poor tissue supply might be over-

come by generating dopaminergic neurones from NSCs or ES cells. Indeed, rat NSCs can

be propagated in culture while retaining the capacity to differentiate into dopaminergic

neurones and to improve outcome in a rat model of PD (167,168), although different

studies have obtained conflicting results (169). Human fetal neural stem cells can also

be expanded in vitro and their progeny transplanted into the injured rodent brain, where

they migrate and integrate into numerous regions of the brain, suggesting that they can

respond to local cues (170,171). Furthermore, EGF- and FGF-2-expanded human neural

precursors have been shown to repopulate the dopamine-depleted striatum, with some

observable differentiation into tyrosine hydroxylase (TH)-positive cells (169). Perhaps

surprisingly, NSCs from adult human mesencephalon labeled with a nestin-GFP transgene

have also been shown to have the potential to generate dopaminergic neurones (172).

Recently, Nurr1-overexpressing murine ES cells were shown to generate a highly enriched

population of dopaminergic neurones, which integrated (without forming teratomas)

into the brains of 6-hydroxydopamine (6-OHDA)-lesioned rats and exhibited electro-

physiological properties of mesencephalic neurones (173). Investigations are ongoing as

to whether human ES cells can generate such neurones with similar efficiency. In spite

of these promising results, the transplantation of NSCs into PD models have shown

only limited success. For instance, even though solid grafts can be found two weeks

after transplanting expanded human NSCs into lesioned animals, these often decrease in

size due to cells migrating out and differentiating into other cell types, such as astrocytes,

while only a small percentage become neurones (169). Interestingly, in two animals, a

significant number of these neurones became dopaminergic, and rotational deficits

associated with the lesion were reversed. These rather disappointing results might be

explained by variations in major histocompatibility antigen status within the cohort of

wild-type rats used (169) and transplantation into immunosuppressed rats are now being

assessed (21). Transplantation of human fetal mesencephalic tissue is a clinically promis-

ing experimental treatment for PD. However, ethical and technical issues surrounding the

limited supply of donor tissue are obstacles to its transfer to widespread clinical practice.

This might be overcome, in part, by the in vitro expansion of primary CNS precursor cells,

along with region-specific differentiation in vitro prior to implantation (168). So, although

these preliminary studies suggest that NSCs may provide a highly proliferative pool of

cells with considerable advantages over fetal tissue grafts, further studies of phenotypic

specification, controlled growth, and functional integration into the injured adult brain

are needed before full clinical trials of cell therapy.

Huntington’s Disease

HD is a result of a very similar type of cell loss as PD, except that in the former, inhibitory

GABAergic striatal neurones are damaged and degenerate. This has a direct consequence

on motor and cognitive functions (174,175). In contrast to the availability of pharmaco-

logical agents for PD, there is currently no effective therapy for HD. Clinical trials of

fetal human and porcine striatal cell implantation into the striata of patients with HD

have yielded encouraging but limited success (176,177). More dramatic improvements

in motor function have been observed by several groups at the experimental level using

MSCs (163) and NSCs (178).
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Ischemic Stroke

Ischemic stroke is an acute onset cerebral deficit caused by a vascular event such as a

thromboembolism. Current pharmacological interventions include the administration of

aspirin and other anticoagulants that are designed primarily to disperse blood clots and

minimize the risks of a recurrence (179). Despite the established knowledge that wide-

spread cell death follows such cerebrovascular incidents, pharmacological interventions

to minimize this (using anti-apoptotic agents) are not common practice. Anti-apoptotic

agents cannot address the necrotic cell death that occurs immediately after an ischemic

stroke, although they can decrease the amount of delayed cell death in the subsequent

hours, days, and weeks. In severe cases, however, the amount of damage caused by the

ischemic event can be so extensive that a lasting motor or cognitive deficit is sustained.

In such cases, cell replacement would be an ideal way to restore lost cells and function.

Clinical trials have been undertaken to evaluate the efficacy of whole body hypothermia

as a neuroprotective treatment, following a successful pilot study (180), but have

yielded mixed results (181,182).

Hypoxic ischemic encephalopathy (HIE) is an important cause of newborn brain

injury, and follows a very similar etiology and progression to ischemic stroke in adults.

Therefore, similar factors would need to be taken into consideration when applying

restorative therapy to cases of HIE. In this respect, fetal neural cell transplantation has

been successfully applied to several experimental models of adult brain injury. Fetal cor-

tical grafts survive in the infarct area following focal forebrain ischemic injury in adult rats

and appear to receive connections from the surrounding brain with a resulting improve-

ment in motor function (183), spatial learning, and memory (184). Furthermore, trans-

formed NSCs have been used to replace cortical neurones undergoing photolytic injury-

induced apoptosis. Significantly, these cells demonstrated appropriate differentiation

in situ into region-specific neuronal and glial subtypes determined by the site of injection

(138). Similarly encouraging observations have been made with MSCs from BM and

UCB (185–197).

Traumatic Brain Injury

TBI or spinal cord injury (SCI) is a multifactorial condition in that several mechanisms of

injury and cellular damage contribute to cell death following the initial insult. These

include inflammation, excitotoxicity, demyelination, and ischemia. In this respect, when

considering cases of TBI or SCI for restorative cellular therapy, several factors need to

be taken into account in order to address the various levels and modes of damage, and

to set realistic targets of clinical improvement (198). Early results obtained with embryo-

nic murine NSCs implanted into the striata of adult mice following cortical impact injury

are encouraging: behavioral (motor and cognitive) recovery was sustained for at least a

year post-implantation. Surprisingly, most of the grafted cells expressed the NG2

antigen, a marker of oligodendrocytic progenitors, and not neuronal, astrocytic, or micro-

glial markers. The implanted cells also migrated extensively towards the injury site (199).

MSCs implanted into the experimentally injured CNS have been found to behave in a way

similar to NSCs (200,201).

Multiple Sclerosis

MS is an acute autoimmune inflammatory demyelinating condition that leads to axonal

loss and the formation of chronic, multifocal, sclerotic plaques in the CNS. With a lifetime

risk of 1 in 400, it is one of the major causes of neurological disability in young adults
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(202). Current treatment is pharmacological, involving the administration of b-interferons

for the functional antagonism of proinflammatory cytokines and down-regulation of major

histocompatibility class II (MHC II) antigen expression (203). A major drawback of

b-interferons is their limited ability to suppress relapses and the ensuing neural damage.

Furthermore, they are of limited effectiveness once axonal degeneration has reached a

critical threshold and clinical progression is under way (202). Endogenous remyelination

can partially restore axonal conduction and motor function, but is limited to acute inflam-

matory lesions within which oligodendrocytic progenitors are found but are unable to

remyelinate stripped axons (204–206).

Cell restoration for MS is still at the experimental stage, using cells from a range of

sources, including peripheral nerve Schwann cells (207), olfactory bulb ensheathing cells

(208), as well as NSCs and MSCs. One should consider the extra demands placed on the

implanted cells compared to focal neurodegenerative conditions—they will need to

migrate extensively through the adult brain towards lesion sites, survive, proliferate,

and then remyelinate bare axons. Nevertheless, rodent ES cell-derived oligodendrocytes

transplanted into an adult rat model of MS have shown efficient remyelination (136). Simi-

larly, the implantation of an immortalized cerebellar stem-cell line into newborn shiverer

mice brains (which produce oligodendrocytes but not myelin) leads to the replacement of

dysfunctional oligodendrocytes and myelination (209). Rodent NSCs can generate large

numbers of oligodendrocytes at all passages, which can remyelinate experimental MS-

like spinal cord lesions (210). Canine and rodent “oligospheres” can be generated by

supplementing the culture medium with neuroblastoma B104 conditioned medium

(B104CM) (211,212). Similarly, neonatal rat NSCs exposed in vitro to EGF and

B104CM to induce their differentiation into oligodendrocytes have been shown to

produce myelin when transplanted into the myelin-deficient rat (213).

An important aspect of cell therapy is the developmental stage at which cells are

transplanted. More committed oligodendrocyte progenitor cells (OPCs) from 21–23

week human fetal brains have been isolated, purified, and cultured. These cells were xeno-

grafted into shiverer brains and developed into oligodendrocytes that myelinated host

axons (214). Interestingly, in this study, OPCs from adults generated oligodendrocytes

more efficiently than fetal OPCs. Although this indicates that both NSC and more com-

mitted progenitors can replace a single cell type, other studies in different models are

less encouraging. Thus, NSC transplantation into Twitcher mice (a model of Krabbe’s

disease, where there is an absence of galactocerebroside resulting in the accumulation

of the toxic lipid, psychosine) resulted in no improvement in disease symptoms or survival

in spite of extensive differentiation and myelination (215). It is possible that the trans-

planted cells could not sufficiently overcome the toxic environment of the endogenous

cells. Recently, CD117þ HSCs from adult BM have been shown to differentiate into

oligodendrocytes after intracerebral transplantation into experimental mice (115). This

represents an important development in the search for more effective cell types for cell

replacement in MS. However, further analyses are required in order to confirm the neuro-

genic potential of this abundant source of stem cells and establish the safety of the pro-

cedure. MSCs have also been used successfully in experimental models of CNS

demyelination. For example, MSCs implanted into an ethidium bromide-mediated

lesion of the adult rat spinal cord extensively remyelinated damaged axons (216).

Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive degenerative brain disease and is the common-

est form of dementia. The characteristic histopathological features of the condition are
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senile plaques and neurofibrillary tangles associated with a neurochemical abnormality

resulting in a cholinergic deficit. Although there is no cure, some of the symptoms such

as decline can be partially relieved with anticholinesterases (217). This aside, current

pharmacological approaches are unable to halt or delay, let alone reverse, the progression

of the disease. A promising development was made recently when murine NSCs were dif-

ferentiated into high proportions of cholinergic neurones, which could potentially be used

for neuronal replacement in AD and even motor neurone replacement in

amyotrophic lateral sclerosis/Lou Gehrig’s syndrome (218,219).

Brain Tumors

Gliomas are a highly invasive form of CNS neoplasms with a poor survival rate. Due to the

highly motile phenotype of glioma cells, tumor margins tend to be diffuse and complete

resection is almost impossible. In this context, NSCs are also highly motile and can

migrate through the brain parenchyma towards the area of pathology before integrating

into the host cytoarchitecture (220). They also exhibit a striking degree of tropism for

glioma cells (221,222), and when genetically engineered to secrete the proinflammatory

cytokine interleukin-12 (IL-12), have been shown to prolong the survival of tumor-

bearing mice by promoting a targeted T cell-mediated immune response against the

glioma cells (223,224). The relative ease with which NSCs can be genetically manipulated

makes them an attractive option for the treatment of otherwise intractable malignancies

(209). A recent study found that MSCs also have the same effect on glioma cells

in vitro and in vivo after transplantation into experimental tumors (225).

Pediatric CNS Disorders

Until recently, the application of cell therapies was only considered for focal brain dis-

eases or insults. This was based on the assumption that it would not be practicable to

deliver cells to multiple sites in the brain. The fact that the majority of pediatric neuro-

logical diseases are global in nature, often affecting widespread areas of the CNS, and

that their pathogenesis is poorly understood at the molecular and cellular levels

suggest that they might be refractile to stem-cell therapy. These diseases include

genetic abnormalities such as inborn errors of metabolism (226,227), lysosomal

storage diseases (220), and leukodystrophies, as well as the widespread degeneration

that can follow acute brain injury after asphyxia (HIE), or the more subtle white-

matter abnormality that occurs in the majority of extremely preterm infants (228–230).

Perhaps an early indication of the potential for cell replacement in perinatal therapy is

the observation that stable clones of NSCs can contribute to normal brain development

when injected into the germinal zones of fetal [Kennea et al., submitted] or newborn

mice (133).

Other Considerations

Endogenous Repair

Is stem-cell replacement really necessary? There is increasing evidence supporting the

existence of endogenous compensatory mechanisms that are activated in response to

injury and disease (231–233). For example, a low level of ongoing neurogenesis has

recently been shown to occur in the adult mammalian striatum (234). Similarly, targeted

apoptotic degeneration of murine cortical neurones has been shown to trigger the
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formation of new cortical neurones, whose axons extend into the thalamus (235), and a

similar process has been observed following ischemia, which promotes neurogenesis in

the rat SVZ, with newly generated neurones migrating into the striatum where they

mature into spinal striatal neurones (236,237). Factors that promote neurogenesis

might also encourage endogenous repair. Thus, infusion of EGF after experimental ische-

mia in mice triggers an enhanced neurogenic response with subsequent partial replace-

ment of parvalbumin-expressing striatal interneurones (238), while a combination of

EGF and fibroblast growth factor-2 (FGF-2) after global forebrain ischemia in rats

results in the partial regeneration of the hippocampal CA1 pyramidal neurones, which

subsequently form afferent and efferent connections and partially reverse functional def-

icits (239). Studies using BrdU labeling to identify proliferating cells have demonstrated

the expansion and subsequent differentiation of endogenous neural precursors following

experimental stroke (240). Similarly, NSC proliferation has been found to increase ten-

fold in the subgranular zone of the dentate gyrus after global ischemia in the gerbil

(241). Endogenous repair in response to stroke can also involve the proliferation of

neural progenitor cells in the SVZ. Following middle cerebral artery occlusion, injection

of BrdU specifically labeled astrocytes in the ependymal and subependymal layers that

later acquired the characteristic antigenic markers of neurones after injury (242). In a sep-

arate model employing chemically induced seizures in the rodent, a pronounced increase in

the generation of new neuronal precursors in the SVZ and their subsequent migration and

integration towards the olfactory bulb were reported (243). While it has been proposed that

ischemia-induced neurogenesis might contribute to the specific recovery of memory func-

tion lost following injury, a high proportion of the dividing cells are lost over the weeks

following injury. Adult NSCs might function after injury to maintain or increase levels

of trophic factors so as to promote neural cell survival. This hypothesis is supported by

the increased survival of mature neurones when co-transplanted with NSCs (241).

Injection of sonic hedgehog into the Parkinsonian brain stimulates the proliferation

and subsequent differentiation into THþ (dopamine (DA)-producing) and gamma-amino-

butyric acid (GABA) neurones of endogenous adult NSCs. The latter might serve to

protect the dividing stem cells and promote recovery through their inhibitory signals

(244). The injection of certain growth factors into the lateral ventricles can expand the

sub-ependymal zone (SEZ) population of neuropoietic cells and trigger their migration

into adjacent neural structures, including the striatum (245, 246). Localized injection of

specific growth factors into defined locations within the brain, such as the striatum in

PD, may promote the ingrowth of axons from endogenous neuronally-committed progeni-

tors. However, this strategy might be limited by the accessibility of certain areas of the

brain in other pathologies, the more diffuse nature of many of the latter (209,247), and

also the possibility of epileptogenesis as a result of such treatment, as demonstrated

for brain-derived neurotrophic factor (BDNF) (248). The role of the intrinsic receptor

competence of endogenous NSC populations has also been shown to affect the outcome

of such treatment (249).

Similar observations have been made in demyelinating diseases, such as MS. In

chronic MS lesions, the presence of NG2þ premyelinating oligodendrocytic progenitors

has been reported (206,250), although the relationship between endogenous gliogenesis

and remission is still unclear. In a broader sense, it remains to be seen whether such

responses are patient- or disease-specific or represent a generic global response that

occurs in areas that already have ongoing adult neurogenesis. However, the demonstration

of the continued production and survival of neural cell types following injury has led to

renewed interest in mechanisms of the endogenous cell response and whether this could

be exploited further in order to instruct repair following injury.
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Differentiation, Migration, and Integration of Donor Stem Cells

The stage of differentiation of transplanted cells may have a profound effect on outcome

following cell transplantation. For demyelinating diseases, multipotential neural precur-

sors rather than more restricted oligodendrocytic precursors may be more useful

(209,251,252). Although cells committed to a defined lineage before injection may gener-

ate a larger proportion of a given cell type, these will not have the advantage of cell plas-

ticity and may display reduced proliferative potential.

Stem-cell migration is also likely to influence the success of neural cell grafts. Like

NSCs, BM-derived cells may also exhibit tropism for sites of pathology after transplan-

tation (221). This has been verified in vitro using ischemic brain tissue and chemotaxis

assays (253,254). Any preferential migration of implanted cells towards lesion sites

in vivo, however, will have to be interpreted due to possible confounding factors, any

of which might create a false impression of directed cellular migration. These include

changes in vascularity (neoangiogenesis) or the permeability of the vasculature in and

around a lesion site, which might increase the likelihood of systemically infused cells

being present in and around the lesion. This might lead to a rise in the extracellular con-

centration of endogenous diffusible trophic factors, which in turn, might chemotactically

attract implanted cells to the area. Similarly, enhanced trophic support from endogenous

cells could lead to an increased survival of donor cells in the area compared to those

further away from the lesion site.

Graft Survival

A number of other factors can influence the success of cell-based therapies, including the

tissue source of stem cells, their developmental stage, and the receptiveness of the host

environment. In this regard, one area that is largely neglected by current studies of

stem-cell biology is the poor survival of grafted cells. It has been estimated that as

many as 80% to 97% of transplanted cells die by apoptosis (255,256). Minimizing cell

death both during in vitro expansion and postoperatively is vital for the success of intra-

cerebral cell transplantation (255–260). Among the causes of cell death are immune rejec-

tion, hypoxia, hypoglycemia, mechanical trauma, free radicals, growth factor deprivation,

and exposure to excitatory amino acids within the host brain (256,261). The immunogeni-

city of grafted cells is a major obstacle in xenotransplantation, and consequently the use of

non-human tissue in clinical trials has relied heavily on long-term immunosuppression of

the recipients (262). There are a number of avenues (genetic, epigenetic, and pharmaco-

logical) via which cell survival has been increased in vitro and in vivo, including the over-

expression of genes such as Akt, which encode prosurvival proteins (263,264) and

pharmacological caspase inhibition (255,265). Exposure to epigenetic signals (growth

factors) such as FGF-2 can also reduce graft cell death (256). Thus, the survival of dopa-

minergic grafts into the striatum of parkinsonian rats can also be significantly increased if

the transplants are “spiked” with a small population of fibroblasts expressing FGF, which

acts both as a survival signal and enhances neuronal differentiation (266). In the neural

differentiation of mouse ES cells, increased numbers of dopaminergic neurones were

obtained in the presence of survival factors, including interleukin-1b and glial cell-derived

neurotrophic factor (267). In parallel experiments, the mRNA level of the anti-apoptotic

gene bcl-2 was also increased in these cultures. NSCs isolated from transgenic mice overex-

pressing this anti-apoptotic gene display improved fiber outgrowth (268). Although these pre-

liminary studies are encouraging, it should be noted that engineering stem cells to express

prosurvival genes could increase the risk of tumorigenesis. Clearly, more work is needed to

determine the role of apoptosis in the survival of stem-cell transplants.
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It is often overlooked that, in the context of neural transplantation, stem cells will

often be introduced into refractory host environments (e.g., where activated macroglia

and pro-inflammatory cytokines are present). This might be overcome by employing

genetically modified donor cells equipped to counteract this hostile environment (269–

271). For instance, ectopic expression of the neural cell adhesion molecule, L1, in astro-

cytes can increase the speed and efficiency of innervation of branching axons, thus

improving the transplant success of grafted NSCs (272). In this respect, a major advantage

of stem cells is that they can be readily modified using cloning technology to express the

patient’s own genotype or a transgene. This technology could potentially be used to

provide a source of immune-compatible cells for transplantation or even to transfer a

gene product.

A further problem when considering many of the neurodegenerative conditions of

childhood is that the process is ongoing and the environment inherently toxic and change-

able. Unless the transplanted cells or the local environment can be manipulated, the graft

might itself be vulnerable and ultimately lost. Some groups have found that implanted fetal

cells are not significantly affected by disease progression (273).

In addition to cell–cell interactions, the importance of external cues from the

environment has been demonstrated both in vitro and in vivo in determining the correct

terminal differentiation of NSCs. In culture, embryonic precursors or adult subependymal

cells in the presence of FGF-2 yielded only small numbers of striatal neurones, while the

inclusion of conditioned medium from glial cell cultures increased the yield more than

17-fold (274). The embryonic striatal precursors were significantly more responsive to

the differentiation environment than their adult counterparts, further indicating that

stem cells from earlier developmental sources may provide more successful transplants.

The importance of the host environment has also been demonstrated by transplantation

into the cerebral ventricles of embryonic hosts in utero. Not only do donor cells differen-

tiate, but they acquire the specific phenotype of the surrounding cells. McKay and co-

workers found that cells that had incorporated into the host hippocampus assumed

morphologies resembling granule and pyramidal neurones, whereas those that integrated

into the inferior colliculus resembled tectal neurones that reside in this region (136).

Although there are encouraging data suggesting that pluripotent cells can respond appro-

priately to developmental cues from the brain, more research needs to be centered on the

extrinsic signals and molecular events that direct this process.

It seems that the brain can detect and respond to even small changes in cell number

or subtle perturbations in normal function by providing the appropriate cues for stem cells

to differentiate and repair the damage (138). At the other extreme, what would be the

outcome of grafts in a situation where cell loss was so extensive that tissue structure

was significantly disrupted? (136). In an important development, transplantation of a

polymer scaffold seeded with NSCs was found to offer a significant improvement in

motor function in a severe traumatic spinal cord injury (SCI) model in rats (275).

Possible Mechanisms of Benefit from Stem-Cell Therapy

There is little direct evidence to suggest that implanted stem cells participate in the struc-

tural reconstruction of neural circuits damaged or lost as a result of injury or disease.

Indeed, there are a growing number of transplantation studies where functional improve-

ments have been observed in lesioned animals after stem-cell therapy even though the

graft does not appear to have integrated. It has been speculated in such cases that the beha-

vioral improvement may be due to trophic signals from donor cells promoting survival and

repair of endogenous tissue. In support of this, the intravenous injection of MSCs into
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ischemic rats reduces cell death, enhances endogenous FGF-2 synthesis and host-cell pro-

liferation, and promotes functional recovery (185). Similarly, it was recently shown that

MSCs expressing the prosurvival gene Akt improved outcome in a model of myocardial

ischemia by producing trophic factors for endogenous repair (276).

FUTURE PERSPECTIVES

There are many issues that remain to be clarified about stem-cell transplantation into

injured or diseased brains, including the fundamental one as to which cell sources are

best suited for therapy (277). The pathogenesis of many CNS disorders is not fully under-

stood and, in many cases, this precludes the directed use of stem cells for restorative

therapy. In an ideal world, one would be able to stimulate the proliferation and appropriate

differentiation of endogenous stem cells. Indeed, a number of gene delivery growth factor-

based therapies may work, at least in part, through this mechanism. Early experiments in

stem-cell transplantation suggested that embryonic tissue is significantly more plastic than

that derived from the adult. Although subsequent research has indicated that adult NSCs

possess a broader developmental potential than was first thought, they have a more limited

lifespan compared to ES- or fetal-derived cells. Any research that relies on fetal tissues

(especially when derived by therapeutic cloning) will be ethically controversial. Conse-

quently, efforts should also focus on adult sources of stem cells for neural cell replace-

ment. Whether the starting material is embryonic, fetal or adult-derived, cell

replacement strategies must also contend with the influence of environmental signals. In

several models of adult brain repair, transplants are prone to apoptosis for prolonged

periods after transfer and so clinical improvement may only be temporary (134). Consider-

able work is therefore needed to identify the triggers for specific neural cell survival and

integration and to further determine how the environment of the injured brain may be

manipulated to become more permissive for effective repair.
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INTRODUCTION

Stem cells are viewed as an important target for gene therapy because of their ability to

self-renew at least for the lifetime of the individual and to give rise to a large number of

differentiated progenies. Thus, the transfer of a therapeutic gene to stem cells has the poten-

tial to provide long-lasting correction of a number of acquired or inherited disorders. Most

research in stem cells has focused on either embryonic or adult stem cells. Embryonic

stem cells are isolated from early embryos and generally possess enormous proliferative

capacity and the potential to differentiate intomultiple lineages (1,2). They aremore versatile

when used for the regeneration or repair of different tissues because of theirmultipotentiality.

However, ethical and technical concerns limit the use of those cells due to the need to use

human embryos for their derivation and in the form of an allograft, unless therapeutic

cloning techniques are utilized to generate autologous embryonic stem cells (3).

Adult stem cells can be isolated from several tissues of individuals and until recently

their capacity for multilineage differentiation has been considered limited. Recently, the

potential of stem cells from some tissues has been revisited, and the results have generated

some controversy (4,5). Some studies suggested that adult stem cells are not restricted to

generating progenies identical to their tissue of origin but instead exhibit plasticity, which

can be harnessed to generate progenies of all germ layers (6). Thus, unfractionated bone

marrow or bone marrow cells enriched by various methods for stem-cell activity have

apparently contributed to multiple nonhematopoietic tissues following administration to

lethally irradiated or injured recipient mice and humans (7–15). Similarly, studies have

suggested that brain or muscle-derived stem cells harbored hematopoietic potential

(14,16,17). However, caution is warranted given that a number of studies have failed to

reproduce such results (18–22). In green fluorescent protein (GFPþ :GFP2) parabiotic

†This work is dedicated to Lez Fairbairn, who unexpectedly passed away just after this chapter was

written. His mentoring and Friendship are greatly missed.
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mice, substantial chimerism of hematopoietic but not nonhematopoietic cells was found,

indicating that “transdifferentiation” of circulating hemopoietic stem cells (HSCs)

and/or their progenies was an extremely rare event, if it occurred at all (22). Other

studies have shown that stem-cell plasticity may have beenmistaken for cell fusion (23,24).

In view of these contradictory results, assessment of plasticity needs to be more rig-

orous. Reconstitution of multiple tissues should come from a single stem cell, well charac-

terized as derived from a different tissue by reliable markers. The putative cells so derived

should be differentiated and functional, and fusion should be excluded. Such criteria are

yet to be met and consequently “transdifferentiation” remains controversial. For this

reason, we will consider in this chapter, only those applications derived from the use of

genetically modified adult stem cells in their tissue of origin.

ADULT STEM CELLS FOR GENE THERAPY

Regardless of how restricted the potential of adult stem cells may or may not be, they rep-

resent an autologous source of cells with enough proliferative and differentiative capacity

to provide a wealth of opportunities for the treatment or prevention of disease. So far, stem

cells have been derived from bone marrow (25), skin (26), gut (27,28), muscle (29), brain

(30), liver (31), and pancreas (32). As most gene therapy protocols involve ex vivo trans-

duction of the cells, when considering whether a stem-cell type is a suitable target for gene

therapy, reliable methods of isolation, identification, and in vitro culture are major require-

ments. Furthermore, as gene transfer and expression are likely to be required over an

extended period of time, it is crucial that in vitro and in vivo functional assays are available

to test that long-term repopulating stem cells have been transduced and that transduction is

polyclonal. Even with the most rigorous isolation protocol, only a small percentage of

enriched cells are bona fide stem cells, which replicate infrequently but have the capacity

of extended growth and when transplanted are responsible for long-term engraftment (33–35).

The majority of the cells are progenitor (or transient amplifying) cells, which replicate

frequently but cycle only a limited number of times before undergoing terminal differen-

tiation and on transplantation, provide only short-term engraftment (33–36). This latter

cell type is easier to transduce with current vector systems and this creates an initial,

false impression of efficient transduction, whereas disappointing levels of gene-modified

long-term repopulating cells are more normally seen (37–39).

Stem cells that meet those requirements listed above are mainly HSCs and one type

of skin stem cell, the keratinocyte. Stem cells from other tissues such as liver and pancreas

are currently poorly characterized (40–44). Endothelial progenitor cells (EPCs) have been

isolated from peripheral blood, cord blood, and bone marrow (45–47) and it has been

shown that in adults these can home to sites of neovascularization and differentiate into

endothelial cells, suggesting that they could be used as a gene/protein delivery vehicle

(48). However, their origin, self-renewal, and differentiation potential are still being

explored. Precursors of muscle cells have shown a low survival rate following transplan-

tation (49,50). As muscle fibers have a slow turnover and gene expression could, in prin-

ciple, be maintained for a long period of time even if the transgene is not integrated, direct

in vivo delivery to differentiated muscle fibers is currently believed to be a more suitable

strategy for the correction of severe muscle disorders such as muscular dystrophy (51–53).

However, a stem-cell-like subpopulation able to survive transplantation into irradiated

host muscles has been recently described (54). In the future, isolation of those cells may

be invaluable for gene therapy of muscle disorders. Recently, postmortem adult brain

has been shown to represent an important source of human neuronal stem cells (NSCs)

306 Bellantuono and Fairbairn

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


even 20 hours postmortem (55,56). In the past, fetal NSCs have been shown to be able to

grow in culture, expand as cell aggregates called neurospheres, and differentiate alongmul-

tiple lineages. Both rodent and human fetal NSCs are capable of generating neuronal grafts

in an animal model (57–59). Although adult NSCs have been shown to have a similar

potential to their fetal counterparts in vitro, further studies are required to determine

whether human adult neural progenitor cells will be useful in transplantation, and enormous

challenges are to be faced before the NSC-mediated therapy becomes feasible (60).

Hematopoietic Stem Cells

The predominant target for genetic intervention has been the HSC, mainly because of

accessibility for in vitro manipulation, a greater understanding of its biology, and the

number of clinical settings of primary medical and scientific relevance that have pre-

sented. These include inherited disorders, such as hemoglobinopathies or metabolic

storage disorders, as well as acquired disorders such as cancer. The latter is an area that

is receiving much attention. Delivery of drug-resistant genes such as MDR1, dihydrofolate

reductase, and O6-methylguanine-DNA-methyltransferase may be used to reduce toxicity

to bone marrow, which is often dose limiting due to myelosuppression. Thus transfer of a

drug-resistant gene to HSC can protect the bone marrow from toxicity and allow dose

intensification (61). Increased immune responses to tumor cells can be achieved by gen-

eration of bone-marrow-derived dendritic cells expressing tumor-associated antigens

capable of inducing a specific cytotoxic T-cell response (62). HSCs can also be genetically

modified to generate T-cells expressing a T-cell receptor specific for a tumor antigen (63).

Such strategies have been tested in mouse models (in some cases in larger animal models)

and await clinical trial.

For HSCs, a potential stem-cell marker (CD34) is available for isolation and is cur-

rently the only such marker used clinically. CD34 is expressed on 0.5% to 5% of human

bone marrow cells and is found on early hematopoietic progenitor cells but not on their

mature counterparts and has been used to provide cells that achieve clinical engraftment

following transplantation (64,65). Other surface markers have been used in the laboratory

in association with CD34 to identify more primitive populations of HSCs, such as in the

case of CD34þ CD38low (66,67). However, it is unclear whether further selection would

represent an advantage as the elimination of the more committed progenitor cell popu-

lation could compromise short-term engraftment capability leaving patients exposed to

risks related to prolonged cytopenia. Moreover, such isolation protocols, based on flow

cytometry, may be more at risk of microbial contamination.

A range of in vivo and in vitro assays has been developed over the last 20 to 30 years in

an attempt to define HSCs. With the development of gene-marking protocols, views on the

most appropriate assays to test HSC function have changed. Initially, in vitro assays, for

example, long-term culture-initiating cell (LTC-IC) (68), and high proliferative potential

cell assays (69) were postulated to test the ability to generate additional stem and progenitor

cells for variable periods of time and to differentiate in at least one type of highly differen-

tiated descendant. However, the generation of gene-marked LTC-IC proved very efficient,

whereas transplantation of these same cells in an ablated host resulted in very low (,1%)

levels of circulating, gene-marked cells. This suggested that those assays detected progenitor

cells or transient amplifying cells, responsible at most for short-term engraftment (70,71).

It became clear that the only conclusive assay for HSCs was to assess their ability to

give rise to cells of the lymphoid and myeloerythroid lineages in a potentially, lethally

irradiated host following transplantation. Most studies have been carried out in mice

where HSCs were assessed by in vivo competitive repopulation assays and long-term
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engraftment of HSCs could be assessed by secondary and tertiary transplants. Assays for

the detection of human HSCs consist in the engraftment of human cells in a range of

xenogenic hosts, particularly the immunodeficient non-obese diabetic/severe combined

immunodeficiency (NOD/SCID) mouse model. Transplantation of HSCs in these mice

results in terminally differentiated human cells from multiple hematopoietic lineages

including B-cells, immature progenitor cells, mature erythrocytes, and all lineages of

myeloid cells (72,73). In these systems, multilineage engraftment of human cells could

be achieved for up to four months in optimized systems (71,74,75).

Gene transfer and expression in repopulating mouse HSCs and in human HSCs,

transplanted into NOD/SCID mice, have proved successful (76–81). In contrast, with

the exception of gene therapy of inherited immunodeficiencies, the use of gene-modified

human HSCs in humans has remained difficult, with poor transduction efficiencies, often

less than 1%, evident in cells repopulating patient hematopoiesis (37,39,82). This discre-

pancy questions the utility of murine models in predicting outcomes in terms of the effi-

cacy of gene transfer in human long-term repopulating cells. Human HSCs exhibit

differences in stem cell kinetics, cytokine responsiveness, and retroviral receptor levels

when compared with their murine counterparts. It seems that, although NOD/SCID repo-

pulating cells have been used as a measure of long-term repopulating cells, they probably

more closely resemble short-term repopulating cells. Engraftment levels of baboon

hematopoietic cells in NOD/SCID mice were different to engraftment levels of the

same cells in baboons (83). In baboons, clones responsible for long-term engraftment

and contributing to all lineages for nearly two years appeared only six to eight weeks

post-transplantation (84). This time is usually beyond the follow-up time used in most

studies where NOD/SCID mice have been used as a model. The use of larger animal

models, including dogs, cats, or non-human primates such as baboons or rhesus

monkeys, has stronger relevance to human gene therapy. These yield similar gene transfer

efficiencies to those seen in clinical trial, and the increased life expectancy of larger

animals allows for more extended follow-up.

Skin Stem Cells

Skin keratinocytes have proved to be a useful source of skin stem cells because of their

accessibility and capacity for growth in culture (85). No specific marker is available

and usually a combination of markers such as size, integrin expression levels, and DNA

content is suggestive of keratinocytes stem cells (86–88). Enrichment relies on culture

conditions that are permissive and selective for the growth of stem and progenitor cells

(34). Cultured keratinocytes may be used to form confluent epithelial sheets that can be

gently removed from the cultured dish and applied to reconstitute portions of the

damaged epithelium (89,90). This system has the advantage of using the patient’s own

skin and allows covering of a larger surface area starting from a relatively small

amount of unaffected skin. At present, this approach is limited by the slow growth of ker-

atinocytes in culture, which leaves the patient prone to infection where the skin has been

removed, and by the fragility and poor adhesion properties of the cultured epithelial sheets

when returned to the patient (91,92). However, skin substitutes are under development to

temporarily cover wounds and to improve adhesiveness of the expanded keratinocytes

(93). Using this system, keratinocytes were harvested and genetically modified by retro-

viral or lentiviral vectors and were shown to correct single gene defects in epidermolysis

bullosa and lamellar ichthyosis (94–97). The corrected epithelial sheets were engrafted

onto nude mice skin to produce healthy epithelia. Gene expression was detected for

extended periods in grafted keratinocytes although in some studies transgene expression

has been reported to decrease with time (98,99).
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The major problem in assessing the efficiency and long-lasting effects of gene trans-

fer in skin stem cells is still the limited knowledge about keratinocyte stem cells. It is not

clear which particular population of cells is responsible for long-term engraftment and

whether any of the assays available is suitable for their measurement. So far, the presence

of the transgene has been examined for the ability of the transduced cells to form holo-

clones in vitro or to be able to engraft in immunodeficient xenograft murine models

(34). Holoclones are believed to have properties suggestive of stem cells in that they

have a high colony-forming efficiency and give rise to meroclones and paraclones,

which have progressively less colony-forming efficiency. Moreover, holoclones can

produce mature epithelium in vivo when transplanted in immunodeficient mice (98).

However, Li et al. (100) have shown that slowly dividing putative stem cells, rapidly divid-

ing transient amplifying cells, and differentiated keratinocytes were all capable of pro-

longed tissue regeneration in SCID mice, revealing that either a greater capacity for cell

renewal than predicted of the more committed progeny of stem cells or the short follow-

up available with murine xenotransplantation models does not allow a proper assessment

of long-term repopulating skin stem cells. This latter seems most likely given the experi-

ence developed in assessing HSC engraftment using immunodeficient murine models for

xenografts. No studies in larger animals are available and a phase I/II clinical trial to deter-
mine safety and efficacy in the long term of this approach in epidermolysis bullosa is

ongoing (101). If this approach was to be successful, genetic modification of keratinocytes

could be used not only in inherited disorders but also to accelerate the healing rate or to

inhibit post-ulcer complications such as keloid formation or scarring by overexpression

of mitogenic factors such as platelet-derived growth factor–aplastic anemia that partici-

pate in wound healing (102). The skin may also be amenable as a system for protein deli-

very to the blood stream as it is accessible and rich in vascularization. Engineered

keratinocytes could thus be used to deliver an appropriate effector molecule in the treat-

ment of, for example, growth hormone deficiency, or hemophilia (103,104).

Marrow Stromal Cells

Bone marrow stromal cells or mesenchymal stem cells (MSCs), which are the postnatal

precursors of osteogenic cells and retain the capacity to differentiate into chondrocytes,

adipocytes, and myelosupportive cells, have gained attention for their potential in tissue

correction and regeneration especially with regard to inherited skeletal disorders

(105,106). At present, no specific markers are available for the isolation of these cells. Iso-

lation occurs mostly by plastic adherence in permissive culture conditions. They are

usually recognized as CD452, CD342, Stro-Iþ, SH2þ, or SH3þ following isolation in

culture (107,108). They are also recognized by their clonogenic capacity [defined as

colony-forming unit-fibroblast (CFU-F)] and their ability to differentiate into a broad

spectrum of fully differentiated connective tissues, including cartilage, bone, adipose

tissue, and myelosupportive stroma (109,110). However, remarkable differences are

observed among the different CFU-Fs in terms of cell morphology, rate of replication,

expression of markers for osteoblastic, chondroblastic, adipogenic phenotypes, and the

number of differentiated progeny they can give rise to, with some CFU-Fs capable of

multipotent differentiation, others only capable of forming bone, and yet others capable

of giving origin to myelosupportive stroma (111–114). The frequency of each type of

CFU-Fs in a culture depends on many factors, including methods of isolation, seeding

density, serum used for cell culture, species from which the cells are derived, donor

age, and time in culture.

In vitro transduction efficiencies are very high, with the majority of studies reporting

over 90% using a variety of viral vectors (115–119). However, demonstration of gene
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transfer in long-term, multipotential CFU-Fs capable of contributing to bone remodeling

has not been achieved at present. Transplantation of MSCs by intravenous infusion has

shown disappointing results. The only example where infusion of MSCs has been

claimed to be able to temporarily correct a clinical phenotype is in osteogenesis imperfecta

(120). However, the authors did not reconcile the important effect seen on bone growth with

the poor engraftment rates observed (only 1–2% of the cells was found to be of donor

origin). The clinical assessment of the disease lacked appropriate controls, and the study

did not provide convincing histological data. The majority of studies indicate that MSCs

are very poorly transplanted during this procedure (121,122). Intrafemural injection of a

subset of murine marrow stromal cells shows limited engraftment at the site of injection

at four to six weeks post-transplantation with a few cells expressing osteoblastic markers

(123). This lack of engraftment could be due to current isolation protocols, which may

select a progenitor cell population with limited lifespan rather than a long-term engrafting

stem-cell population. Alternatively, primitive cells may be selected but the current culture

conditions fail to maintain self-renewal of these, in much the same way as early HSC treat-

ment protocols led to dramatic losses in hematopoietic repopulating capacity. Certainly,

most MSC cultures have limited proliferative capacity undergoing at most 40 population

doublings with loss of multipotential capacity with time in culture (124). However, even

the more primitive multipotent adult progenitor cells (125,126), a subpopulation of

MSCs that have extended proliferative capacity independent of donor age and that at the

single cell level can differentiate into MSCs and cells of mesodermal origin such as endo-

thelial cells, do not engraft efficiently. This suggests that other factors, such as lack of

homing and poor migrative capacity, may contribute to poor engraftment. This may corre-

late to the role of MSCs as resident, support cells rather than circulating progenitors.

Certainly, MSCs have been shown to lack chemokines receptors such as CXCR4 (127)

necessary for the migration and homing of HSCs to bone and bone marrow.

At present, evaluation of the relevance of gene therapy in MSCs rests primarily in

the transplantation of such cells in open systems, reproducing experiments performed

30 years ago by Friedenstein et al. (128). This consisted of MSC transplantation under

the kidney capsule with the formation of a chimeric ossicle with a structure replicating

the histology and architecture of a miniature bone (129). This can now be achieved

more simply by implanting MSCs in a scaffold (130–133). In such systems, it is possible

to monitor survival, proliferation, and differentiation of transduced MSCs for long period

of time. MSCs transduced with an erythropoietin cDNA and transplanted (along with

hydroxyapatite particles) under the skin of nude mice were able to differentiate into osteo-

blasts and the animals maintained increased hematocrit levels for 10 to 12 weeks (130).

Re-isolation of MSCs from the implant and their use in secondary transplantation

showed a sustained increase of hematocrit at levels similar to those obtained in primary

transplantation. These data suggest that in principle MSCs could be used for long-term

delivery of proteins and possibly for bone regeneration provided homing and migration

properties are improved. However, even if cells were capable of homing to bone

marrow, a reliable quantitative estimate of engrafted progeny as well as evaluation of cell

identity and function within the host environment would require long-term follow-up,

due to the slow turnover of this tissue. This may be only achieved in large animals.

GENE DELIVERY

There are a number of requirements for successful gene transfer to stem cells. The gene

must be transferred in such a way that it can be passed to all progenies of stem cells.
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Currently, that is best achieved via stable integration within the genome of the target cells.

It would be desirable for such integration to occur at a specific chromosomal locus in order

to avoid insertional mutagenesis. The gene transfer procedure should not compromise the

repopulating capacity of the stem-cell pool and should be efficient enough to have an

impact on the disease phenotype. The gene product should be stably expressed from the

vector and therapeutically useful levels should be obtained in the corrected cells.

Delivery Systems

As DNA molecules are charged and are too large to readily transit the cell membrane,

various methods have been developed to facilitate the delivery of genes into cells.

Some of these methods involve either physically delivering DNA via electrical

impulse, with cationic lipids, DNA polymer complexes (non-viral systems), or by use

of viral vectors.

Nonviral Systems

Nonviral systems have several advantages as they are easy to prepare and scale up, they

are more flexible with regard to the size of the DNA being transferred, and may be

safer in vivo (131,134), They might be particularly useful for topical application, for

example, in the skin (135). However, non-viral systems developed to date are rather inef-

ficient, producing a low number of integration events and resulting in permanent genetic

correction of only about one in 104 cells. Obstacles to effective non-viral gene therapy are

many: First, in manufacturing and formulation of DNA complexes to confer stability and

low toxicity. The use of lipid/liposome DNA complexes has been shown to confer pul-

monary inflammation, production of reactive oxygen species, and inhibition of prolifer-

ation (136). Second, the interaction with the cell membrane and entry, which occurs

primarily via the endocytic route of internalization, leads to degradation of most of the

delivered DNA by lysosomal nucleases (137). Third, the small amount of DNA remaining

has to be transported intracellularly and translocated to the nucleus. Only small molecules

of 200 to 310 bp can enter the nucleus by passive diffusion, whereas larger macromol-

ecules only enter via highly regulated processes, which often involve either cell division

with disassembly of the nuclear envelope or the presence of signals with a nuclear target-

ing component (138).

More recent developments have exploited specific viral proteins, which are respon-

sible for the superior efficiency of viral vectors, to boost delivery of non-viral plasmid

DNA into the cytosol, along with elements that facilitate nuclear localization and inte-

gration. Proteins such as the transactivating transcriptional activator protein from

human immunodeficiency virus (HIV) have been shown to increase transduction efficien-

cies and decrease the toxicity of the liposome complexes (136,139,140). Nuclear locali-

zation signal motifs within the vector can bind small peptides, which in turn interact

with molecules of the nuclear pore complexes mediating nuclear import, leading to

improved nuclear transfer and better transfection efficiencies (141). The use of elements

such as retrotransposons or enzymes such as phage integrases, which mediate uni-

directional site-specific recombination between two DNA recognition sequences, has

been shown to increase the efficiency of transduction up to 55-fold due to increased inte-

gration into the genome (96,142). Although these results are encouraging, non-viral

systems are still at an early stage of development. Success is still limited due to instability

of the linkage of DNA with the different elements, modification of the DNA, and by the

increase in size of the DNA/polymer complexes, which hampers DNA entry into the cells.
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Viral Systems

The most efficient method of gene transfer uses viruses as delivery vectors. Some viruses

insert their genetic information into the chromosomal DNA of the cells as part of their life

cycle. They can be manipulated, whereby some of the structural genes important for viral

replication are substituted by the insertion of genes of interest. Usually, sequences that are

required in cis for functions such as packaging the vector genome into the virus capsid

or the integration of vector DNA into the host chromatin are left intact. The deleted

genes, encoding proteins that are involved in viral replication, or elements of the

capsid/envelope, are included in one or more separate plasmid constructs, the packaging

constructs (Fig. 1A). These are co-transfected with the vector genome into packaging

cells to provide helper functions in trans and then produce the recombinant vector

particle (Fig. 1B).

A wide variety of viruses have been considered as vehicles for gene transfer. Viruses

such as adenoviruses that do not result in chromosomal integration are of limited use in

stem cells. The use of elements (e.g., from Epstein-Barr or Herpes simplex virus) that

allow efficient episomal replication may surmount the need for integration but these

elements are not sufficiently developed to be considered for immediate clinical application

(143,144). An alternative viral vector, which to date has not lived up to expectation, is the

adeno-associated virus (AAV)-derived vector (145). It was thought that AAV vectors

would retain some characteristics of the parental virus in terms of stability, wide host

range, lack of pathogenicity, site-specific integration site, and ability to infect quiescent

cells. However, AAV vectors exhibit different characteristics from the wild-type virus

probably as a consequence of removal of the AAV structural genes. Thus, AAV vectors

are not as efficient at genomic integration as the wild-type virus and the specificity of inte-

gration is lost (146,147). Moreover, AAV can accommodate only small inserts (up to

5 kb), viral production is very labor-intensive with the possibility of contamination with

helper virus, and expression in stem cells such as HSCs has been questioned (148,149).

The majority of clinical trials use retroviral vectors, particularly type-C oncoviruses

of murine origin. A number of characteristics make recombinant retrovirus vectors par-

ticularly suitable for gene transfer in stem cells, and they are still the best system available

to date. They are small, simple, and well characterized, thus allowing manipulation of the

genome; they have a wide host range and are able to efficiently and stably integrate into the

chromosome of the target cell. Targeting of primitive hematopoietic cells has proved most

successful in murine systems (79,150–152). However, when similar approaches were

taken in clinical trials or with non-human primate stem cells, transduction efficiencies

were very low (37,153–157). The barriers to stem-cell transduction by oncoretrovirus

are best considered in relation to the retroviral life cycle. Although capable of efficiently

transducing dividing cells, they are largely unable to transduce quiescent cells (158). This

is limiting because most stem cells are quiescent and therefore require stimulation into

cycle for efficient transduction (159).

Recent developments have put much effort into another type of retroviral-based

vector, based on lentiviruses. These can accommodate fairly large inserts with complex

transgene cassettes, which are useful for genes that require tight regulation such as b-

globin (160–162). Moreover, they provide long-term expression thanks to their ability

of chromosomal integration. Most importantly, as they can naturally penetrate an intact

nuclear membrane without in principle requiring cellular division (163,164), they were

thought to represent a great improvement over the oncoretrovirus. However, transduction

efficiencies by lentiviruses have been shown to vary with cell-cycle status, with highest

efficiency in M and lowest in G0 (165,166). Lentiviruses have been shown to transduce
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human repopulating cells at higher levels than oncoretroviruses in immunodeficient

murine models (167,168), but their ability to transduce HSCs in non-human primate

models has been disappointingly similar to that of oncoretrovirus vectors (169,170)

with less than 5% long-term transduction in most studies and only one report of approxi-

mately 10%, using a simian immunodeficiency virus-based vector with a follow-up to one

year (171). Similarly, no improvement in transduction efficiency over that obtained with

oncoretroviruses was seen in keratinocytes engrafted in NOD/SCID mice after four weeks

in cultures (172). Moreover, there are still safety concerns in using lentiviral vectors in

Figure 1 (A) A typical type-C retroviral vector comprises three structural genes organized in the

sequence gag-pol-env driven by the viral promoter, the LTR. They encode, respectively, for com-

ponents of the nucleoprotein core, reverse transcriptase, and components of the envelope of the

viral particle. Retroviral vectors retain only the cis-acting sequences from the original viral

genome. These sequences allow the recombinant structure to be transcribed (LTR) and the RNA

to be processed and packaged into a virion particle. The other viral functions (encoded by the struc-

tural genes) are placed on a different plasmid and (B) introduced into cells that express those genes

stably (packaging cells). In this way, they can complement a replicative defective vector construct

introduced into the packaging cells by transfection or transduction leading to mature pseudovirus

particle production. Abbreviation: LTR, long terminal repeat.
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clinical trials as most are based on the HIV. There are also technical barriers to lentiviral

gene therapy due to a lack of methods to produce high-titer virus stocks. Transient

transfection systems, where plasmids encoding the vector genome and the viral structural

components are co-transfected into producer cells with vector, are not suitable for large-

scale production and do not allow the thorough characterization of vector producer cells,

something required by regulatory agencies prior to clinical use. Thus, although lentiviral

vectors continue to be developed, and these will most likely be used clinically in time,

there is still much to be done to bring them forward (173).

Modality of Delivery—In Vivo Versus Ex Vivo

Gene transfer may be approached using either ex vivo or in vivo gene delivery. In vivo

gene transfer consists of direct delivery of the vector to the tissue of interest. In vivo

gene transfer is attractive due to the potential ease of application and for some tissues

(e.g., brain and lung) may be necessary. However, current approaches fall short of effi-

ciency and safety as transduction and expression may not be limited only to target cells

and vector may be disseminated. For example, an AAV-factor IX vector was found to

be present in the semen of one patient following hepatic artery infusion (174). Profound

immune responses to transgene have been seen probably due to transduction of antigen-

presenting cells (175). This was especially true when high-titer retrovirus was directly

applied to the skin, a tissue with unique immunological features (97,176). A further

problem for in vivo gene delivery is the presence of extracellular barriers. In tissues

such as central nervous system or muscle, direct injection of viral vectors has resulted

in limited diffusion of the virus and in efficient transduction of cells only within a few

millimeters from the site of injection (51,177). Intravenous injection of viral particles

has mainly led to expression of the transgene in the liver with low gene expression

levels in other cell types and no, or partial, correction of disease phenotype (178–180).

This is due to antibody and serum proteins that can directly inactivate the vector or

direct it for rapid clearance to the liver (181–183). In the last 10 years, numerous attempts

have been undertaken to develop strategies that improve the efficacy and safety of in vivo

delivery. Injection of viral particles in neonates has shown promising results probably due

to a muted immune response and perhaps to a decreased density of tissues leading to

decreased extracellular barriers (184). Viruses have been pseudotyped with modified

envelopes that have shown higher resistance to serum clearance and may improve trans-

duction efficiency in future applications (182,185,186). Retargeting viral entry through

specific cell surface molecules expressed on human cells has been attempted by expressing

single-chain antibodies (scFv) directed against the extracellular domain of cell surface

receptors and natural ligands of surface molecules or by a protease-activable chimeric

receptor (187,188). The limited success of this approach reflected the fact that attention

was focused on receptor binding and not on efficient viral entry and the fusogenic activity

of the chimeric receptor was compromised or lacked specificity (189,190). A more prom-

ising approach may be to use elements that limit gene expression to the cell of interest.

Keratinocyte-specific enhancer elements have been used in retroviral vectors to restrict

expression, thus avoiding activation of dendritic cells, and these have shown maintenance

of transgene expression in the epidermis up to 20 weeks (97). High levels of human factor

IX were reached and maintained long term in immunocompetent mice, without inducing

antibodies, following in vivo infusion of a lentiviral vector that incorporated a hepatocyte-

specific expression cassette (175).

Despite promising advancements in in vivo delivery, thus far the major experimental

focus has been on ex vivo gene therapy using viral delivery systems, particularly retroviral
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and lately lentiviral systems. The ex vivo approach relies on the isolation of stem cells

from a tissue of interest, expansion, genetic modification in culture, and subsequently rein-

fusion to a patient. Although this approach is cumbersome and costly, it ensures that

appropriate target cells are exposed to the vector and with high efficiency of gene transfer

prior to reinfusion to the patient. However, as this system requires isolation and culture of

the stem cells, problems with loss of multipotentiality and engraftment limit the success of

this strategy.

HURDLES TO STEM-CELL GENE THERAPY

Regardless of the modality of delivery, studies so far have highlighted some common

problems. (i) Transduction levels can be low, particularly in cells capable of conferring

long-term engraftment. (ii) Retroviral vectors, most commonly used in stem-cell gene

therapy, bear the risk of multiple integration and insertional mutagenesis. (iii) Transgene

expression is variable and can be silenced. (iv) Depending on the type of transgene

expressed and the vector used, immune responses can compromise the outcome of therapy.

Inefficient Stem-Cell Transduction

Most experience in stem-cell transduction comes from work with HSCs. Targeting of

HSCs has proved most successful in murine systems. It has been shown that genes can

be introduced into pluripotent stem cells with production of genetically modified

progeny in both lymphoid and myeloid lineages (191). In murine models of immunodefi-

ciencies and chronic granulomatous disease (77–80,192–194), therapeutic sequences

have been successfully transferred at high levels with correction of the disease phenotype.

Clinically, however, the much lower efficiency of gene transfer in human HSCs has ham-

pered success. In general, a high transduction frequency in hematopoietic cells transduced

in vitro has not been reflected by high levels of gene-modified hematopoiesis at recovery

post-transplant. This has been attributed to the inability to infect sufficiently large numbers

of cells with marrow-reconstituting capacity. There are several reasons behind the low

levels of gene-modified stem-cell engraftment in human HSCs.

First, the ability of a virus to bind to and to enter target cells is determined by the

viral envelope protein and its correspondent receptor on the target cell. Murine HSCs

express high levels of the receptor for the ecotropic envelope of the Moloney Murine Leu-

kemia Virus and are consequently easily transduced by an ecotropic retrovirus. Human

HSCs do not express the ecotropic receptor, and most studies in humans have targeted

the amphotropic retrovirus receptor, ram-1. However, it has subsequently been determined

that ram-1 is expressed only at low levels on human HSCs (195,196). To overcome

this problem, alternative envelopes such as Gibbon Ape Leukemia Virus (GALV)

(197,198), Feline Leukemia Virus envelope RD114 (199–201), and Vesicular Stomatitis

Virus-G (VSV-G) (202,203) have been tested. Receptors for these were thought to be

expressed at higher levels on HSCs, and VSV-G in particular was thought to represent

an improvement as viral entry is based on fusion, not requiring a specific protein receptor.

Although initial studies suggested an improved performance of viruses pseudotyped with

such alternative envelopes (204,205), subsequent studies in NOD/SCID models and large

animals have failed to show a clear superiority of any of these pseudotyped vectors in con-

sistently transferring genes to human or non-human primate long-term repopulating cells,

with the exception of GALV, which was found to be superior to the amphotropic receptor

in baboon (206–209). These studies cannot be considered conclusive and more thorough
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testing is required as the studies in large animals have been very limited in numbers, with

transduction levels low and variable and no investigation on possible immune response to

the transgene carried out. Reproducibility among the different studies has been scant as

different source of stem cells and different protocols of transduction have been used.

Levels of receptors on the different subsets of stem cells have not been properly assessed

and it is possible that, although no difference is seen in the overall number of mature blood

cells that harbor the transgene, the proportions of transduced cells in different compart-

ments may change with the different envelopes. Amphotropic virus was found to be

able to infect mostly the lymphoid compartment. A more homogenous distribution

between the lymphoid and myeloid compartments was seen in cells infected with the

RD114 viral envelope, suggesting that RD114 and amphotropic receptor may target differ-

ent subsets of CD34þ cells (210).

A second, and serious, barrier to transduction of HSCs reflects the life cycle of the

viruses used. So far, most systems have used gamma-retrovirus vectors that require

target cell division for vector integration into the genome (211), and HSC cycle

slowly. Even lentiviral vectors, which were supposed to enter the nucleus of target

cells in the absence of cellular division, have been found to transduce quiescent cells

very poorly (165). In murine studies, treatment of donor animals with 5-fluorouracil

can be used to kill committed progenitors and to induce cycling of stem cells in vivo

prior to harvest. Such an approach would not be appropriate in human subjects. The

use of factors such as granulocyte colony-stimulating factor (G-CSF), stem cell factor

(SCF), Flt-3 to induce cycling of stem cells before harvest has been tested. In mice

and non-human primates, pretreatment of donor animals with a combination of G-

CSF and SCF can prime HSCs for efficient transduction (154,212–214). G-CSF mobil-

ization of human CD34 cells, however, does not significantly increase transduction

levels in repopulating cells, and SCF has not been proscribed in human trials in the

United States due to adverse effects. Efforts have focused on improving in vitro con-

ditions for gene transfer in human HSCs. To facilitate cell cycling and to potentially

retain self-renewal capacity of HSCs, hematopoietic growth factors have been employed.

Again this has proved more successful in murine studies, whereas large animals and

human studies have been characterized by a pronounced loss of repopulating HSCs

(153,215,216). Currently preferred conditions for HSC transduction incorporate early

cytokines such as Flt-3 and thrombopoietin in place of interleukin-3 (which has been

associated with impaired self-renewal of human HSCs) and with some protocols

additionally incorporating G-CSF (81,217–222). A further improvement in the trans-

duction of human HSCs has been achieved with the use of fibronectin fragments, which

serve to mimic stromal layers by engaging integrins on the HSC surface and facilitate co-

localization of viral vector and target cell (217,223–225). Although such modifications

have undoubtedly improved transduction frequencies, optimal in vitro transduction con-

ditions remain to be defined.

The greatest success in clinical gene therapy has been seen in the treatment of severe

combined immune deficiency (SCID). Patients with a deficiency in the common g-chain of

the lymphoid cytokine receptors (X-SCID) or in adenosine deaminase (SCID-ADA) have

been corrected with long-term clinical benefit (226,227). All other clinical trials to date

have fallen short of engraftment of therapeutically useful level transduced cells. Analysis

of the elements that led to success of the SCID trials point to a strong selective repopula-

ting advantage of the gene-corrected cells in comparison to the uncorrected cells. In

X-SCID, the presence of a functional common g-chain confers to lymphoid cells the

ability to respond to appropriate cytokines and leads to a strong selective advantage for

survival, growth, and differentiation of gene-corrected cells. In the SCID-ADA patients,
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an initial developmental advantage to transduced HSCs was provided by creating a space

in the bone marrow of the patients with a low-intensity myeloablative conditioning

regimen and by selecting a progenitor cell population. Moreover, ADA-corrected T-

cells also exhibit a survival advantage over their uncorrected counterparts. The importance

of a selective advantage is further underlined when the non-lymphoid population is exam-

ined in patients from these clinical trials. In all cases, engraftment within the non-

lymphoid compartment (where no advantage of gene-correction is anticipated) is

significantly lower than that in the lymphoid compartment.

Other than in SCID, the most successful clinical trial is one where patients under-

going autologous bone marrow transplantation as part of their treatment for germ cell

tumors were infused with CD34þ cells modified to express MDR. At one month post-

transplant, most patients had vector-containing cells but became negative in the following

months, consistent with the effects of in vivo transduction on long-term repopulating cells.

After completion of the chemotherapy, however, four out of 11 patients exhibited 5% to

15% transgene positivity in assayable progenitors, and those levels were maintained for up

to a year (228).

The data from the SCID and MDR trials imply that, post-engraftment, engineered

cells constitute a minority of the total HSC pool of a transplanted individual because

the in vitro manipulation associated with the transduction process compromises the

fitness of the gene-modified HSC to compete with their endogenous counterparts.

Unless the modification offers a competitive advantage (survival, proliferative, or both),

gene-modified cells tend to disappear with time.

Therefore, for disorders for which there is no inherent selective advantage of gene

correction, it may be desirable to adopt strategies to provide an in vivo selection. One

strategy is to use vectors that co-express a drug-resistant gene with the gene of interest.

After transplantation and hematopoietic reconstitution, the selective agent can be adminis-

tered, thus conferring a selectable phenotype to the transduced cells and increasing their

proportion in comparison with the untransduced population (61). However, there are con-

cerns in the use of this strategy. HSCs have high endogenous levels of some of these pro-

teins that may lead to lack of killing of the unmodified HSCs, with reduced clinical

efficacy. Higher levels of selective agents might be used to overcome this. However,

this might prove a dangerous strategy were the number of gene-modified HSCs to be

below a certain threshold. In such a case, hematopoietic reconstitution might be impaired

with consequent hematopoietic failure. This scenario was seen recently in two dogs

infused with transduced MDR1 HSC, when challenged with high levels of paclitaxel

(229). As well as selection in the hematopoietic system, MDR has been used to achieve

the in vivo selection of genetically modified keratinocytes following topical adminis-

tration of colchicines (99).

An alternative to cytotoxic drug selection might be the enforced self-renewal of

transduced stem cells. One approach has used a “selective amplifier gene” encoding a

modified membrane receptor that can be activated by a specific chemical agent.

Perhaps, the most successful example of this is the production of fusion proteins contain-

ing the signaling domain of a cytokine receptor and a binding site for a drug known as a

chemical inducer of dimerization. In the absence of drugs, the modified cytokine receptor

remains monomeric and does not transmit a signal (230,231). On binding drugs, however,

the chimeric receptor dimerizes and provides a proliferative stimulus. Some encouraging

results have been achieved, most particularly with the signaling domain from the throm-

bopoietin receptor (232–234). However, there are a number of issues to be addressed,

most notably, the transient nature of the selective advantage, which suggests that it is oper-

ating at the level of the committed progenitor, and an apparent lineage bias, with better
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selection in erythroid and platelet compartments seen at the expense of other lineages

when using the thrombopoietin receptor (235).

Another option might be the use of genes encoding factors, which may play a role in

self-renewal of stem cells. The primary example of this is HoxB4, which is up-regulated in

primitive hematopoietic cells and down-regulated with maturation (236). Retroviral-

mediated transfer of HoxB4 to murine or human bone marrow cells leads to in vitro expan-

sion of repopulating cells (237,238). In competitive repopulating assays in mice, HoxB4

overexpression confers an engraftment advantage over untransduced or control-vector-

transduced cells (239,240). One study, using human CD34þ cells, however, indicated

that enforced HoxB4 expression impaired myeloerythroid differentiation and reduced

B-cell output (241). Impaired differentiation can be one characteristic of tumor cells.

Thus, although the engraftment advantage offered by HoxB4 is attractive for gene

therapy purposes, any potential for adverse outcomes in terms of cellular transformation

will have to be carefully analyzed. Recent studies have highlighted the potential of recom-

binant HOXB4 protein in maintaining and expanding HSCs ex vivo (242,243). This

approach may be useful in maximizing the numbers of HSCs transplanted following ex

vivo manipulation, but will not discriminate between transduced and untransduced

cells. Nor will it provide a selection strategy in vivo. In view of this, further work with

HOXB4 is merited.

Insertional Mutagenesis

Until recently, it was thought that the risks related to random insertion of a vector in the

genome was very low if the multiplicity of infection was adjusted so that only one proviral

insertion occurred per transduced cell. A number of factors were thought to contribute to

this low risk: (i) most of the genome is inactive and therefore the likelihood of random

integration in a transcriptionally active area of the genome would be small (244),

(ii) malignant transformation tends to be a result of multiple genetic events and thus a

single insertion would be unlikely to be sufficient to cause acute transformation (245),

(iii) retroviral insertion is monoallelic, thus reducing the chance of mutagenic events,

such as loss of tumor suppressor function (211), and (iv) acute up-regulation of oncogenes

in the absence of other enabling mutations can lead to apoptosis or cytostasis, rather than

transformation (246).

This view was supported indirectly by the fact that few side effects related to inser-

tional mutagenesis by a replication-incompetent vector had been reported in any preclini-

cal studies or clinical trials (247). The discovery that two of 11 patients treated during the

successful X-linked severe combined immunodeficiency (X-SCID) trial developed leuke-

mia led the gene therapy community to reconsider the risks (248). It became clear that in

both cases the leukemic event was associated with retroviral vector integration in or near

the oncogene LM02 (249). These results prompted a series of studies which concluded that

the risk of retroviral insertion in transcriptionally active regions was much higher than pre-

dicted (250), as viral integration occurred preferentially in euchromatin, possibly because

of its accessibility (251). Moreover, there was a propensity for retroviral vectors to inte-

grate in the vicinity of cellular promoters (252).

The frequency of leukemic induction in the X-SCID clinical trial is obviously at

odds with the data from previous preclinical and clinical studies. A number of factors

may account for this. First, in most other clinical trials of HSC gene therapy, the total

number of transduced repopulating cells infused has been low, and thus the chances of

transplantation of a leukemic clone may have been low. Most preclinical studies have

been carried out in murine models with a follow up of three to six months, whereas in
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the X-SCID patients, leukemia became evident only two years after transplant. One recent

study has assessed the long-term sequelae of gene therapy in large animals. This involved

analysis of rhesus macaques (n ¼ 42) and dogs (n ¼ 17) that had been transplanted with

HSCs transduced with a variety of retroviral vectors and mostly via a protocol similar to

that used in the X-SCID clinical trial (253). The minimum follow-up was one year post-

transplant and in some cases extended up to six years, with all animals, exhibiting at least

1% vector positivity in white blood cells. No animal showed any evidence of neoplastic

disease or, indeed, any form of clonal amplification. This suggests that the high incidence

of leukemia seen in the X-SCID trial may not be a general effect of retroviral random

insertion but may depend on disease/transgene-specific factors. These may include age

of transplantation, dose of cells administered, the immunosuppressed phenotype of the

patients, a proleukemic or co-operating effect of the transgene, and combinations of

some, or all, of these.

The patients that developed disease were the youngest to be treated (one and three

months old)—HSCs may have different characteristics in young patients. Indeed, a higher

number of CD34þ cells were found in these patients and a higher number of cells/kg was
infused in the two patients that developed leukemia. As insertional mutagenesis is a sto-

chastic process, this may have increased the mutagenic risk. X-SCID is caused by the

absence of the common g-chain of a number of lymphoid cytokine receptors. This

leads to a maturation block in the lymphoid compartment, thus likely expanding

the pool of immature T-cells available for transduction and expansion. Certainly, post-

transplant, a higher transduction frequency and expansion of the lymphoid compartment

was seen in the face of very poor transduction frequencies in the myeloid compartment.

Correction of the g-chain defect probably confers a profound selection advantage to

gene-corrected cells. Moreover, it may be that overexpression of g-chain co-operates in

some way with the LM02 oncogene to further facilitate clonal expansion. It is not

certain yet which, if any, of these factors are important. However, it is clear that, given

the effects seen in the X-SCID study, the risks of neoplastic transformation will need to

be assessed specifically for each disease/transgene combination and tested in animal

models that allow for long-term follow-up.

Concomitant with efforts to more accurately assess the risks associated with any

therapeutic strategy, the development of safer vectors is also a priority. Central to this

will be efforts to reduce the risks of insertional mutagenesis. The retroviral long terminal

repeat (LTR) is the major contributor to the activation of neighboring cellular sequences.

This is due to strong enhancer functions that regulate initiation of transcription of the LTR,

but can also affect cellular promoters. Transcriptional read-through into cellular sequences

may occur, because the viral polyadenylation signal, which should terminate transcription,

is often very weak (254). Where this occurs, the retroviral splice acceptor site may interact

with a splice donor site of a cellular gene positioned downstream to provide a novel tran-

script. To improve vector design and obviate these problems, a number of strategies may

be employed. Thus, a stronger polyadenylation signal and a strong internal splice acceptor

may be incorporated into the vector, to reduce problems associated with read-through

(254,255). The enhancer/promoter that drives expression of the transgene may be posi-

tioned internally, in a self-inactivating vector, to reduce interaction with the neighboring

sequences—this may be reinforced by the inclusion of dominant DNA insulator regions,

which can block enhancer effects on distant promoters (256). Alternatively, integration

could be targeted to specific sites within the genome. Recently, the site-specific integration

machinery of the bacteriophageFC31 has been exploited in non viral delivery approaches

to achieve the targeted integration of a transgene in murine and human cells in vitro

(96,257,258). All these modifications to vectors will take some time to develop and to

Adult Stem Cells and Gene Therapy 319

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


test. In the short term, vectors could be made safer by including suicide genes, which could

provide a self-destructive mechanisms if needed. Such an approach has been tested clini-

cally with some success, to reduce graft-versus-host complications following the transfu-

sion of activated T-cells for anti-cancer immunotherapy (259).

Transgene Expression

Effective gene therapy needs not only the transfer of a gene to an appropriate target cell,

but also the expression of that gene to a level that is therapeutically useful. Most studies to

date have employed viral sequences to achieve transcription of transgenes, generally with

a view to maximizing expression. However, many viral promoters and enhancers are

targets for cellular mechanisms of gene-silencing, and thus transgene expression can be

completely inactivated in specific cell types, particularly in primitive cells responsible

for repopulation in vivo (260–262). In HSCs and other stem-cell types, epigenetic

events such as DNA methylation, histone modification, chromatin remodeling, and

post-transcriptional gene silencing have all been reported to attenuate transgene

expression (263–266). Attempts to increase expression from retrovirally transduced

genes focus on the removal of silencer sequences from the LTR, and the use of alternative

promoters to drive expression, as well as the inclusion of cellular elements such as locus

control region elements, and chromatin insulators (267).

However, as previously discussed, due to the perils of insertional mutagenesis,

uncontrolled, high-level expression of transgenes may be undesirable in some cases.

This is exemplified by HOXB4, which may be used to enhance the engraftment potential

of HSCs. The effects of this transcription factor are clearly dose-dependent. Thus,

although expression from a relatively strong retroviral LTR conferred an engraftment

advantage, with self-renewal and a mild perturbation in differentiation (241), higher

levels of expression from an adenoviral vector were associated with a loss of self-

renewal capacity and a push toward differentiation (268). The ability to control transgene

expression, in terms of levels, tissue specificity, and temporal expression is likely to be

central to many therapeutic applications. For example, delivery of trophic factors to the

brain may require tight regulation as the unregulated, inappropriate, excessive, or

ectopic release of effector molecules such as neural growth factor or tyrosine hydroxylase

may prove harmful (269–272). Similarly, regulation of insulin expression is likely to be a

desirable characteristic of gene therapy vectors for the treatment of diabetes (273).

Immune Response

Many of the immunological defense systems that tackle wild-type viral infections are also

activated against viral vectors. Moreover, new transgene products may also stimulate an

immune response, and this may lead to deletion of transduced cells. Vectors based on ret-

roviruses and lentiviruses, which are those most commonly used for stem cells, are not

particularly immunogenic and no side effects due to immunological response to the

vector have been observed so far. Immune responses mounted against transgene antigens

may develop with some latency. This is particularly true if artificial sequences are intro-

duced or, in the case of inherited disorders, where the genetic defect leads to the absence of

all or part of a gene product. Immune-mediated rejection of hematopoietic cells expressing

green fluorescent protein (GFP), neomycine, hygromicine thymidine kinase (HyTK) gene,

or a-L-iduronidase has been seen in preclinical animal models and gene therapy trials

(274–278). However, long-term persistence of gene expression in the hematopoietic

system was reported by several groups, implying that tolerance to the transgene could
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be established although no detailed analysis of immune response was carried out and

levels of transgene were very low (217,279–281).

Heim et al. (282) showed that tolerance to the transgene can occur following trans-

plantation of GFP gene-modified HSCs but not in all animals. One of the factors contri-

buting to establishment of tolerance is likely to be related to the levels of transgene

expression and its time in circulation. Indeed, in this study, a reduced immune response

was seen when a higher number of transduced CD34þ cells engrafted, suggesting that

a threshold level of transgene expression is required for a sustained period of time in

order to induce tolerance and thus prevent clearance of genetic-modified cells. This is

also observed in the study by Mingozzi et al. (283) where higher levels of transgene

expression promoted a shift from a Th1-driven antibody response to a Th2 response,

typical of a state of tolerance. The degree of immunosuppression by the conditioning

regimen can also contribute to prolonged transgene expression although on its own is unli-

kely to be sufficient to prevent an immune response. Treatment with a non-myeloablative

regimen interfered with the induction of transgene-specific cytotoxic T lymphocytes

(CTL) and facilitated in vivo persistence of gene-modified cells in a non-primed host.

However, in one study sustained tolerance was not achieved despite myeloablation, and

a complete loss of genetically modified cells after transplantation in baboons was seen

(284). Other factors such as immunogenicity of the protein transduced, source of stem

cells, treatment with cytokine, major histocompatibility complex tissue type of the indi-

vidual, and the route of introduction of the antigen are likely to play a role in the induction

of tolerance. A greatly reduced risk of response against factor IX was associated with

specific induction of tolerance due to the introduction of the transgene via the liver

(283). Liver has been previously seen as an organ capable of inducing immunological

tolerance (285). The tissue to which genetically-modified cells are returned is also

important in this regard. Tissues such as skin have an important immune-associated

function, serving as a primary barrier against foreign antigens and contain large number

of antigen-presenting cells and keratinocytes, which are capable of secreting numerous

inflammatory cytokines.

Regardless of the mechanism, immune response to neoantigen may prove to be a

serious limitation to gene therapy. Most studies are carried out in immunocompromised

hosts and have concentrated on increasing the number of gene-modified cells. Now that

this goal is within reach, the immunological barriers to successful gene therapy are becom-

ing more apparent. Thus, a major challenge in the coming years will be a systematic

approach to understanding these barriers and to overcome them.

CONCLUSION

The major problems in the design and implementation of therapeutic strategies using gene

modification arise from the significant deficits in our understanding of the mechanisms

regulating adult stem cells development, effective gene expression and modification,

and immunological responses to neoantigens. Initial successes in murine models have

delayed awareness of the problems to be faced and have led to numerous clinical trials

with very poor outcome and, in a few cases, with adverse effects. There is a pressing

need to develop adequate animal models, which allow testing of new protocols of cell iso-

lation, expansion, transduction, engraftment, and the side effects of new vector systems

with long-term follow-up. Murine models may not be fully predictive for long-term

effects due to differences in stem-cell turnover and to the shorter lifespan of mice. There-

fore, the efficiency of engraftment of transduced cells should be tested in larger animal
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models. However, serious side effects such as tumor induction may take a long time to

develop in such systems. A more rapid screen may be developed by the use of modified

murine models engineered to be ultra-sensitive to adverse effects, for example, by intro-

duction of co-operating proto-oncogene genetic lesions or by inducing replicative stress

using serial transplantation.

Alongside the development of more appropriate animal models, further improve-

ments in vector design are required to allow more control over gene expression and

over integration. Additionally, improved transplantation protocols will be required to

reduce immune responses to neoantigens.

Notwithstanding these considerations, recent experience has shown that clinical

benefit can ensue from therapeutic gene transfer to stem cells. Thus, although technologi-

cal advances are required, and will be obtained with time, stem-cell gene therapy should be

pursued wherever the benefit to risk ratio is significantly weighted in favor of benefit.
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INTRODUCTION

Hematopoietic stem-cell (HSC) therapy is well established in clinical practice. Both autolo-

gous (ASCT) and allogeneic stem-cell transplantations (alloSCT) have been critical in the

progress toward potential cure of leukemia, lymphoma, and other malignancies and the

ability to transplant allogeneic stem cells has not only contributed in the field of malignant

hematology but also been a key approach toward the cure of some inherited hemoglobino-

pathy and bone marrow (BM) failure conditions. Stem cells have the potential to regenerate

a variety of tissues, as indicated by a number of groundbreaking but preliminary reports on

stem-cell plasticity in vitro, but ethical issues and safety considerations preclude the use of

human embryonic stem cells in the clinical setting at present. The exploitation of adult stem

cells might circumvent the controversial issues posed by stem cells derived from embryonal

tissue, although the true potential for plasticity of adult stem cells remains under scrutiny,

with many contradictory reports in the field of stem-cell research.

In this chapter, we present the current indications for both ASCT and alloSCT in

clinical practice, rationale for transplant strategies, and evaluate some of the evidence

to support this approach (Fig. 1). We explore some of the innovative and developmental

approaches emerging from translational research programs for the clinical use of adult

HSCs, including cord blood transplantation and use of mesenchymal stem cells in myocar-

dial repair and in inherited bone disorders such as osteogenesis imperfecta (OI). We also

examine the current status of clinical gene therapy studies using HSC.

CLINICAL USE OF HSCS IN TRANSPLANTATION

The clinical decisions surrounding the optimal use, including type and timing, of adult

hematopoietic stem-cell transplantation (HSCT), are frequently very difficult. The optimal

use of transplantation within the total therapeutic strategy for an individual patient with
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hematopoietic malignancy is contingent upon a number of key factors that must be

weighted to allow risk:benefit analysis. These factors are determined not only by

factors relating to the patient status but also those of the disease itself. With respect to

biological characteristics of the disease, an assessment of the expected natural course of

the disease, alternative therapeutic options, disease chemosensitivity, and likely

outcome of salvage therapy must be undertaken. From the perspective of the patient,

the likely procedural mortality must be appraised along with a consideration of the accep-

table level of morbidity likely to be experienced. This evaluation will include issues such

as patient age and co-morbidity, risk of infection, disease characteristics that correlate with

predicted transplant outcome as well as the ability to mobilize peripheral blood stem cells

(PBSCs) in the case of ASCT or donor availability, and degree of histocompatibility

[human leukocyte antigen (HLA)-match] in the case of alloSCT.

Comparison of transplant outcome data must always be made with best available

contemporary chemotherapy protocols rather than historical comparisons. The role of

transplantation is changing partly because of the continued evolution and development

of alternative therapies; for example, the introduction of the tyrosine kinase inhibitor, ima-

tinib, for chronic myeloid leukemia (CML). The advent of this novel therapy has meant

that during the past four years, centers have seen a 50% to 75% reduction in the

number of transplants for chronic-phase (CP) CML because patients have opted for ima-

tinib as first-line treatment rather than alloSCT. The introduction of targeted and mono-

clonal antibody therapies may drive a further sea change in the indications for

transplant. Conversely, the role of transplantation has increased for some indications as

we have gained a greater understanding of stem-cell mobilization, developed safer con-

ditioning protocols, and improved graft-versus-host disease (GVHD) management permit-

ting safer delivery of these intensive schedules, reducing transplant-related mortality.

The ability to risk-stratify patients with hematologic malignancy is improving

rapidly and the assessment of outcome from large multi-center clinical trial data has

imparted a greater ability to target those patients that are likely to benefit from stem-

cell transplantation as part of a first-line treatment strategy, refining our approach. We

are starting to define risk groups using features of disease at presentation such as cytoge-

netic abnormalities and the presence of mutations such as tyrosine kinase receptor for vas-

cular endothelial growth factor (Flt-3) in acute myeloid leukemia (AML), as well as

AML ALL
Acute leukemia (other) CML
CLL Chronic leukemia (other)
NHL HD
Lymphoma (other) Multiple Myeloma
Solid organ tumor MDS/MPD
AA Immune deficiency
Inborn errors Autoimmune
Hemoglobinopathies Other

Figure 1 EBMT 2003–2004 indications for transplant. Abbreviation: EBMT, European Group for

Blood and Marrow Transplantation. (See color insert.)
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molecular minimal residual disease (MRD) detection following initial treatment in the

case of leukemia. The use of technology such as 2-fluoro-deoxyglucose-positron-emission

tomography in combination with CT scanning (FDG-PET-CT) allows assessment of

disease activity following first-line treatment in the case of Hodgkin’s disease and non-

Hodgkin’s lymphoma (NHL) so that treatment intensification can be directed toward

those at risk of relapse. The rational use of this information in the clinical decision-

making process will be critical and the indications for transplantation are a continually

changing and challenging field.

AUTOLOGOUS STEM-CELL TRANSPLANTATION

General Issues in Clinical Application of Autologous Transplantation

The rationale for the use of ASCT in the treatment of hematological malignancy is based

on the effectiveness of dose-intensified therapy to achieve a log-scale reduction in tumor

burden. The transplantation of cryopreserved autologous HSCs then acts to rescue the

hematopoietic system following high-dose chemotherapy and/or radiotherapy. The disad-
vantages include potential for contamination with occult tumor cells and the lack of any

immunological anti-tumor effect (Table 1).

Stem-Cell Source

There has been an almost universal shift toward the use of cytokine-primed granulocyte

colony-stimulating factor (G-CSF) mobilized PBSCs for ASCT. The first report of

PBSC mobilized into the peripheral blood with hematopoietic growth factors for trans-

plantation was from Juttner et al. in Australia (1), confirming that PBSCs collected follow-

ing induction regimens are capable of hematopoietic reconstitution in AML. The major

benefit seen in early A-PBSC trials was a considerably greater speed of hematopoietic

recovery with a median time to attain neutrophils .0.5 � 109 L21 of 10 to 15 days and

platelets .50 � 109 L21 of 19 days, impacting favorably on procedure-related mortality,

morbidity, cost, and earlier discharge from hospital (2–4). The reconstitutive capacity of

HSCs is predictable and related to the progenitor cell dose infused and analysis of CD34þ

cells by flow cytometry has allowed rapid quantitative analysis of harvest inoculum and

standardization to improve safety (5).

Initially, it was hypothesized that the use of PBSCs may lead to a reduction in graft

contamination due to the differences in the mobilization profile of normal cells compared

with blasts, although others disagreed with this suggesting that the overall higher cell

numbers infused with the PBSCs may actually increase the dose of re-infused occult

Table 1 Advantages and Disadvantages of ASCT

Advantages Disadvantages

No requirement for matched donor No GVL effect

No GVHD Risk of leukemic cell contamination

Shorter recovery period Requires ability to mobilize stem cells

More complete immune reconstitution

Able to offer up to 65 yrs and above

Abbreviations: ASCT, autologous hematopoietic stem-cell transplantation; GVL, graft-versus-leukemia; GVHD,

graft-versus-host disease.
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leukemia cells (6,7). However, this has never been demonstrated to be the case. Paired

analysis of marrow and leucopheresis products with karyotypic markers has suggested

that PBSCs actually contain fewer contaminating cells (8,9).

In Vitro Purging of Autologous HSCs

One of the prerequisites determining the success of ASCT for leukemia is that re-infused

stem cells should not contribute to relapse, however, the origin of cells contributing to

relapse remains controversial and makes assessment of purging effectiveness difficult.

Results of syngeneic (identical twin) transplantation, when compared with those from

ASCT, show relapse rates of similar magnitude. This led to an assumption that many

patients relapse following ASCT owing to an inability of the preparative conditioning

regimen to fully ablate the tumor within the patient, limiting the clinical effectiveness

of any purging strategy (10). The degree of leukemic contamination after purging has

been compared with that prior to purging. Relapse risk has been found not only to correlate

with the post-purge level of contamination but also closely related to the degree of MRD at

harvest (11), again suggesting that disease chemosensitivity and residual patient disease

rather than re-infused cells contribute to relapse. Nonetheless, there remains the potential

risk of infusion of occult residual leukemic cells in the graft. Using gene marking to trace

the origin of disease recurrence, a retroviral vector carrying the selectable neomycin resist-

ance gene to mark 5% of the re-infused stem cells demonstrated that in AML at relapse,

some leukemic cells did indeed carry the marker gene (12).

Although purging is possible, it can cause difficulties. It is expensive, and its role is

controversial. The most common strategy that has been adopted for purging to reduce the

leukemic contamination of the graft in AML has been exposure of cells in vitro to the

cyclophosphamide derivatives 4-hydroperoxycyclophosphamide (4-HC) or mafosfamide

(13). Purging of cells using monoclonal antibodies such as CD33 or CD14/CD15 in

AML or CD20 and complement in B-cell lymphoma and leukemia have also been

assessed (8,14,15). Positive CD34þ stem-cell selection methods have been employed in

lymphoma and breast cancers and with modern devices such as Isolex 300i or Clinimacs,

it is possible to purge three to four log-scale of chronic lymphoid leukemia (CLL) cells

from fresh leucopheresis products (16,17). This strategy is less relevant in the acute leu-

kemias because these are stem-cell disorders and frequently express CD34 antigen.

There is a lack of clear clinical evidence of a benefit from in vitro purging for

acute leukemia and in practice existing techniques would seem to confer a number of

disadvantages. In particular, purging may delay engraftment, and this may have contrib-

uted to increased death rates in a number of randomized controlled trials (RCTs). A

number of studies in AML (predominantly from the United States) have used 4-HC

purging. The poorer engraftment associated with this manipulation may have contribu-

ted to the higher transplant-related mortality (TRM) seen in the U.S. Intergroup trial and

the POG (Pediatric Oncology Group) study (18,19). In spite of rigorous analysis of reg-

istry data, no substantial evidence supporting marrow purging has been forthcoming for

AML (20–22). Retrospective data analysis of high-risk 2nd CR AML was the only

group in which a benefit for 4-HC purging was suggested (21). When a polymerase

chain reaction (PCR) negative graft can be obtained in low-grade lymphoma or CLL

then a prolonged freedom from progression can be demonstrated following antograft.

It may be that this purging efficiency is simply a surrogate marker for those patients

with minimal residual disease prior to harvest who would have a better outlook regard-

less of the antograft procedure (11,23).
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An analysis by Appelbaum and Buckner (24) suggested that 135 patients are

required in each study arm to detect an effect of purging if it is only effective 50% of

the time and if purging were 100% effective then 31 patients would be required in each

arm, based on the assumption that:

1. In AML the probability of relapse is 25% for patients in first complete remission

who receive syngeneic marrow;

2. The use of untreated autologous marrow increases the probability of relapse by

50% to 63% in this group;

3. Transplant-related mortality occurs in approximately 25% of cases; and

4. Sample sizes are calculated based on an 80% power at the 0.05 significance

level.

These large, randomized trials are unlikely to be forthcoming and in the absence of

these data, scepticism over this approach persists. Whether emerging leukemia targets

will lend themselves to selective removal using monoclonal antibodies remains to

be seen.

Another strategy toward purging the stem-cell inoculum is through in vivo purging

using, for example, monoclonal antibodies prior to stem cell harvest to attempt collection

of HSCs at a time when contamination risk is lowest. This is being evaluated currently in

RCTs in low-grade lymphoma.

ASCT: MALIGNANT DISEASES

Autologous Transplantation in AML

It is now over two decades since the feasibility of myeloablative therapy with stem-cell

rescue for AML was demonstrated (25,26). This approach is being adopted for an increas-

ing number of patients in the first remission and less commonly as salvage at subsequent

remissions. Of adult patients below 60 years of age who develop AML, approximately

60% to 80% can be expected to achieve complete remission following induction che-

motherapy with a regimen combining an anthracycline with cytarabine arabinoside

(ara-C). In spite of this, the most common cause of treatment failure is relapse. Patients

in “morphological complete remission” may still have a burden of up to 1010 leukemic

cells (27). The aim of repeated courses of intensive chemotherapy is, therefore, to

further reduce the tumor load and ultimately eradicate the leukemic clone thus effecting

a cure. The principle of administration of ASCT in AML in first complete remission

(CR1) is to administer further dose intensification to patients in complete remission to

prevent disease relapse. This approach is founded on the principle that administration

of chemotherapy leads to a fractional log-cell kill at a given dose regardless of original

cell number with the resultant exponential regression of tumor cell number (28,29).

This “Skipper–Schabel” model hypothesizes that by administration of a very high dose

treatment at the point of MRD there will be a further decrease in cell number by

several logs resulting in complete eradication of tumor burden. The induction-intensifica-

tion strategy proposed for AML aims to give intensified therapy to achieve high log-kill at

the point of MRD as post-remission therapy to prevent future relapse with rescue using

cryopreserved stem cells collected in remission.

The issue of optimal post-remission therapy in AML remains critical. Important

information is now available from RCTs examining ASCT in AML in CR1.
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Auto Bone Marrow Transplant vs. Chemotherapy in Adult AML

The first direct comparison of ASCT versus chemotherapy was reported by the EORTC/
GIMEMA (European Organisation for Research and Treatment of Cancer and Gruppo Ita-

liano Malattie Ematologiche Maligne dell’Adulto) (30). This intervention trial entered 941

patients with median age of 33 years. Only 66% of patients attained complete remission

(CR) and were eligible for randomization. Patients were allocated alloSCT if they had a

consenting human leukocyte antigen (HLA)-matched sibling (n ¼ 168). The remaining

254 were randomized to either ASCT using unpurged marrow (n ¼ 128) or further che-

motherapy (n ¼ 126) as a third course. Only 74% of the patients eligible for ASCT actu-

ally received this therapy. Analysis by intent-to-treat showed a four-year disease-free

survival (DFS) of 55% in the alloSCT arm and 48% in the ASCT arm, which were signifi-

cantly better than the DFS of 30% in the chemotherapy arm (P ¼ 0.05). There was a

higher relapse rate (RR) in the chemotherapy arm but many of these patients were

salvaged successfully with subsequent ASCT giving rise to a four-year overall survival

(OS), which was similar for all three groups. The time taken to treatment was a significant

factor in RR prior to the allocated intensification therapy. This factor demonstrates the

“time-censoring” effect and highlights the fact that even in randomized intervention

trials, biases may be introduced so that analysis of the data on an intent-to-treat basis

is critical. Other problems were a suboptimal outcome in the chemotherapy arm,

which may have been related to the lack of a high-dose cytarabine arabinoside (HDAC)

schedule, and poor engraftment in the ASCT group in whom platelet recovery took up

to 20 weeks.

The Medical Research Council (MRC) AML 10 trial was a large collaborative trial

designed to examine the value of high-dose therapy after four courses of consolidation

treatment compared with no further chemotherapy. It addressed a rather different question

to that posed by other RCTs, namely does ASCT confer any further advantage over and

above the best available intensity treatment protocol so far designed (31). Of 1622 patients

registered, 381 patients below 55 years were randomized after the third course of che-

motherapy, representing 38% of those eligible. Of the 190 patients allocated ASCT,

only 126 received the intended therapy and five patients in the “stop treatment” arm actu-

ally received ASCT in CR1. The reasons for this attrition include patient and physician

choice as well as death or relapse before transplant was reached. There was a modest

improvement in DFS in the ASCT arm in the standard and high-risk groups when analyzed

by intent-to-treat at seven years (DFS 53% vs. 39%, P ¼ 0.04). When those patients sur-

viving beyond two years are analyzed, a small OS advantage for ASCT is observed in this

group, however, it was not felt that this was sufficient to justify continuing to address the

question in further MRC AML trial strategies. The analysis of long-term outcome in the

AML 10 cohort will continue to be important as survival advantages may only emerge in

the long term.

The U.S. intergroup trial (ECOG/SWOG/CALGB) (18) compared 4-HC-purged

bone marrow transplant (BMT) with HDAC. A major flaw in this trial design was the

low dosage of treatment prior to the transplant arms of this study; patients proceeded to

ASCT after only two intermediate-dose treatments with no HDAC consolidation prior

to transplant. There were also features of the transplant protocol that may have contributed

to the substantial TRM. Busulfan was used in the conditioning regimen leading to death

from hepatic veno-occlusive disease in two patients in the ASCT arm and six patients

in the alloSCT arm. Overall mortality from the ASCT procedure was 14%. Four-year

DFS was not significantly different in the chemotherapy, ASCT, and alloSCT groups

(respectively, 35% chemotherapy, 35% ASCT, and 43% alloBMT, P . 0.05). There
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was actually a weak OS benefit demonstrated in the chemotherapy arm of this trial

(P ¼ 0.1). It would seem that those patients in the transplant arm suffered the disadvan-

tages of autografting without gaining optimal beneficial effects. Salvage therapy following

relapse was better in the chemotherapy group contributing to this difference in overall rate

of survival.

Group Ouest Est Leucemies Aigues Myeloblastiques (GOELAM) (32) again

showed no difference with transplantation in terms of DFS or OS. This group also used

a second course of HDAC (3 g/m2 for eight doses) in both the chemotherapy and

ASCT groups to particularly good effect but not in the allograft group. They were

unable to show any benefit for alloSCT in this comparison.

Critical Analysis

A number of general criticisms can be made of these studies. The patients undergoing ran-

domization represent less than half of those achieving remission and therefore eligible for

randomization. Of those patients randomized, many failed to receive the assigned therapy

because of intercurrent relapse, failure to mobilize, intercurrent infection, neurotoxicity, or

patient/physician choice. Many patients relapsing in the chemotherapy arm of these trials

are successfully salvaged with ASCT. This attrition seen in the MRC AML 10 trial led to

only 66% of randomized patients receiving ASCT in CR1. There were problems, as seen in

many studies in the randomization and delivery of assigned treatment particularly in the

ASCT arm. Analysis of the reasons for this showed that this was due to both relapse

and patient/physician choice. This will lead to an element of selection bias in the patients

transplanted, making it difficult to extrapolate the data to all patients and the low pro-

portion of patients actually receiving ASCT calls into question the feasibility of this

approach as a standard procedure. The absence of an OS benefit in the majority of

studies is probably related to the procedural mortality of 6.5% to 15% in combination

with salvage therapy being more successful after chemotherapy. The other factor that

has been observed during the course of these trials is a sustained improvement in

outcome following chemotherapy over time reflecting better strategies for infectious com-

plications and supportive care.

The varying intensity of the comparison chemotherapy arm also seems to play a

critical role. The MRC AML 10 trial would suggest that if the benefit of ASCT is to be

seen, then it must be performed after intensive consolidation therapy. The inclusion of

a course of HDAC is important whether before ASCT or before further intensification che-

motherapy. The MRC trial demonstrated that when ASCT is used as further consolidation

compared to stopping treatment there is superior DFS but only a very modest OS benefit.

This has been confirmed in a meta-analysis (33).

The question as to whether the function of this fifth course of high-dose therapy

could be just as well served by an additional course of consolidation was addressed in

the MRC AML 12 study, however, there remains uncertainty as to how many intensive

courses are required, and this is being further addressed in randomized studies.

Risk Stratification in AML

The ability to stratify patients by risk group has given a clearer indication as to which

patients are most likely to benefit from ASCT. Consistent prognostic indicators in AML

include cytogenetics and time to achieve CR1. Other factors include age, disease

burden at presentation, presence of the multi-drug resistance gene (MDR-1), French-

American-British morphological type, secondary leukemia, and leukemia preceded by

myelodysplasia. Favorable karyotypes include t(8;21), inv(16), and t(15;17), whereas in
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contrast abnormalities of chromosome 5 or 7, 3q, or complex changes forecast a very poor

outcome as does.15% blasts in the marrow after course 1 (34–36). It should be possible

to identify patients who are likely to benefit from a particular therapeutic approach and

thereby refine decisions regarding transplantation so that some patients can be protected

from exposure to toxic, expensive treatments. In the MRC AML 12 trial, the five-year

survival rate for patients assigned to the good, standard, and poor risk groups was 73%,

44%, and 17%, respectively, and relapse rate was 25%, 52%, and 73%, respectively.

Trials prior to the MRC AML 12 have not taken into account cytogenetic data for strati-

fication. This study confirmed that there was no survival advantage for ASCT in the good

risk group with data on an additional 330 randomized patients.

Patients with poor prognostic factors seem to benefit little from intensified treatment

and still have poor outcome (31). The design of theMRCAML 12 study excluded poor-risk

patients defined by cytogenetics or failure to achieve ,15% blasts after second course.

Patients shown to have a particularly favorable outcome with t(15;17), t(8;21), or inv16

who relapse following chemotherapy have a better chance of achieving second CR. This

group should not receive either ASCT or alloSCT in CR1 but ASCT should be held in

reserve for those who relapse and in whom an uncontaminated graft determined at a mol-

ecular level can be obtained and cryopreserved. Flt-3 gene mutation analysis has retrospec-

tively suggested that the occurrence of a Flt-3 mutation (present in 20% to 27% of AML

cases) indicates high relapse risk and adverse prognosis. The impact ofMRD at a molecular

level at various stages of treatment may be useful to target therapeutic strategies.

In summary, despite the considerable amount of data from RCTs, the optimal treat-

ment of AML remains controversial and the place of ASCT in the management of AML in

first remission remains unclear. From the available RCTs, there seems to be a consistent

reduction in the RR which is counterbalanced by a procedure-related mortality. The main

conclusion that can be drawn from the large RCTs is that dose-intensification, whether

delivered as repeated courses of chemotherapy or as single intensive ASCT, improves

DFS. Where there is a direct comparison, as in the EORTC/GIMEMA, there is a

reduced RR in those receiving ASCT although this has not translated to an improvement

in OS due to higher mortality and the significantly better response to subsequent ASCT

when relapse occurs after chemotherapy. It may well be that as the outcome from trans-

plantation improves with progress in supportive care and faster marrow recovery follow-

ing the use of mobilized PBSCs, rather than BM stem cells, the improvement in RRs will

follow into better OS. Outcome of good risk AML does not benefit from a transplant

approach in CR1.

Transplantation in Second Remission and Relapsed AML

Successful salvage treatment of patients who relapse after chemotherapy is significantly

better than that of those relapsing after ASCT (30,31,37). Overall, these patients can

attain a 30% leukemia-free survival (LFS) with autografting. There is a better outcome

for those with a higher duration of remission. The optimal timing of autologous transplan-

tation is debated. A strategy to delay transplantation to CR2 may be attractive as patients

potentially cured by chemotherapy need not receive transplants.

Autologous Transplantation in Acute Lymphoblastic Leukemia

In 75% of cases adult patients with acute lymphoblastic leukemia (ALL) enter CR;

however, most will relapse. The strategy to prevent this using consolidation treatment is

clearly important, and intensive chemotherapy will lead to five-year DFS rates of 10%
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to 42%. Although alloSCT results in better DFS rates of 40% to 63%, it is only available to

a minority of patients. What is more controversial is the role of high-dose therapy followed

by ASCT in the consolidation phase. ASCT outcomes from registry data (European Bone

Marrow Transplant registry, EBMT) in over 200 patients suggest a DFS of 41% at four

years for standard risk patients in CR1 with 26% RR at four years. This compares favor-

ably with results from the same group given conventional chemotherapy or allograft.

Another study has suggested a 48% DFS in a small cohort at three years (38). No RCT

has been of sufficient statistical power to determine whether ASCT can improve patient

outcome when compared with consolidation and maintenance chemotherapy. Ongoing

trials such as the MRC/ECOG UKALL XII study are aiming to recruit sufficient patients

to enable us to answer this important question. It may be that in terms of effectiveness

equivalence is demonstrated; however, ASCT may have a role as it offers shorter treatment

in comparison with the prolonged consolidation and maintenance used traditionally.

Autologous Transplantation in High-Grade Diffuse Large B-NHL

Patients receiving combination CHOP (cyclophosphamide, hydroxydaunamycin, Oncovin

(vincristine), prednisolone) chemotherapy for diffuse large B-cell non-Hodgkin lym-

phoma (DLBL) can expect long-term remission and probable cure in 30% to 50% of

cases. The place of ASCT has been in salvage therapy in patients failing to respond to,

or relapsing after, first-line therapy. No study has shown benefit of ASCT in CR1

except for a small population with high-risk features in one subgroup analysis (39), and

it is therefore not recommended in this group.

The pivotal RCT that compared chemotherapy vs. ASCT in relapsed DLBL was the

PARMA study (40). In this study, 109 patients with relapsed diffuse large B-cell NHL who

had shown response to two cycles of DHAP chemotherapy (dexamethasone, cytarabine

arabinoside, and cisplatin) were allocated to high-dose therapy and ASCT or continued

chemotherapy. A significant difference in failure-free survival (51% vs. 12% at five

years) and OS (53% vs. 32% at five years) was observed. This study enrolled chemosen-

sitive, young patients at first relapse. The outcome from this trial has led to the use of

ASCT as standard care for salvage in this defined group and is more widely used in

relapsed patients able to tolerate autograft.

Those patients refractory to chemotherapy or failing ASCT should be offered allo-

graft where this is feasible as outcome from ASCT is very poor.

Autologous Transplantation in Low-Grade Follicular Lymphoma

Follicular NHL accounts for 15% to 30% of newly diagnosed lymphomas and frequently

presents in advanced stage. Although these cases are usually chemosensitive at presen-

tation, they are incurable with standard chemotherapy with high RRs and eventual che-

moresistance leading to median survival around 5 to 10 years. Therefore, high-dose

therapy and ASCT have been used in an attempt to improve survival in patients with

low-grade NHL (LG-NHL).

Initial chemotherapeutic treatment approaches for follicular NHL are safe with low

morbidity and therefore the high-dose therapy approach has been used largely at relapse

and the majority of the data have been derived from use of ASCT in the salvage

setting. Studies demonstrate that although there remains a continued tendency for LG-

NHL to relapse after ASCT with no plateau on survival curves, a prolonged DFS can

be attained. In 153 patients with recurrent bulky stage III to IV disease, in vitro purging

using monoclonal antibodies was used followed by a cyclophosphamide/total body
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irradiation (TBI)-conditioned ASCT. This was a selected group as patients were only

included if they achieved a minimal disease state prior to autograft. Eight-year DFS

was 42% and OS was 66% with a TRM under 5%. When compared with historical con-

trols, there was a prolonged DFS (15,23). A similar study reported a two-year DFS of

53% and a four-year DFS of 43% (41). In another trial (the CUP trial—Conventional

chemotherapy, Unpurged autograft, Purged autograft), randomization of 140 patients

with recurrent LG-NHL between autograft and chemotherapy led to a clear demonstration

of statistically significant benefit for ASCT with progression-free survival (PFS) 55%

versus 26% and two-year OS 71% versus 46% (42), however, the trial was closed early

due to slow accrual, limiting the assessment of purging in this setting. Outcome of

ASCT at relapse is influenced by the number of prior chemotherapy regimens and there-

fore its use earlier in the treatment strategy has been evaluated.

ASCT in CR1 has been examined by Lenz et al. (43) who were able to show a sig-

nificantly improved PFS (two-year 79% vs. 52%) and five-year survival of 64% versus

33%. This group used interferon (IFN) maintenance therapy following ASCT. They did

not show improved OS although follow-up has been short. Preliminary results from the

GELF94 study of follicular lymphoma in CR1 reported 401 patients randomized to

CHVP (cyclophosphamide, doxorubicin, vindesine, and prednisolone)þ IFN versus

four courses of CHOP and TBI/etoposide-conditioned ASCT. Event-free survival

(EFS) was comparable 45% versus 36% and OS significantly better with ASCT (86%

vs. 74%). A recent report compared two approaches in 172 patients with advanced follicu-

lar lymphoma as first-line therapy using either CHOP-IFN or ASCT with purged graft.

ASCT patients had a higher RR of 81% versus 69% and a longer median EFS (not

reached vs. 45 months). This has not yet translated to improved OS however, due

largely to the high rate (18.6%) of secondary malignancies in the ASCT group (44).

Using the follicular lymphoma prognostic index (FLIPI), they were able to identify a sub-

group of patients with a significantly higher EFS rate after ASCT. However, at present

autograft cannot be considered standard care as first-line therapy in patients with high

tumor burden and should be used only in the context of clinical trials.

Substantial longer-term morbidity occurs following ASCT. Secondary myelo-

dysplastic syndrome (MDS) or secondary AML occur with a 5- to 15-fold increased inci-

dence (45,46) and occurred in 7.4% of patients in the Dana-Farber study (15). The etiology

is complex but may be related to the TBI/cyclophosphamide conditioning and the outlook

is poor. This has hampered attempts to use ASCT in CR1 to prolong DFS and achieve

improved OS. ASCT when used in CR1 improves PFS but confers no survival benefit;

it has considerable morbidity and is not therefore recommended in this setting but

should be reserved for salvage following disease relapse.

In Vitro and In Vivo Purging in the Setting of Low-Grade NHL

Patients with low-grade NHL frequently present with marrow disease and contamination

with occult cells may contribute to a high RR after ASCT. The advantages that may be

seen using a purging strategy in low-grade lymphoma have been suggested by the demon-

stration that those who have Bcl-2 positivity detected in the collection prior to re-infusion

have a higher risk for relapse than those that are Bcl-2 negative. Therefore, the role of

purging may be of importance in this setting. In vivo purging using intensive chemo-

therapy to achieve PCR-negative grafts has been demonstrated to be effective in improv-

ing DFS (47). However, care must be taken with this type of analysis as the ability to attain

a molecularly disease-free graft may simply be a marker for chemosensitive disease. Both

positive (CD34þ) and negative in vitro selection strategies have been examined and the
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successful generation of a tumor-free graft on molecular analysis correlates with freedom

from relapse (11,15,23,48). The CUP RCT was designed to answer this question but was

underpowered to demonstrate a difference (42). In an International Bone Marrow Trans-

plant Registry (IBMTR) study using registry data reporting 904 patients in whom 14%

received purged ASCT, stem-cell purging was identified as an independent predictor of

PFS with five-year recurrence of 43% in purged versus 58% in unpurged and OS (49),

as was also demonstrated in another case–control study (50).

In vitro purging strategies can lead to other problems such as increased likelihood of

engraftment failure, and current technologies have limited efficacy. An alternative

approach using in vivo purging through administration of anti-CD20 monoclonal antibody

prior to harvesting has been adopted (51) and is currently being assessed in RCTs.

In summary, ASCT as salvage therapy for follicular lymphoma offers a superior

approach in comparison to conventional chemotherapy. The role of in vivo purging is

being evaluated. First-line therapy results are promising in high-risk patients but benefits

are limited by a high rate of secondary malignancy.

Autologous Transplantation in Hodgkin’s Disease

The results of first-line chemotherapy even in advanced-stage Hodgkin’s disease (HD) are

excellent and can achieve cure in over 50%of patients, so ASCT has a limited role and is not

recommended in CR1. No benefit has been shown even in patients with high-risk disease at

this stage (39,52), and it should be reserved for the 20% to 50% of patients who relapse.

ASCT has become established as the most effective treatment for relapsed and

refractory HD. RCTs have been performed and clearly demonstrated this benefit

(53,54). ASCT is considered the standard of care for this group regardless of time to

relapse and whether disease is primarily refractory (53,55). Overall five-year survival fol-

lowing ASCT has been 57%. Better prognostic factors are low tumor burden at diagnosis,

autograft after a long duration CR, and absence of detectable disease at ASCT (56).

Patients with primary refractory HD have had reported 30% to 40% five-year PFS rates.

In spite of the availability of excellent first-line therapy and salvage strategy using

ASCT, over 15% of patients still die of progressive HD. For the group of patients with

adverse factors such as advanced stage at diagnosis, radiotherapy before ASCT, a short

duration first CR, detectable disease at ASCT, detectable disease at ASCT, or extranodal

areas involved at ASCT, alternative approaches should be considered, such as reduced-

intensity (RIC) alloSCT, which can exert a graft-versus-leukemia (GVL) effect, although

this approach has a higher procedural toxicity. The use of fully ablative conditioning is not

recommended as this led to high toxicity from GVHD and pneumonitis with transplant-

related mortality as high as 50% in some studies (57).

Autologous Transplantation in CLL

CLL is an indolent disease of the elderly with a number of alternative modalities of

non-curative therapy available for when a “watch and wait” strategy is no longer appro-

priate. These include alkylating agents, combination chemotherapy incorporating anthra-

cycline (e.g., CHOP), purine nucleoside analogs such as fludarabine, and monoclonal

antibody therapy such as anti-CD52 (Campath). Although some of these agents may

offer clinical response and prolonged remission duration, there has been no translation

into improved OS.

There are now an increasing number of patients presenting below the age of

55-years. This younger group now comprises 20% of those patients presenting with
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CLL. Although median survival is around 10 years for this group, some will have aggres-

sive disease with poor prognosis. Survival with stage B and C disease was 6.5 and 3.5

years in the under 55-year group. Those with the worst prognosis can be predicted

using fluorescence in situ hybridization (FISH) analysis of cytogenetic abnormalities,

with bad indicators being 17p-, 11q-, and þ12q, flow cytometry to detect CD38 positivity

and ZAP-70 expression, immunoglobulin heavy-chain variable region mutation status

(unmutated VH gene ¼ high risk) and p53 mutation, along with advanced clinical

disease stage. These patients require a strategy of aggressive effective therapy targeted

toward improving OS with the aim toward cure.

ASCT has been shown to be feasible in CLL with low TRM at 1.5% to 10%, RRs

over 80%, and some molecular remissions. In the largest series reported by the Dana-

Farber center, 152 patients with advanced CLL underwent TBI/cyclophosphamide and

monoclonal antibody-purged autologous BM transplant (ABMT). There was a TRM of

5% and with a median follow-up of 30 months, only 14 patients have relapsed although

63 have detectable residual disease at the molecular level (58). In the multicenter prospec-

tive German CLL3 study, a two-year OS rate was 88% in 105 high-risk patients (59).

Unfortunately, those risk factors that predict worse OS such as unmutated IgVH genes

also predict a more rapid progression following ASCT (60). There has, however, been

some benefit conferred by autograft in this group shown in risk-match analysis but

there remains a high rate of clinical relapse with 56% relapsing at three years (61). An

update on registry data on 225 patients receiving autografts reported three-year survival

at 78% with relapse risk of 45% and TRM of 14% (62).

A recent report of 117 newly diagnosed younger patients receiving fludarabine as

first-line treatment followed by stem-cell harvest and autograft showed that 56% of

patients were able to proceed to ASCT. The attrition in this study was due largely to pro-

gressive CLL, failure to mobilize, and alloSCT favored over ASCT as second-line treat-

ment. There was an increase in patients achieving a CR in the transplanted group and the

five-year overall and DFS were 88.6% and 64.7%, respectively (those not able to progress

to autograft showed OS 78.6% and DFS 28.8%). This was not a randomized study and

limited conclusions can be drawn but these data are promising (63). There is an almost

inevitable propensity to relapse following this approach even in those with complete clini-

cal response. No RCT data has yet been able to conclusively show that ASCT does offer a

benefit but the MRC CLL 5 phase III trial is aiming to answer this important question.

Autologous Transplantation in Multiple Myeloma

In multiple myeloma (MM), there has been shown to be a clear benefit of dose-intensified

therapy. Melphalan dose escalation to 140 mg/m2 achieved high RRs with CR in 30%.

Further escalation to 200 mg/m2 with ASCT rescue resulted in higher remission rates

(57). The first RCT was carried out by the Intergroupe Francais du Myelome (IFM). In

an intent-to-treat analysis of 200 patients under 65 years, there was a significant advantage

in terms of remission rate (5% vs. 22%), response duration (EFS of 18 months vs. 28

months) and survival, with a median OS of 57 months compared with 44 months in stan-

dard arm (64). TRM was only 2.7%. The MRC Myeloma VII trial addressed the same

question in 400 patients aged less than 65 years. There was a significant improvement

in OS of those treated with intensive therapy, with median survival of 54 months versus

42 months (CR rate 8% vs. 44%, EFS 19 months vs. 31 months). The use of ASCT has

therefore become standard of care for patients with newly diagnosed MM up to

65 years (65).
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The primary objective of ASCT in MM is to achieve CR and those patients that do

this or achieve a very good partial remission (VGPR) after ASCT have improved survival.

It was therefore a reasonable strategy to repeated dose-intensive therapy with second

ASCT (“tandem” transplants) to try to achieve this in a higher proportion to aim toward

further survival benefits.

Tandem Autologous Transplants in MM

The first reports of feasibility of a double ASCT or “tandem transplant” came from the

Barlogie group in Arkansas (66). This approach used two transplants conditioned with

melphalan 200 mg/m2. This resulted in a CR of 38% with EFS 43% and overall

median survival of 68 months. TRM was 8%. The initial promising results that emanated

from this early work led to further assessment in randomized studies.

Tandem transplants have been assessed in an RCT in the IFM94 study. This study

randomized 399 patients to single melphalan 140 mg/m2 and TBI or tandem melphalan

140 mg/m2 ASCT followed by melphalan 140 mg/m2 conditioned second transplant.

The EFS at seven years following diagnosis was 10% in single and 20% in the double

transplant group with OS of 21% and 42%, respectively (67).

Poor prognostic markers in MM include elevated b2-microglobulin, C-reactive

protein or lactate dehydrogenase, and low albumin. Better prognostic indicators are hypo-

diploidy and chromosome 13 deletion or t(14;11). In the subgroup analysis of IFM94, all

these risk groups benefited. There is a particular benefit shown in those patients who failed

to achieve 90% reduction in M-component within three months.

We need to be aware that novel agents such as thalidomide, bortezomib, and revemid

may well change the field of ASCT in MM. The exact place of these agents in the pathway

of treatment is under evaluation. They may assume prime importance in the first-line treat-

ment or as part of induction prior to ASCT to achieve an MRD state (68). Alternatively,

they may assume a more important role in the salvage therapy after autograft failure.

ASCT: NONMALIGNANT DISEASES

Autologous Transplantation in Primary Systemic Amyloidosis

Primary systematic amyloidosis (AL-type) results from a plasma cell dyscrasia and leads

to deposition of amyloid deposits in organs including the heart, skin, gut, kidney, and per-

ipheral nervous system. High-dose melphalan and ASCT is the most effective treatment

strategy, however this has considerable toxicity in patients whose organs are already com-

promised by the disease process. Early studies reported a high 30% to 40% TRM, preclud-

ing this approach. More recently, analysis of outcomes has led to the development of a

risk-adapted approach based on age and organ involvement with stratified melphalan

dosing in those groups deemed suitable for ASCT between 140 and 200 mg/m2 (69). If

this approach is adopted, then the TRM is on the order of 13% (70). There remain toxicity

issues, however, with cardiac deaths seen and arrhythmias during stem-cell re-infusion

due to dimethyl sulfoxide (DMSO) sensitivity and even reports of cardiac deaths during

cyclophosphamide for stem-cell mobilization. Benefits are seen with organ response in

34% to 55%, with the potential for improved renal function continuing for up to a year

following autograft. A clonal response is seen in 50% to 60% with CR in 30%. Impor-

tantly, improved OS and quality of life have been reported (71).
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Transplantation for Severe Autoimmune Disorders

The assessment of case reports from patients with co-existent severe autoimmune disease

and malignancy receiving ASCT, and promising outcomes from animal studies led to an

emergence of this approach. ASCT has been undertaken in the context of phase I/II
studies for the treatment of the following autoimmune diseases (72):

. Multiple sclerosis (MS)

. Systemic sclerosis (SSc)

. Rheumatoid arthritis (RA)

. Systemic lupus erythematosus (SLE)

. Juvenile idiopathic arthritis (JIA)

. Autoimmune cytopenias, immune thrombocytopenic purpura, and pure red cell

aplasia.

Autograft conditioning is usually with cyclophosphamide+ anti-thymocyte globulin

(ATG) although a number of other regimens have been reported and in many cases a

CD34þ manipulated graft has been used as part of the immune-modulatory strategy.

Overall TRM for these disorders in the EBMT experience was 8.6%, with higher levels

seen in SLE, SSc, and JIA.

In SSc, outcomes have shown some success with 70% improvement of skin score and

stabilization of lung function. Caution in patients with high pulmonary artery pressure must

be taken and where TBI is used, lung shielding may be critical to limit toxicity. Consider-

able cardiac susceptibility to the high-dose regimens in SSc has been reported, with some

mortality even seen during cyclophosphamide stem-cell mobilization. TRM in the order of

8.5% has been reported (73). An EBMT randomized trial has started recruitment (ASTIS).

MS has an unknown etiology but is thought to be autoimmune in nature with auto-

reactive T-cells entering the central nervous system (CNS) to cause demyelination.

Following animal studies and case reports of patients with malignancies and concomitant

MS, formal investigation of the efficacy of ASCT in MS was proposed. From a retrospec-

tive study of the EBMT, a PFS of 74% at three years has been reported (n ¼ 85) with some

resolution of active MRI gadolinium-enhancing or -expanding lesions in all cases exam-

ined (n ¼ 78) (74). This is encouraging but the data need to be treated with some caution

as there is no information on the type of MS treated and expected outcomes vary. In a

group of 19 patients with defined non-primary progressive MS with high disease activity

on magnetic resonance imaging (MRI), PBSC collection was performed using Cy/G-CSF
followed by BCNU, etoposide, cytarabine, melphalan (BEAM)/ATG-conditioned ASCT.
All patients showed stabilization or improvement, with MRI-active lesions after ASCT

except in a single patient at 4.5 years post-ASCT. Three patients subsequently deterio-

rated, one below the baseline at median follow-up of 36 months. Importantly, quality of

life scores showed a statistically significant improvement following this approach (75).

Care must be taken with mobilization as G-CSF when given alone has been demonstrated

to cause exacerbations of MS with significant deterioration. This may be ameliorated with

the use of corticosteroids. An RCT is planned to further evaluate this approach in MS

(EBMT/ASTIMS).

An improvement in rheumatoid arthritis disease-severity parameters in patients who

have failed disease-modifying anti-rheumatic drugs has been seen in 67% of undergoing

ASCT, although these patients do eventually relapse. At relapse, they have been shown to

recover responsiveness to disease-modifying anti-rheumatic drugs. An RCT (ASTIRA)

has been started.
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In SLE, responses have been seen in most of the 53 evaluable patients, with relapse

in 32% although again responsiveness to conventional drug therapies may be restored even

in these patients. A TRM of 12% was seen reflecting disease severity and organ damage in

this group (76).

In Europe, these results have resulted in a consensus in the EBMT/EULAR (Euro-

pean League Against Rheumatism), suggesting that HSCT should be offered to a patient

suffering severe life-threatening autoimmune disease (AD) if conventional therapies have

failed; patients should have active reversible pathology, which will confer good quality of

life if reversed. All patients should receive transplants within the context of controlled

trials and where possible these should be existing EBMT approved trials with patients

registered and data on toxicity collected from mobilization. The uses of autologous trans-

plantation are summarized in Table 2.

ALLOGENEIC STEM-CELL TRANSPLANTATION

General Overview

The benefits of alloSCT are a tumor-free graft and the ability to harness the powerful

immunological GVL effect. In the last decade, there have been a number of developments

that have made allogeneic transplantation a feasible option for more patients. The estab-

lishment of large national and international donor registries and of cord banks has

improved the likelihood of identifying a human leukocyte antigen (HLA) match for

patients lacking matched family donors. The improvements in tissue typing using molecu-

lar probes permit better matching of unrelated donor–recipient pairs decreasing the risk of

graft rejection and GVHD. Monoclonal antibodies allow a range of approaches toward

GVHD prophylaxis and immune suppression. Poor immune reconstitution remains a

Table 2 Indications for Autologous Transplantation

Disease stage Comments

AML CR1—in context of clinical

trial

No benefit in good risk group

ALL CR1—in the absence of

matched sibling donor in

context of RCT

CML Not currently recommended

High-grade NHL CR2, relapse In chemoresponsive disease

Hodgkins disease CR2, relapse

Low-grade follicular lymphoma In context of clinical trials,

relapsed disease/salvage
Beneficial as first-line in high

FLIPI; high level of MDS

reduces effectiveness

CLL Relapse, CR1 in context of

clinical study

MM First-line standard therapy Consider tandem transplant—

auto or RIC alloSCT

Amyloid First-line therapy

Autoimmune In context of clinical trial

Abbreviations: AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; CML, chronic myeloid leu-

kemia; NHL, non-Hodgkin’s lymphoma; CLL, chronic lymphocytic leukemia; MM, multiple myeloma; FLIPI,

follicular lymphoma prognostic index; MDS, myelodysplastic syndrome.
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problem, but preemptive approaches to cytomegalovirus (CMV) using quantitative PCR

has improved outcome.

The other significant change that has impacted on the use of alloSCT is the advent of

nonmyeloablative or reduced intensity conditioning (RIC) transplant regimens. The

increased safety of this approach with decreased mucosal toxicity, GVHD, and shortened

period of cytopenia has extended the group of patients able to safely undergo alloSCT.

Although the studies comparing alloSCT consistently show lower RRs, the indi-

cations from several studies addressing long-term quality of life issues demonstrate that

recipients of alloSCT experience more short- and long-term complications. These include

chronic GVHD, infections, sterility, secondary malignancies, endocrinopathies, and catar-

acts, but in addition recipients may experience impairment in sexual function and psycho-

sexual difficulties following allogeneic transplantation (77,78). These important issues

need to be taken into account when considering therapeutic approaches for individuals.

General Principles in Clinical Practice of ASCT

The conventional approach to allografting has relied on a combination of intensive myelo-

ablative and immunosuppressive regimens as preparative conditioning therapy prior to

stem cell rescue. The escalation of chemotherapy tomaximally tolerated doses was initially

thought to operate via maximal cell kill of residual leukemia in accordance with theories of

log-dose–response, with transplanted allogeneic cells acting simply to rescue the ablated

hematopoietic system (79). However, murine experiments have shown that, even at maxi-

mally intensive 5000 cGy doses of irradiation at which neurotoxicity intervenes, leukemic

cells can escape (80). Since the 1970s, evidence has accumulated for a powerful second

component of this treatment modality associated with the donor graft itself leading to era-

dication of tumor cells. This immunological component is now termed the GVL or “graft

versus malignancy” effect in the case of other lymphoid and solid tumors.

Conventional high-intensity conditioning regimens may give rise to considerable

transplant-related acute and long-term morbidity and mortality. These are due to collateral

damage caused by intensive chemoradiotherapy leading to myelosuppression with resul-

tant prolonged neutropenia and risk of infection, mucosal damage in the gastrointestinal

tract, neurological damage leading to impaired development in children, cataract for-

mation, sterility, and endocrine adenopathies (81,82). There is also an increased risk of

secondary malignancy (83–86). These serious complications, along with the risk of cata-

strophic GVHD, have largely precluded the use of allografting for patients with prior

co-morbid conditions or for older patients (.55 years) as mortality and morbidity

exceed benefits. As these older patients represent the majority of those with acute leuke-

mia and have the worst prognosis, novel approaches have been explored. The ability to

achieve safer transplantation may also allow engraftment of haploidentical transplants

from family members to the 40% of patients who, despite the worldwide registry

network, do not have a suitably matched donor. An important goal has been to develop

safer allografting procedures and to optimize the achievable benefits of this approach

by developing regimens relying less on profoundly toxic-intensive cytotoxic therapy

and more on immunological approaches to tumor eradication.

The GVL Effect

The rationale for nonmyeloablative stem-cell transplantation using reduced-intensity pre-

parative conditioning originates from evidence for the therapeutic potential of adoptive

transfer of alloreactive donor lymphocytes to eradicate malignant host cells that escape
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maximally tolerated doses of chemotherapy (87–92). It is now clear that alloSCT offers an

important advantage attributable to an immune effect mediated by donor-derived immu-

nocompetent T-lymphocytes.

Initial clinical evidence for this phenomenon was supported indirectly by the obser-

vation that transplantation between syngeneic twin pairs was associated with a higher rate

of relapse in comparison with sibling allografts and indeed the RR in this situation was

similar to that seen following autografting (93). Anecdotal reports of patients achieving

complete remission associated with a “flare” of GVHD or following withdrawal of

immunosuppressive therapy suggested that there was a link between these phenomena

(94,95). Indeed, retrospective analysis of large transplant series has demonstrated that

there is an association between GVHD severity and a lower likelihood of relapse of malig-

nancy after allografting (96). An inverse relationship exists between the degree of major

histocompatibility (MHC)matching and RRs (97–103). Further evidence for the importance

of the immunological power of the allograft was provided when T-cell depletion of the graft,

in an attempt to prevent GHVD, led to an increased likelihood of relapse (104,105).

Donor Leucocyte Infusions

The most powerful direct evidence for the GVL effect has come from the successful induc-

tion of durable complete cytogenetic and molecular remission following donor leucocyte

infusions (DLIs) without any additional therapy in 60% to 80% of patients with CML who

relapse after allografting (106,107).

This approach is effective for treatment of relapse of other hematological malignan-

cies although there are major differences between diseases in their susceptibility to the

GVL effect. CML is the most sensitive, whereas AML and ALL show lower RRs to

the infusion of DLI after alloSCT (108). The reasons for this differential efficacy may

be multi-factorial. Relapsed acute leukemia is rapidly progressive, allowing an insufficient

temporal window for the development of the alloreactive anti-tumor T-cell response that

can take several months to become established. CP CML tends to have a more protracted

natural progression and, as such, is less likely to progress at an uncontrollable rate during

this phase. Another reason for the susceptibility of CML could be improved tumor antigen

presentation by CML because the leukemic cell progeny includes dendritic cells that may

be able to effectively stimulate anti-tumor effectors (109–112). Indolent lymphoid

malignancies (low-grade lymphoma, CLL, myeloma, and Hodgkin’s disease) are also

susceptible to GVL effects (113–115) and there is anecdotal evidence that there is activity

against solid tumors including breast cancer, renal cell carcinoma, and melanoma

(116–118).

The period between DLI infusion and clinical response may reflect the time taken

for the proliferating tumor-specific alloreactive cells to reach a critical mass and achieve

a favorable ratio between donor immunocompetent effector T-cells and residual target

leukemia cells. It is clear from clinical results following DLI that one major predictive

factor for the effectiveness of the GVL approach is tumor cell burden, with optimal

response when there is an MRD state (106,119–121). It is not fully understood

whether the GVL effect is a continuous process of immune surveillance, and as such

is required lifelong, or whether there is the ability for this mechanism to eliminate the

dormant leukemic progenitor cells. Long-term follow-up is critical to assess the dura-

bility of response. It is likely that conversion of mixed donor chimerism to full donor

chimerism would be necessary to eliminate the malignant clone in the case of hemato-

logical disease (122–126).
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Nonmyeloablative Regimens

The success of DLI in inducing remissions in patients who have relapsed after alloSCT

suggested the feasibility of achieving long-term disease control by harnessing the GVL

potential of the human allogeneic immune system without high-dose induction therapy.

A study examining the impact of reducing the conditioning irradiation dose demonstrated

no significant difference in OS as any increase in relapse was compensated for by the

lower risk of GVHD (127). Using minimally myeloablative regimens with predominantly

immunosuppressive therapy, it was possible to achieve engraftment of allogeneic cells, in

effect introducing the allogeneic donor cells “by stealth.” Indeed there is preliminary data

from clinical trials to support this approach, although follow-up is still too short to assess

impact on relapse and OS (128–139).

The delayed kinetics of immune reconstitution also limit the GVL effect during the

period of extensive immune suppression prior to the establishment of donor immunity

(140–142). In spite of the powerful immunological benefit of alloSCT, the most

common cause of treatment failure remains disease recurrence (113,120). The ability to

further augment the allogeneic immune phenomenon would be an important advance.

Graft Versus Host Disease

GVHD is a major complication following alloSCT, causing considerable morbidity and is

fatal in approximately 30% of cases (106). GVHD occurs following recognition by donor

T-cells of antigens presented by MHC molecules on the recipient antigen-presenting cells.

Clonal expansion of responder T-cells proceeds and an uncontrolled effector response

results, involving lymphocytes and cytokines directed toward a broad spectrum of

tissues to which lymphocytes migrate (skin, gastrointestinal mucosa, biliary tract, exocrine

glands, synovia, lung, and marrow). Classically, clinical GVHD is subdivided into two

syndromes: “acute GVHD” occurring in the first two to three months following transplant

and “chronic GVHD” occurring later during the post-transplant period. The GVHD

phenomenon necessitates the application of intensive post-transplant immunosuppression

(IS). This intensive IS can potentially exacerbate post-transplant morbidity through delay

in immune reconstitution, leaving the transplant recipient susceptible to potentially fatal

infection such as CMV or the reactivation of Epstein Barr Virus (EBV) with associated

malignancy (EBV-related lymphoproliferative disorders). It can also suppress the GVL

response, increasing the risk of leukemic relapse (84).

The pathophysiological model of GVHD hypothesized is a complex immunological

process. Donor T-cells of the type 1 subset are activated following recognition of host allo-

determinants and induced to secrete pro-inflammatory cytokines, for example, interleukin

(IL)-2 and IFN-g. This is not only stimulated by allogeneic recognition of donor–host

major- and minor-histocompatability differences, but also via induction of substantial

tissue damage by conventional fully ablative preparative regimens, which frequently

involve high-dose TBI. Donor monocytes, natural killer cells, and macrophages are trig-

gered to release tumor necrosis factor (TNF)-a, mediating morbidity and mortality of

GVHD. The “cytokine storm” theory suggests that tissue damage from the intensive con-

ditioning regimen results in the release of endotoxin and lipopolysaccharide from gut flora

leading to dysregulated production of inflammatory cytokines such as IL-1, IL-12, TNF-a,

and IFN-g. This acts as an alarm signal and further stimulates and drives the immunolo-

gically active donor T-cells thus augmenting the GVHD reaction, triggering the self-

perpetuating cascade of the cytokine storm (143–146). Indeed, the severity of acute

GVHD is closely related to conditioning intensity (147). The toxic effect of conditioning
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leads to gastrointestinal mucosal damage and cytokine release (148–154). GVHD is seen

after administration of DLI in a proportion of patients but this is generally less severe and

resembles clinically the scenario of chronic GVHD more closely, possibly reflecting the

temporal separation of T-cell administration from the toxic conditioning regimen. Prelimi-

nary data suggest that by reducing conditioning intensity, this cycle may be broken and the

severity of acute GVHD may be decreased (129,130,134,155,156).

The advantages and disadvantages of allogeneic transplantation are summarized

in Table 3.

SPECIFIC CLINICAL INDICATIONS FOR ALLOGENEIC TRANSPLANT

Acute Myeloid Leukemia

During the last two decades, outcome from chemotherapy and ABMT has improved, so

the important question remains whether alloSCT still has a role in first remission treatment

of AML. The main disadvantages of high procedure-related mortality and morbidity from

chronic GVHD are counterbalanced by a lower RR, possibly due to a GVL effect.

No high-quality RCTs are available. Most trials adopt a design whereby patients

who have an HLA-matched sibling are assigned alloSCT. This “donor-versus-no donor”

design may be justified on the basis that only 25% to 30% of individuals in developed

countries will have a sibling-matched donor. The remaining patients are allocated to the

ABMT/chemotherapy comparison arm acting as a control group. If such a design were

not adopted, then a far larger accrual would be necessary to attain sufficient power to

detect a statistical difference; however, only 50% to 60% of randomized potentially eli-

gible patients actually receive transplant. In order to address this issue, the question of

whether an allogeneic transplant would have greater benefit after only three courses of

chemotherapy must be addressed.

The GOELAM, EORTC/GIMEMA, and U.S. Intergroup investigators (18,31,157–

159) have all assessed the role of allogeneic transplantation. RR was consistently lower in

all these studies. In another study, the value of alloSCT on DFS was confirmed in 107

patients assigned to either HLA-matched allogeneic transplant or chemotherapy (71%

DFS vs. 31% DFS; P ¼ 0.028) when analyzed on an intent-to-treat basis (160). An

early Dutch study randomized 117 patients to either allogeneic BMT or autografting.

The results, although not statistically significant, suggest that allogeneic BMT may

provide a better DFS than autologous BMT (three-year DFS 35% ASCT vs. 51%

alloBMT; P ¼ 0.12) although again only 59% of patients received their transplant

Table 3 Advantages and Disadvantages of alloSCT

Advantages Disadvantages

GVL effect, reduced relapse risk GVHD

No stem-cell contamination Slow immune recovery

Ability to manipulate chimerism and immune

GVL effect using DLI in event of relapse

High risk of viral infections (CMV,

adenovirus)

Higher mortality and morbidity

Requires sibling or HLA-matched stem-cell

donor

Abbreviations: alloSCT, allogeneic stem-cell transplantation; GVL, graft-versus-leukemia; GVHD, graft-versus-

host disease; DLI, donor leukocyte infusion; CMV, cytomegalovirus; HLA, human leukocyte antigen.
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procedure. Another study prospectively compared alloBMT with ASCT in 94 patients,

again showing improved DFS (161). “Time-censoring” effects also apply to allogeneic

transplantation and as there tends to be a longer delay to allogeneic transplant this

effect is likely to be more prominent.

The MRC AML 10 study showed no benefit for allografting in patients over 35

years, children, or good risk disease. The current MRC trial (AML 15) allows the use

of RIC allograft in standard and high-risk patients over 35-years as course 4.

Retrospective analysis of the EBMT registry data 1987–1992 suggested that LFs

was significantly better in allogeneic transplantation. Analysis of 516 allogeneic trans-

plants and 598 autologous marrow transplants aged 3 to 40 years showed a significantly

higher TRM, lower RR, and better DFS (55% vs. 42%) (162). Other registry-based

studies, for example comparison of BGMT (Bordeaux, Grenoble, Marseilles, Toulouse)

registry data have shown allografting to be superior to autografting with lower RR,

higher TRM but no effect on OS (163).

The data on non-myeloablative transplant in AML CR1 has much shorter follow-up

and in general a different cohort of patients; it cannot, therefore, be compared with

outcome from alternative strategies.

Haploidentical Transplantation in AML

The results of haploidentical transplantation were reported in 33 patients by the Perugia

group. All were at high risk with post-transplant relapse, CR1 poor risk, or in CR2

or later. Positively selected CD34þ cells were used and patients conditioned with

TBI/fludarabine. No immunosuppressive therapy was given post-transplant. Leukemia

relapse was controlled in that group of patients whose donor was non-killer (NK) alloreac-

tive with only 2/16 relapsing, 72% (13/18) patients who were in CR at transplant sur-

vived, whereas 27% (4/15) of those in relapse at transplant survived. NK cell

alloreactivity was associated with LFS with 70% LFS achieved vs. 7% of those without

this disparity (164–166). This approach should be considered in the context of a trial

for young relapsed/refractory patients without a matched donor.

In summary, current evidence suggests that, for the majority of patients under 56

years of age with a sibling donor, allografting should be considered. Only in those with

favorable karyotype [t(15;17), t(8;21), inv16] does the balance of risks clearly fall

against the use of allogeneic transplant in CR1. In this group, relapse-free survivals of

60% to 83% are seen following conventional chemotherapy and allografting should be

considered only at relapse if a molecularly negative harvest cannot be obtained. In patients

without a sibling-matched donor who have poor-risk disease or preceding MDS, an unre-

lated donor search should be initiated. Older patients may also benefit from a transplant

approach but this decision is usually made after remission is achieved and post-induction

performance status can be assessed.

Allogeneic SCT in ALL

The MRC UKALL XII/ECOG 2993 is an RCT to determine the impact of alloSCT in

comparison with other modes of treatment; interim analysis suggests that patients assigned

to allograft (n ¼ 190) have a significantly reduced risk of relapse compared with those

assigned to ASCT or chemotherapy (n ¼ 253) and tendency to improved EFS (54% vs.

34% at five years) (167). The French LALA87 found an advantage for alloSCT
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particularly in the high-risk group with Phþ, .35 years, presenting WCC .30�

106 mL21 or time to CR .4 weeks). Ten-year OS in this group was 44% versus 11%

(168,169).

The Philadelphia chromosome occurs in 20% to 30% of adult patients with ALL.

The outcome is poor in these patients. Allogeneic transplantation offers a clear benefit

to this group (170), and this is one of the indications to search for an unrelated donor in

patients who do not have a sibling match as the chance of cure without transplant is

very low. Imatinib, targeting the BCR-ABL tyrosine kinase may have an important

future role in the optimal preparation prior to allograft. It can induce response in refractory

and relapsed patients in 60% of cases but this is rarely sustained but may improve the

outcome of additional transplant therapy (171).

Unfortunately, haploidentical transplants have not mirrored the promising results

seen in AML. This is probably explained in part by the lack of donor NK cell alloreactivity

against ALL cells (172).

Allogeneic SCT in Diffuse High-Grade B-Non-Hodgkin’s Lymphoma

Overall results in relapsed or refractory disease have favored ASCT over allografting due

to high toxicity. Some patients do benefit with prolonged DFS from an allogeneic

approach, and there is a GVL effect. The place of mini-allografting remains to be seen

but there seems to be a high rate of relapse in this aggressive disease situation in contrast

to that seen in low-grade disease (120,139).

Allogeneic SCT in Low-Grade Follicular NHL

Allogeneic transplantation may be a curative treatment for follicular NHL; however, the

benefit has been offset overall by high TRM. The IBMTR reported data on 904 follicular

NHL patients who underwent either ASCT or alloSCT between 1990 and 1999. A total of

176 received alloSCT, 131 (14%) received purged ASCT, and 597 (67%) received

unpurged ASCT. The five-year TRM rates were 30%, 14%, and 8% and recurrence

rates were 21%, 43%, and 58% after alloSCT, purged ASCT, and unpurged ASCT,

respectively. Furthermore, five-year OS was 51%, 62%, and 55%, respectively (49).

Decisions regarding whether allograft or ASCT is used are guided by patient and physician

choice as OS is similar. The risk of secondary MDS as seen in ASCT is minimal.

Non-myeloablative transplants show particular promise in this setting with a much

lower TRM (120,139).

Allogeneic SCT in Hodgkin’s Lymphoma

This has a limited role in the overall treatment strategy because first-line chemotherapy

will be effective in the majority. A graft-versus-lymphoma effect undoubtedly occurs

against Hodgkin’s disease but allograft tends to be reserved for refractory disease or

CR2/3 (57).

Allogeneic SCT in CLL

Early allogeneic transplantation in CLL has resulted in plateaus seen at 40%. The EBMT

registry reported that OS and EFS at 10 years was 41% and 36.6% in a series of 54 patients,

85% of whom were refractory to chemotherapy, undergoing sibling alloSCT. There was
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48% TRM (173). TRM has been reduced in patients transplanted early in the course of the

disease, and this approach should be targeted to those young patients at high risk early in

the disease course.

The evidence for a GVL effect in CLL is strong and reduced-intensity alloSCT for

CLL has suggested good efficacy and the potential for molecular remission in a proportion

after tapering immune suppression, GVHD, or DLI infusions [78% (n ¼ 9) alloSCT vs.

23% (n ¼ 26) ASCT] that translated to persistent remission at median of 25 months in

the alloSCT group only (61,174). Follow-up is, however, short at present as this approach

is in its infancy. In 488 patients with CLL, 228 received RIC, whereas 222 received stan-

dard conditioning. Hazard ratio for TRM and OS were 0.5 and 0.56, respectively, signifi-

cantly in favor of RIC with no increased risk of relapse (175).

Allogeneic SCT in MM

Cures in MM using an autologous transplant are unlikely as there is no plateau seen in the

survival curve following this therapy. Allograft offers the advantage of a tumor-free graft

and a graft-versus-myeloma effect. Only 10% of MM patients are suitable for sibling allo-

graft due to age and donor availability. The TRM following conventional allograft in MM

has been in the region of 20% to 50%, which severely limits the optimal use of allogeneic

HST in MM. An analysis of the EBMT registry showed that OS at four years of syngeneic

transplant was 77%, ASCT 46%, and allograft 31% (176). However, there have been

improvements in outcome with time and an examination of the EBMT registry has

suggested median survival of 10 months for patients transplanted between 1983 and

1993 compared with 50 months between 1994 and 1998. However, this approach has

the advantage that those who survive the procedure may be cured because the survival

curve plateaus at around five years, and DLI are effective in a proportion of patients

(around 25%) who relapse.

The advantage of a graft-versus-myeloma effect may be harnessed using an RIC

regimen while effecting a reduction in the high TRM rate. Promising results have been

seen confirming the safety of this approach with preliminary evidence of efficacy

(177,178). The Fred Hutchinson group used 2 Gy conditioning with mycophenolate

mofetil and cyclosporine IS following ASCT. TRM at 100 days was 2% but this was

due to disease progression. At median follow-up of 552 days post-allograft, 57% of

patients have achieved a CR and 26% PR. These results appear particularly impressive

as this was a comparatively elderly allogeneic transplant patient group with median age

of 52, with range of 29 to 71 years. There remains a considerable risk of GVHD. The

benefit of autograft to achieve best residual disease state followed in tandem by mini-allo-

graft and, where appropriate, DLI is being formally evaluated in the MRC Myeloma IX

RCT and in poor-risk patients in the IFM 9903-4 study in comparison with tandem auto-

graft. The results of these trials will clearly be of high importance.

Initial results using the mini-allograft approach using unrelated donors (n ¼ 28)

have been promising with a TRM of 18% reported in one series with OS of 54%,

which was significantly better than that seen using fully ablative conditioning (53% and

18%, respectively) (179).

Allogeneic SCT in CML

Imatinib has become the initial treatment of choice for the majority of newly diagnosed

patients with CML since the publication of the IRIS RCT comparing imatinib to IFN

and cytarabine (180). Current data suggest that 97% of newly diagnosed patients with
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CP CML will achieve a complete hematological remission, 87% will have a major

cytogenetic reduction, and 76% will have a complete cytogenetic remission following

imatinib treatment.

Progression-free survival following imatinib treatment depends on the log-reduction

of bcr-abl. Those with a 3-log reduction have a 100% PFS at 30 months compared with

93% for a 2-log reduction and 81% for a 1-log reduction. However, it is still too early

to determine if single-agent imatinib will prolong OS compared with allograft. It is unli-

kely that patients will be cured with imatinib because only 5% have become PCR-negative

and allogeneic transplant may remain the most effective curative modality (181). In those

patients relapsing after allograft, DLI can accomplish durable remission in 70% to 80%.

The optimal timing of transplantation for patients with a stem-cell donor is an unre-

solved issue in CML. One potential decision strategy may be to postpone alloSCT until the

imatinib response has been assessed and monitored. Patients with suitable donor may

reasonably be offered allogeneic transplant if they do not achieve a complete hemato-

logical response with three months of imatinib or if they are predominantly Ph-positive

at six months, or still have .35% Ph-positive metaphases at 12 months. Patients could

also be transplanted at a point when hematological or cytogenetic response fails

suggesting resistance.

Alternatively, allogeneic transplantation may be offered as initial therapy in low-risk

patients without taking into account imatinib response for those who are under 45 years of

age who are in CP and have a sibling donor, or under 35 years of age in those with a mole-

cularly matched unrelated donor.

To refine this risk-adapted strategy, predictive models have been used to determine

the success of both imatinib and transplantation approaches. The Sokal score, developed in

the busulfan era, also predicts for response to imatinib as well as transplant outcome.

Patients at low-risk on the Sokal score had a 94% PFS at 30 months, intermediate-risk

had 88% PFS, and high-risk patients had an 80% PFS. There are also predictive factors

for success or failure of allogeneic transplants (182). In registry data (EBMT and

IBMTR), TRM for patients 45 years of age or under is 15% but can be higher with the

presence of one or more adverse risk factors, such as increasing time from diagnosis to

transplant, a female donor, increasing age, and CMV positivity and may be up to 40%

when more than one risk factor is present. Patients without any of these risk factors

have decreased TRM.

Reduced Intensity Allogeneic Transplants in CML

Given the efficacy of the GVL effect in CML following administration of DLI, it was

reasonable to use the non-myeloablative strategy in this setting. RIC allograft was used

in 24 patients with CML in CR1. A zero TRM at 100 days was seen and at five-years prob-

ability of DFS was 85% (183). These promising results may support an examination of this

approach in RCT. A second report has suggested that although RIC transplant in CML was

safe, out of a cohort of 12 patients, seven patients in CP1 underwent RIC allograft and five

achieved CR, however of those transplanted in CP2, only one achieved molecular remis-

sion, with the others dying in blast crisis (184).

Allogeneic SCT in MDS

MDS is a heterogeneous group of clonal stem-cell disorders characterized by hypocellular

BM, peripheral cytopenias, and dysplastic features. Allogeneic transplantation is the only

means of cure for MDS. It is generally reserved for younger patients with more advanced
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disease, but as the disease is predominantly diagnosed in elderly patients with co-morbid-

ity, a transplant-based approach is generally precluded. A variable number of blasts are

present in the marrow in MDS and cytoreductive treatment prior to allograft may be tai-

lored to degree of blast infiltrate. DFS for conventional fully-ablative alloBMT ranges

from 29% to 40% due to high TRM and relapse risk.

Reduced-intensity sibling and matched unrelated donor (MUD) transplants have

been reported in 62 patients with differing International Prognostic Scoring System

(IPSS) scores and median age of 56 years (range 41 to 70 years). Overall TRM was

low at 8%. In the low-risk Int-1 group, DFS was 83%, 67% in the Int-2 group, and only

31% in the high-risk group at median follow-up of 524 days (185). These data are not

mature, and it remains to be seen whether the low-risk group has a survival benefit

when compared with best supportive care or whether the high-risk group have a poorer

outcome than would be conferred by fully-ablative regimens.

Allogeneic SCT in Myeloproliferative Disorders

Myelofibrosis with myeloid metaplasia (MMM) is typically a disease of the middle-aged

and elderly. Although median survival is 3.5 to 5.5 years, good-prognosis MMM in

younger patients for whom allograft may be an option has a median survival of 15

years with a supportive care approach.

Allogeneic transplant aims to eradicate the mutant MMM clone. It is associated with

significant morbidity and mortality. Only 14% five-year survival for patients over 44 years

was reported in one study (186) and 41% two-year survival in another study have been

reported with high levels of chronic GVHD (187,188). Younger patients with good prog-

nosis disease had better outcome overall, and it may be reasonable to consider allograft in

patients with high risk (i.e., expected survival ,5 years) and under 60 years of age.

RIC has been used in MMM with one-year survival of 77% in a report of 12 patients

without transformation (189). A further recent report of 21 patients receiving RIC using

fludarabine, busulfan, and ATG achieved zero TRM at day 100 with three-year DFS of

84% (190). Promising results have been reported in a further 21-patient cohort strengthen-

ing the evidence for a role of RIC allograft in MMM (191).

Allogeneic SCT in Severe Aplastic Anemia

Acquired aplastic anemia (AA) is life-threatening and is characterized by pancytopenia

and aplastic or hypoplastic BM. The exact pathogenesis is unknown but potential mech-

anisms include intrinsic stem-cell defects with increased apoptosis, shortened telomeres

and clonal abnormalities, defective marrow microenvironment, and abnormal immuno-

logical control of marrow.

The options for treatment include IS (using ATG, cyclosporine, and corticosteroids)

or where a donor is available, allogeneic transplant. The relative benefits of IS versus those

of allograft are dependent on age and severity of disease based on the level of neutropenia.

Patients under 40 years of age with neutrophils under 0.3 � 109 L21 show a benefit from an

alloSCT approach, whereas older patients (.40 years) benefit from IS from which a 65%

to 75% RR may be expected at four to six months. The results of alloSCT in AA have

shown steady improvement and recent reports suggest 88% to 94% five-year DFS follow-

ing allograft (192,193). Chronic GVHD remains a problem and graft rejection is more

common in AA as is secondary malignancy. There is a significant morbidity associated

with TBI and therefore conditioning regimens have been developed to avoid this. Trans-

plant morbidity may be hampered by a prolonged transfusion history. Patients with AA
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who fail immunosuppressive therapy and who have a matched sibling donor should be

offered SCT.

Unrelated donor transplantation can be considered for patients without sibling donor

and failing IS, however the mortality is considerable and the higher risk of rejection and

GVHD necessitates the use of TBI. Consequently, morbidity is substantial. The uses and

indications for allogeneic transplantation are summarized in Table 4.

CORD BLOOD TRANSPLANTATION

General Overview

One of the major limitations of HSCT is the lack of availability of suitable donors. Less

than 40% of patients who could benefit from an allogeneic HSCT have a suitable donor

identified (194). Cord blood (CB) provides an attractive alternative source of HSC for

transplantation. The ease of collection and potential availability to groups that are

under-represented in the BM registries, such as certain racial and ethnic populations,

are the advantages of CB compared with the other sources of HSC. Furthermore, CB con-

tains fewer T-cells and/or more naı̈ve T-cells than BM or PBSC, and may permit a greater

degree of mismatch with less GVHD.

The first cord blood transplant (CBT) was carried out on a patient with Fanconi’s

anemia in 1988 (195), and with increasing experience and success rates, it has become

Table 4 Indications for Allogeneic Transplantation

Disease stage Comments

AML CR2/3 Consider in CR1 for moderate/
high-risk patients

ALL High-risk disease

CML Failed imatinib

CLL Early-stage disease Studies show persistent

remission, but follow-up

short

High-grade NHL CR2/3, relapse
Hodgkins disease Relapsed/resistant disease

post-ASCT

Low-grade follicular

lymphoma

Patient/physician choice High transplant-related

mortality; studies show no

clear OS benefit over ASCT,

but may be curative

MM Reduced-intensity conditioning

in clinical trial

Solid organ tumor Subject of clinical trials Encouraging results in renal cell

carcinoma and melanoma

MDS/MPD Myelofibrosis-MDS, risk Young patients

More advanced disease

AA Failed immunosuppressive Young patients; WCC2 , 0.3

Abbreviations: AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; CML, chronic myeloid

leukemia; CLL, chronic lymphocytic leukemia; NHL, non-Hodgkin’s disease; MM, multiple myeloma; MDS,

myelodysplastic syndrome; AA, aplastic anemia; ASCT, autologous hematopoietic stem-cell transplantation;

OS, overall survival.

Clinical Applications of Hematopoietic Stem Cells 363

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


an accepted alternative therapy in children who do not have a matched sibling or unrelated

donor. There are a number of theoretical advantages of CB compared with adult cells:

besides a reduced incidence and severity of acute and chronic GVHD compared with unre-

lated BMT (196,197), CB cells produce larger hematopoietic colonies in vitro, are able to

expand further in long-term culture (198), have longer telomeres (199), and higher content

of short-term repopulating cells (200). These characteristics theoretically should go some

way in compensating for the limited numbers of cells available. However, in clinical

studies, failed engraftment has been reported (201) and when CB is compared with

BM, delayed engraftment remains a problem (197) (Table 5).

Clinical Results for CBT

Indications for CBT are those described for allogeneic transplantation.

Related Donor CBT

Rocha et al. (196) compared the outcomes of 2052 HLA-identical sibling donor BMT

treated between 1990 and 1997 with 113 HLA-identical sibling donor CBT treated in

the same period. Multivariate analysis demonstrated a lower risk of acute and chronic

GVHD among recipients of CBT. Compared with BMT, recovery of the neutrophil

count and the platelet count was significantly lower in the first month, however no differ-

ence was seen in RRs and mortality was similar in the two groups.

Data presented at EBMT March 2004 from the Eurocord registry described 177

patients who received related donor CBT between October 1988 and August 2003.

Only 3% were adults, 17% were HLA incompatible, half were carried out for malignant

disease, and half for other diseases (SCID, hemoglobinopathies, AA, and metabolic dis-

eases). OS was 48% for the malignant group and 80% to 100% in the non-malignant

group.

Thus far, despite the lower incidence of acute and chronic GVHD, the relapse risk

with CBT is no higher than that with BMT. Longer follow-up of CBT patients may reveal

improved quality of life as a consequence of reduced incidence of chronic GVHD.

Unrelated Donor CBT

Several groups have reported outcomes on unrelated donor CBT (202–206). The import-

ance of nucleated cell dose in predicting engraftment and survival has been demonstrated

Table 5 Merits of CB Compared with BMT

Advantages Disadvantages

Rapid availability Less experience

Lower risk of GVHD Delayed or failed engraftment

Better representation of minority

ethnic groups

No donor recall available for boost or donor

lymphocytes

Lack of risk to donor

Lower CMV transmission

Less HLA restriction

Abbreviations: CB, cord blood; BMT, bone marrow transplantation; GVHD, graft-versus-host disease; CMV,

cytomegalovirus; HLA, human leukocyte antigen.
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and HLA disparity has been shown to impact on time to neutrophil recovery and likelihood

of graft failure. The New York National Cord Blood Program has reported on 791 patients

receiving unrelated donor CBT of whom 80% were children. Of these, 748 had mis-

matched grafts and the time to neutrophil recovery was 28 days compared with 23 days

for those who received matched grafts (207). Overall, 93% of patients showed engraft-

ment, but only 74% of adult patients engrafted by day 42. Three-year survival was only

27% for malignant disease and 48% for genetic diseases. The number of HLA antigen mis-

matches correlated positively with severity of acute GVHD; however, the incidence of

acute GVHD was lower than might be anticipated compared with BMT and considering

the degree of donor–recipient HLA mismatch.

Data presented at EBMT March 2004 from the Eurocord registry described 587

patients who had received unrelated donor CBT between October 1988 and August

2003. Thirty-two percent of patients were adults, 86% received HLA incompatible

grafts, and four-fifths were transplanted for malignant disease. In this group, survival

was inversely related to advanced disease and two-year OS was similar to the

New York Registry at 27% for adults (37% for early-stage disease and 22% for

advanced-stage disease) and 39% for children. Although the decreased incidence of

GVHD has raised concern that the GVL effect might be reduced, there is no evidence,

to date, of increased RRs compared with BMT.

CBT allows many patients access to a potentially curative treatment that they would

otherwise be denied; however, the findings of relatively high treatment-related mortality

and slow engraftment kinetics indicate that it should continue to be performed in special-

ized centers with a research focus on CB cells. In adults, the procedure is limited by the

number of cells obtained from a single CB unit (205) and remains the subject of clinical

trials. Consequently, strategies are being developed to extend access to transplantation

to many patients who have previously been disqualified on the basis of the available

cell dose.

Ex Vivo Expansion

Identification of ex vivo conditions that support the self-renewal and expansion of HSC

has the potential to increase enormously the number of patients to whom transplantation

is available, and to reduce the associated morbidity and mortality by shortening the time

engraftment.

CB cells have been shown to have the greatest capacity for expansion of progenitors

and long-term culture-initiating cells (LTC-ICs) in vitro, and have recently been the

subject of clinical ex vivo expansion protocols. Four trials have reported the combination

of unmanipulated cells with ex vivo expanded CB. Jaroscak et al. (208) reported a phase 1

study of 28, mainly pediatric, patients with malignant and non-malignant disorders who

were eligible for BMT, but did not have a sibling or matched unrelated BM donor. Patients

received a minimum cell dose of 1 � 107 thawed cells/kg on day 0 and the remainder of

the CB graft (typically 1–2 � 108 total cells) was expanded in perfusion cultures

supplemented with 10% fetal bovine serum, erythropoietin (EPO), Flt-3, and

PIXY-321. Expanded cells were given as a boost to the unmanipulated graft on day 12.

Twenty-one of 27 patients who received expanded cells successfully engrafted;

however, augmentation of the CBT did not alter the time to engraftment. The relatively

late timing (day 12) of the infusion of expanded cells leads to difficulties in interpreting

what influence, if any, the cultured cells had on engraftment and a randomized phase II

study is underway to help clarify the issue.
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Pecora et al. (209) reported two cases of adult patients with CML who experienced

stable engraftment and cytogenetic remission at 19 and 8 months following transplantation

of mainly unmanipulated (83% and 89%) CB cells. The remainder of the CB graft was

cultured in the same conditions as described above for 12 days, and most of the colony-

forming unit-granulocyte macrophage and CD34þ lin2 cells transplanted to the patients

were derived from the expanded portion of the graft. It was not possible to assess the rela-

tive contributions to hematopoietic recovery of expanded versus unmanipulated cells as

gene marking was not used.

One study of six patients who received unmanipulated CB (60% of graft) and

CD34þ selected cells (from remaining 40%) cultured for 10 days with thrombopoietin

(TPO), stem-cell factor (SCF), and G-CSF suggested a potential hastening of neutrophil

engraftment (210). The results of this study were updated the following year and included

a second cohort of patients who received CB cells from grafts frozen in two aliquots (211).

One aliquot was cultured for 10 days prior to infusing both expanded and unexpanded cells

at day 0. Neutrophil engraftment failure was reported in zero of 19 patients (compared

with a 15% to 60% failure rate reported for recipients of unexpanded CB transplants).

The median time to neutrophil and platelet engraftment rates in adult patients was compar-

able to that in smaller pediatric patients despite lower CB cell doses.

Together, these studies suggest a potential benefit to ex vivo expansion of CB, as

many of these patients received low numbers of cells infused per kg body weight and

very few graft failures were observed; however, a major criticism is that the contributions

of expanded and unexpanded cells to hematopoietic recovery cannot be assessed.

When one considers the potential utility and future directions of ex vivo expansion

of CB cells, it is important to note that the cytokine combinations used in clinical trials of

CB expansion reported to date are not those that have achieved maximum expansion of

cells and progenitors in vitro and that using other cytokine cocktails might achieve

more impressive results.

Transplantation of Two CB Units

Transplantation of two partially HLA-matched CB units is the strategy being adopted by

the University of Minnesota for obtaining acceptable numbers of CB cells to transplant

adult patients previously denied treatment, on the basis of the available cell dose in a

single unit. An initial report described 40 high-risk adult patients, 29 of whom received

double unit transplants (212). The early outcome data look encouraging with 91% of

patients showing engraftment and no significant difference in GVHD rates in the patients

receiving two units compared with those receiving one. The mean time to neutrophil

engraftment was 11.5 days and only three patients did not engraft. More recent data

from the same group report 23 consecutive patients with malignant hematological

disease who received two unit CBT with myeloablative conditioning (213). Twenty-one

of 23 patients were able to be evaluated for engraftment, and median time to engraftment

was 23 days (range 15 to 41). All 21 patients exhibited donor chimerism with sustained

donor engraftment (median follow-up of 10 months) and there was no significant increase

in acute GVHD rates compared with single unit CBT. Two of the 21 able to be evaluated

patients died of disease relapse, one from a pulmonary hemorrhage and one from

Aspergillus infection.

The high engraftment rate and low incidence of severe acute GVHD have resulted in

a relatively low TRM. Therefore, further investigation of this approach in the context of

larger clinical trials is indicated to determine the full impact of double-unit CBT on trans-

plantation outcome in adults and larger adolescents.
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Future Developments

HSCs are the best studied of the tissue-specific stem cells. By definition, HSC has long

been regarded as restricted to formation of blood cells of both the lymphoid and

myeloid lineages. HSCs residing in the BM microenvironment have self-renewal capacity

and can repopulate the hematopoietic system of irradiated transplant recipients for the life-

time of the individual. Therefore, HSCs are extremely important targets for gene therapy

applications aimed toward the treatment of inherited and acquired blood disorders.

However, recent studies have suggested that a subpopulation of HSCs may have the

ability to develop into diverse cell types such as hepatocytes, myocytes, and neuronal

cells, especially following tissue damage. This raises the possibility that HSC transplants

have the potential to provide therapeutic benefit for a wide variety of diseases and contra-

dicts the dogma that adult stem cells are developmentally restricted.

Gene Therapy

Gene therapy has the potential to treat inherited and acquired diseases for which there is

little hope of cure by conventional medicine. In 2000, the successful treatment of children

with X-linked severe combined immune deficiency (X-SCID) hit the headlines (214).

This is a rare immune disease, usually fatal in the first year of life, caused by an abnormal

gene on the X chromosome that encodes the common g C chain. The g C chain is necess-

ary for the development of T-cells and natural killer cells and affected individuals suffer

recurrent life-threatening infections. In each of the patients treated, a retroviral vector was

used to introduce a functional copy of the defective gene into BM stem cells before being

injected back into the patient. Initially T-cell numbers and repertoire were nearly normal

and the treatment was widely accepted as the first true clinical success for gene therapy.

Sadly, the excitement came abruptly to an end when two of the 10 children treated in

France developed leukemia-like conditions (215). In the two cases of leukemia, genetic

analysis of the malignant cells showed that the retroviral vector had inserted into, and acti-

vated, an oncogene called LMO2 that is associated with childhood leukemia. Although

none of the preclinical studies had shown any evidence of cancer in animals, it had

always been known to be theoretically possible that gene insertion could activate

oncogenes.

Further concerns were raised by data from a group at Stanford University regarding

another method of correcting faulty genes; adeno-associated viruses (AAV) are considered

to be safe for gene therapy as they do not cause disease in humans naturally and rarely

integrate randomly into the genome. Results of a phase 1 clinical trial using AAV expres-

sing the gene for Factor IX showed encouraging results (216), however, in 2003 a study

conducted in mice found the vector used in this clinical trial integrates itself into

coding regions of DNA. There was no particular pattern to the integration, but the

studies demonstrated that the AAV vector could cause similar problems to those seen

with X-SCID patients (217).

In addition to retroviral and AAV vectors, there have also been problems documen-

ted with adenoviral vectors. Adenoviruses are the most commonly used viral vectors in

clinical trials owing to their ability to transduce dividing and non-dividing cells. Further-

more, they do not introduce their own genome into the host cell, which ensures less chance

of harm caused by insertional mutagenesis. However, the death of a young man in the

United States was attributed to the toxic effects of an adenoviral vector used to treat

ornithine transcarbamylase (OTC) deficiency. His death was caused by massive inflamma-

tory response to the adenoviral vector (218).
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After the leukemia cases occurred, scientists and regulatory authorities called for a

halt to clinical experiments. In several countries, trials were allowed to resume after a tem-

porary hold, on the basis that the potential benefits to patients outweighed the risks.

Many argue that there is a need to develop new, safer vectors that avoid the problem

of insertional mutagenesis, and for more preclinical studies to enable better assessment of

the risks. Research must go on, particularly in the area of vector design. Nevertheless, this

work may take many years, and even the best animal model may not be able to predict all

the possible risk factors when treating patients, as were shown by the X-SCID case.

The varied responses from regulatory authorities add greatly to the uncertainty sur-

rounding gene therapy. By creating a complex web of different rules in different countries,

multi-center clinical trials become harder to plan and execute.

Stem-Cell Therapy for Cardiac Repair

Evidence of plasticity of adult human stem cells (the ability to generate cells of different

lineage from their organ of origin) has led to investigation into their potential for cellular

repair and organ regeneration. Studies in several species have demonstrated that BM-

derived stem cells are not simply stromal or HSCs, but they are precursors for many

peripheral tissues. Ultimate stem-cell fate and normal growth depend on the environment

in which they engraft. In cardiovascular disease, the aim of stem-cell therapy is to trans-

plant cells of non-cardiac origin, such as BM-derived mononuclear cells, to act as a pre-

cursor for heart muscle and coronary blood vessels and result in functional improvement

of damaged tissue.

After an injury, such as myocardial infarction or as a consequence of cellular

damage due to pressure or volume overload of the heart, specific factors including cyto-

kines that stimulate cell replication are produced in the surrounding tissues. The stress

of increased mechanical activity in the recipient heart muscle may therefore provide a

more favorable environment for stem-cell engraftment than normal tissue. In clinical myo-

cardial infarction, autologous BM cells may regenerate infarcted myocardium and

improve perfusion in the infarct zone (219).

However, prior to successful engraftment, stem cells have to be delivered to the

target site. To facilitate this, it is desirable to have high concentrations of transplanted

cells in the area of interest and low levels of homing to other tissues. Consequently,

regional and/or targeted administration is preferred to intravenous delivery of cells

(Table 6).

HSCs and mesenchymal stem cells (MSCs) contribute to regenerative processes

involved in tissue remodeling, however, other types of stem cells present in the BM

may also be involved, for example, hemangioblasts take part in neovascularization and

mesodermal progenitor cells differentiate to endothelium. MSCs represent a stem-cell

population present in adult tissues that can be isolated, expanded in culture, and charac-

terized in vitro and in vivo. MSCs differentiate readily into chondrocytes, adipocytes,

and osteocytes, and they can support HSCs or embryonic stem cells in culture. Evidence

suggests MSCs can also express phenotypic characteristics of endothelial, neural, smooth

muscle, skeletal myoblasts, and cardiac myocyte cells. When introduced into the infarcted

heart, MSCs prevent deleterious remodeling and improve recovery, although further

understanding of MSC differentiation in the cardiac scar tissue is still needed. MSCs

have been injected directly into the infarction, or they have been administered intrave-

nously and seen to home to the site of injury. Interestingly, examination of the interaction

of allogeneic MSCs with cells of the immune system indicates little rejection by T-cells.
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Some groups have investigated stem-cell therapy with more homogeneous popu-

lations, such as CD34þ and AC133þ BM cells. However, using highly selected popu-

lations of cells may result in less successful outcomes; two recent preclinical studies

published in Nature demonstrate that murine HSCs do not transdifferentiate into cardiac

myocytes in the presence of myocardial ischemia (220,221), which raises the possibility

that the improved recovery and cardiac function shown with stem-cell therapy

(222,223) may not result from cardiac muscle regeneration, but from impact on left ven-

tricular remodeling and/or angiogenesis. Furthermore, these effects may require a more

heterogenous population of stem cells, suggesting that the therapeutic use of mononuclear

BM cells may be more promising than single isolated cell fractions alone.

Stem-cell therapy is an exciting new approach to heart disease. Recent clinical trial

results have shown the feasibility of adult autologous therapy in acute myocardial infarc-

tion. However, there are many outstanding issues and unresolved questions for experimen-

tal and clinical research:

. What is the best method of delivery of cells to the damaged heart? Intravenous,

intracoronary, transendocardial, or intramyocardial?

. What is the optimum time course of stem-cell therapy after myocardial injury?

. What are the optimal conditions for engraftment of stem cells in the ischemic

heart?

. What is the arrhythmic potential of implanted cells?

. Can specific detection of engrafted cells by labeling techniques be achieved?

. Can specific characterization of stem-cell populations be used to predict the

therapeutic effect of transplanted cells?

Preclinical and early clinical data look encouraging; however, further studies are required

to clarify the potential merits of adult stem-cell transplantation for patients with cardiovas-

cular disease, and, equally importantly, to determine the long- and short-term safety profile

of the intervention.

Stem-Cell Therapy in Neurological Repair

The CNS is vulnerable to a variety of illnesses and neurodegenerative diseases. Unlike

most other organs, there is little endogenous repair of the CNS and so recovery from

injury is usually modest at best. Most therapeutic strategies have focused on maintaining

Table 6 Routes of Administration of Stem Cells for Cardiac Repair

Route of

administration Potential benefits Disadvantages

Intracoronary Effective accumulation and

concentration of cells in

damaged area

Risk of procedure-related

arrhythmia or ischemia

Intramyocardial

transendocardial

Injection under visualization

allows anatomical

identification of target area

and even distribution of

injections

Risk of procedure-related

arrhythmia

Intravenous Ease of delivery Low cell concentrations reaching

target tissue
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viability of damaged tissue or slowing the progress of degenerative disease. Recent studies

have suggested that populations of stem cells previously thought to be lineage restricted

can transdifferentiate from one tissue type to another, for example, hematopoietic to

neural cells and vice versa (224–226). With advances in the understanding of the

biology of stem and progenitor cells, there is increasing hope for stem-cell therapies for

structural brain repair and to restore lost neurological function.

Evidence for the Use of HSC in Neurological Repair

Mezey et al. (225) showed that transplanted adult BM stem cells enter the brain of irra-

diated mice and differentiate into microglia, astrocytes and neurons. They subsequently

went on to examine postmortem brain samples from females who had received BMTs

from male donors (226). Using a combination of immunocytochemistry and FISH histo-

chemistry to search for Y chromosome-positive cells, they demonstrated that in human

transplantation, BM cells can enter the brain and generate neurons. The possibility that

this phenomenon could be exploited to prevent the development or progression of neuro-

degenerative diseases, or to repair damaged tissue, is supported by the functional benefit

observed in rodent models of Parkinson’s disease (227). Mice received intravenous human

CB mononuclear cells without immunosuppression and significant delays were seen in

time to onset of symptoms and death compared with control animals.

Interestingly, transplanted cells may not exert their influence simply by replacing

lost or damaged cells, but may act indirectly to increase plasticity or resistance to

disease. In mouse models of cerebral ischemia where BM cells engrafted in the brain

and resulted in functional improvement, the morphology of transplanted cells was atypical

despite staining with neural markers (228).

The advantages of autologous HSC therapy are that cells could be harvested elec-

tively as an outpatient procedure, purified, expanded, and possibly differentiated before

being transplanted back, thus removing the risk of cross-infection and need for IS.

Clearly, further studies are needed to elucidate the mechanisms by which HSCs

achieve improved function and repair before large-scale studies can be carried out

safely in patients with neurological disease.

Neural Stem Cells

One of the long-held dogmas is that neurogenesis in the adult CNS does not occur.

However, recent evidence suggests that this is not the case and that neural precursor

cells (NPCs), which are capable of proliferation are present primarily in two areas of

the brain: the subependymal layer of the ventricular zone and the dentate gyrus of the hip-

pocampus (229).

Neural stem-cell (NSC) transplantation has the potential to prevent or to restore ana-

tomic or functional deficits associated with injury or disease through cell replacement,

release of specific neurotransmitters, and the production of factors that promote neuronal

growth and regeneration.

Treatment with NSC can be from immortalized human cell lines such as the terato-

carcinoma-derived cell line (230). Transplantation of cultured neuronal cells is safe in

animal models and has been shown to improve motor and cognitive deficits in rats with

stroke. These observations led to a clinical study in patients with basal ganglia stroke

and fixed motor deficits (231). Serial evaluations showed no adverse cell-related serologic

or radiological effects, and an improved European Stroke Scale score was observed in 50%
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of patients (six of 12). The procedure was considered safe and feasible in patients with

motor infarction and warrants further investigation.

The lack of infection risk and the absence of need for immunosuppression might

make the use of autologous cells preferable to NSC cell lines. However, in order for auto-

logous NSC to be used therapeutically, endoscopic minimally invasive surgery has to be

used to obtain subependymal biopsies. Expansion and differentiation could be carried out

in vitro (232) before returning cells to the patient.

Extensive investigation is underway into the difficult ethical area of use of embryo-

nic stem cells and fetal tissue for treatment of neurological diseases, however, as this

chapter examines the clinical applications of adult (or at least postnatal) stem cells,

this area of research is not explored.

Although in vitro and animal model data look encouraging, there are a number of

issues that need to be clarified before stem-cell therapy for neurological disease is

widely accepted in clinical medicine:

. Which type of cells are most suitable for replacement therapies (HSC, NSC,

clonogenic cell lines, etc.)?

. Should cells be expanded and/or differentiated ex vivo?

. How should cells be administered? Directly into damaged tissue, intravenously?

. Identification of favorable conditions of the recipient brain environment to

support transplanted cells.

It is likely that it will be some time before stem-cell therapies for neural disease move

out of the research laboratory and into the clinic as a safe and effective therapeutic

option. Stem-cell technology does, however, offer real hope for the future treatment of

degenerative diseases such as Parkinson’s and Huntington’s disease, and for stoke

sufferers.

Mesenchymal Stem Cells

BM has been known to contain non-hematopoietic cells for many years as was shown by

Friedenstein et al. (223), who demonstrated that isolated and cultured cells from guinea-

pig BM could form ectopic bone. MSCs are multi-potential, nonhematopoietic progenitor

cells of the adult marrow, which are capable of differentiating into various lineages of the

mesenchyme (bone, cartilage, fat, muscle, etc.) and are characterized by the absence of

hematopoietic markers, such as CD45 and CD34, and by the presence of adhesion mol-

ecules such as CD105 and CD106. They are present in low numbers in adult BM, but

can be isolated and cultured in therapeutic quantities.

Animal models have shown that MSCs are useful in the repair or regeneration of

myocardial tissues (234), damaged bone, cartilage (235), and tendon (236). Furthermore,

MSCs provide cytokine and growth factor support for hematopoietic and embryonic stem

cells (237,238). As discussed earlier, MSCs have been shown to be of particular interest in

the area of cardiac remodeling and regeneration following myocardial injury.

MSC in Treatment of OI

Interestingly MSCs can also be used in the treatment of OI. OI is a genetic disorder of

mesenchymal cells in which generalized osteopenia leads to bone deformities, excessive

fragility with fracturing, and short stature. The underlying defect is a mutation in one of

the two genes encoding type 1 collagen (COL1A1). The most severe type is lethal
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in utero, and modern medicine provides no cure or effective therapy for individuals who

survive through to birth.

Animal models of OI have shown improvement in disease phenotype after mesench-

ymal cell transplantation and so an initial clinical study was carried out in three children

with severe deforming type of disease (type III) (239). Following myeloablative condition-

ing, each patient received BM from a sibling donor, and all three showed engraftment with

hematopoietic donor cells. Three months after engraftment, BM biopsy confirmed 1.5% to

2% donor-derived osteoblasts, improvement in bone architecture, and increase in bone

mineral content. Most importantly, the children showed much greater growth after trans-

plantation and reduced fracture rates. The low levels of donor osteoblasts (1.5% to 2%) are

thought to be capable of producing such clear clinical improvements because the degree of

severity of disease is related to the ratio of normal to mutated polypeptide chains.

Therefore, even low levels of MSC engraftment may be sufficient to produce a shift in

the balance of normal to mutated protein.

More recently, Chamberlain et al. (240) developed a strategy to inactivate the

mutated alleles in BM-derived MSC ex vivo using AAV as a vector. Results using

MSC from two patients with OI were encouraging; 31% to 90% of cells demonstrated suc-

cessful gene-construct insertion and the altered MSC showed improved quality of syn-

thesized bone in vitro. Although insertional mutagenesis still remains a potential

problem in the cells that have not been correctly targeted, measures such as the use of

different markers and more extensive selection of cells may further reduce this risk.

Immunomodulatory Function of MSC

MSCs have been shown to have immunomodulatory functions in vitro (241) and in allo-

transplantation models in vivo (242) by mechanisms that have not yet been fully eluci-

dated. It is, however, known that MSCs are not immunogenic and avoid recognition by

alloreactive T-cells and NK cells. Furthermore, they are immunosuppressive and inhibit

proliferation of alloreactive T-cells. MSCs occur in small numbers in BMT but not in

HSCT derived from peripheral blood. Preliminary studies of co-transplantation of

MSCs and HSCs from haploidentical sibling donors suggested that MSC could potentially

suppress development of acute and chronic GVHD (243). This observation led to an

attempt (244) to treat a boy with severe treatment-resistant GVHD after allogeneic

HSCT for ALL with haploidentical MSC from his mother. The patient showed rapid

improvement in gut and liver GVHD and at the time of report remained well one year

after transplantation. No allo-reactivity was seen when the patient’s lymphocytes were

co-cultured with donor MSC either before or after treatment.

A more recent study of allogeneic immune response to human MSC has shown that

they alter cytokine production by dendritic cells, T-helper cells, and NK cells. In particu-

lar, MSCs provoke a reduction in TNF-a and IFN-g, and an increase in IL-10 and IL-4,

and produce elevated prostaglandin E2 (245). These responses induce a more anti-inflam-

matory or tolerant phenotype by inhibiting or limiting inflammatory responses and pro-

moting the mitigating and anti-inflammatory pathways.

Results suggest that the potential therapeutic applications of MSC could range from

autoimmune and allergic diseases to rejection prevention in solid organ transplantation.

CONCLUSION

ASCT and alloSCT are well established in the treatment of patients with leukemia, lym-

phoma, and other malignancies, and have been critical in the progress toward cure of these
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diseases. More recently, research has focused on the potential benefits of stem cells for

gene therapy, tissue engineering, and the treatment of cardiac, neurological, and other

forms of disease. Preclinical and early clinical studies have yielded encouraging results,

and yet our knowledge and ability to deliver these forms of therapy in a safe and effica-

cious manner will require additional advances in the understanding of the basic biology

of stem cells.
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HIV. see human immunodeficiency virus

(HIV)

HLX, 175

HNF1, 175

HNF3, 175

HNF4, 175

HNF6, 175

HNPCC. see hereditary nonpolyposis

colorectal cancer (HNPCC)

Hodgkin’s lymphoma

allogeneic stem-cell transplantation, 359

autologous stem-cell transplantation, 349

host disease

vs. graft

allogeneic stem-cell transplantation,

356–357

HSC. see hematopoietic stem cells (HSC)

HSCT. see hemopoietic stem cell

transplantation (HSCT)

HSV-TK. see herpes simplex virus

thymidine kinase (HSV-TK)
3H-thymidine

tracking intestinal lineages, 97

human colon

somatic mutations, 237

human colorectal tumors

monoclonal theory, 253

human epidermal stem cells. see also

epidermal stem cells

enrichment and identification, 130–132

surrogate assays, 130–132

human hepatic stem cells

fetal livers, 180, 181

human immunodeficiency virus (HIV), 311

human juvenile polyposis, 248
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human livers

lineage

stages, 172

stem-cell compartment, 176–179

human liver tissue

sourcing, 194

human umbilical cord

transverse section, 278

Huntington’s disease, 286

hyaluronan receptor, 174

hypercholesterolemia

familial

liver cell therapies, 196–197

hypoxic ischemic encephalopathy (HIE),

287, 289

ICAM-1. see intracellular adhesion

molecule-1 (ICAM-1)

ICBM. see individual cell-based

biomechanical models (ICBM)

immortal DNA strands, 239–242

adult stem cells

co-segregation, 45, 47–48

mutation-avoidance effect, 45–47

carpenter’s rule, 47

co-segregation, 41–42

asymmetrically cycling adult stem-like

daughter cells, 51

chemical topology, 51

direct visualization, 51

evidence, 49

immortal phenotype, 72

immortal strand hypothesis, 43

objection, 44

immune response, 320–321

individual cell-based biomechanical models

(ICBM), 27

lattice-free, 27

injury

stem cells, 271–293

insertional mutagenesis, 318–320

intelligent systems, 4

interfollicular epidermis, 117–118

self-renewing stem-cell populations, 124

intestinal cancer

bone marrow-derived cells, 258

intestinal crypt

apoptotic activity, 232

cell kinetics, 230–232

function, 230–234

homeostasis

molecular regulation, 242–250

morphogenesis, 93

stem-cell hierarchy, 235

structure, 230–234

topography, 230–232

intestinal differentiation

cell fate specification, 246

intestinal epithelium, 89–96

differentiated lineages, 92–93

intestinal lineages

BrdU, 97

intestinal stem cells, 238–239

asymmetric division, 94

behaviors, 89–111

candidate market approach

marker identification, 109–110

clinical implications, 256–258

colon cancer, 215–226, 229–259

defined, 91

defining problems, 232–233

future directions, 256–258

lineage tracking, 89–111

marker identification, 109–111

markers

novel, 234

niche, 233

pluripotentiality, 238–239

populations

spatial considerations, 236

regulation, 89–111

intestinal subepithelial myofibroblasts

(ISEMF), 233

intestines

adult mice

crypt fission, 240

chimeric-transgenic mouse

genetic mosaic analysis, 100

clonogenic cells, 235

development

wnt signaling, 102–103, 104

structure, 90

wnt signaling, 101–102

intracellular adhesion molecule-1

(ICAM-1), 174

in vitro clonogenic keratinocytes,

149–159

carcinogenesis, 159

co-sediment density gradients, 150–151

in vivo factors influencing, 152–156

mouse strain differences, 156

ischemic stroke, 287

ISEMF. see intestinal subepithelial

myofibroblasts (ISEMF)
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JNK. see c-Jun N-terminal kinase (JNK)

JP. see juvenile polyposis (JP)

juvenile polyposis (JP)

human, 248

syndrome, 248

KDR, 175

keratinocyte

clonogenic

CD-1 female mice, 151

freshly harvested

in vitro colony formation, 150

keratinocyte colony number

mice

genetically defined, 158–159

quantitative complex trait, 157

keratinocyte stem cells (KSC),

117, 118

bulge, 122

molecular signature, 129

clonogenic assays, 132

enrichment, 127–128

hair follicle, 121

Hoechst 33342 effluxing, 133–135

interfollicular epidermis, 126–127

isolation, 127–128

long-term epidermal tissue reconstitution,

132–133

putative markers, 131

KSC. see keratinocyte stem cells (KSC)

label-release strategy, 48–49

label-retaining cells (LRC), 49, 79, 150

cell kinetics evaluation, 50

label retaining epithelial cells (LREC), 81

label-retaining keratinocytes

clonogenic stem cells in vitro, 151

label-retention strategy, 48–49

lactating rat mammary gland, 77

LAM1, 75

laminin gene, 75

large intestines

characteristics, 230

structure, 90

LDC. see luminal cell (LDC)

leukemia

chronic lymphoid, 342

allogeneic stem-cell transplantation,

359–360

autologous stem-cell transplantation,

349–350

chronic myeloid, 306, 340

allogeneic stem-cell transplantation,

360–361

leukocyte antigen. see common leukocyte

antigen

leukocyte infusions

alloSCT, 355

leukodystrophies, 289

LG-NHL. see low-grade non-Hodgkin

lymphoma (LG-NHL)

LIF receptor (LIFR), 64

limiting plate

defined, 163

liver

assistance devices, 193–194

bioartificial, 193–194

cell transplantation, 188–193

developing, 183–185

feedback loop, 177

fetal

histological sections, 178

formation, 169

human hepatic stem cells, 180, 181

lineage

feedback loop, 173

stages, 172

lineage-dependent properties, 164

maturational lineage, 161–168

stages, 171

reconstitution, 188–193

cell models, 188–191

stem-cell compartment, 176–179

transplantation, 189

liver cell therapies

cell implantation or injection, 194–198

cell properties, 190

cell sources, 198

clinical programs, 193–199

Crigler-Najjar syndrome type-1, 196–197

embryonic stem cells, 192

end-stage cirrhosis, 198

familial hypercholesterolemia,

196–197

hepatitis C, 198

metabolic liver disorders, 196–197

patient strategies, 198

strategies, 195–196

whole-organ transplantation bridge, 197

liver failure

acute

liver cell therapy, 198

liver injury models

gene expression, 185–186
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liver metabolic disease

liver cell therapy, 198

liver regeneration

after PH, 181

PH vs. toxic injury, 182

stem-cell compartment, 179–181

toxic injuries, 179–181

liver tissue

sourcing, 194

local environment, 3

long-terminal repeat (LTR), 319

Lou Gehrig’s syndrome, 289

low-grade non-Hodgkin lymphoma

(LG-NHL)

alloSCT, 359

autologous stem-cell transplantation,

347–350

LRC. see label-retaining cells (LRC)

LREC. see label retaining epithelial cells

(LREC)

LTR. see long-terminal repeat (LTR)

Luebeck-Moolgavkar model

adenoma, 219

luminal cell (LDC), 77

lymphoma

DLBL

allogeneic stem-cell transplantation, 359

autologous stem-cell transplantation, 347

Hodgkin’s

allogeneic stem-cell transplantation, 359

autologous stem-cell transplantation, 349

low-grade follicular

autologous stem-cell transplantation,

347–349

non-Hodgkin’s diffuse high-grade B

allogeneic stem-cell transplantation, 359

lysosomal storage disease, 289

mammalian adult stem cells genetic fidelity,

37–51

evolution, 37–38

mammalian cells

DNA damage, 41

DNA repair, 41

mutations, 41

mammary epithelium stem cells, 71–85

aging, 72

clonogenic capacity, 73

future, 84–85

in vitro studies, 72–76

senescence, 72

mammary implant, 74

mammary stem-cell markers, 76–82

mammary stem cells

carcinogenesis, 82–83

mammospheres (MS), 76, 80

MAPC. see multipotent adult progenitor cells

(MAPC)

marrow stromal cells

gene therapy, 309–310

Mash1, 61

mathematical modeling

stem cells, 1–14

MDR1. see multidrug resistance gene 1

(MDR1)

MDR3. see multidrug resistance gene 3

(MDR3)

MDS. see myelodysplastic syndrome (MDS)

mesenchymal stem cells (MSC), 272, 276,

371–373

antigenic markers, 272

fetal human

therapeutic transfer, 284

immunomodulatory function, 372

OI, 371–372

stem cells, 275–276

therapeutic transfer, 283–284

metabolic liver disorders

liver cell therapies, 196–197

mice

adult

intestines, 240

normal aging, 151–152

CD-1 female

clonogenic keratinocytes, 151

intestines

crypt fission, 240

normal aging, 151–152

microadenoma, 216

microcolony clonogenic stem-cell assay, 234

microsatellite instability (MIN), 251

mid-acinar genes, 166

MIN. see microsatellite instability (MIN)

Min. see multiple intestinal neoplastia (Min)

mismatch repair (MMR), 251

mitochondrial DNA

tracking changes, 100–101

MMR. see mismatch repair (MMR)

MMTV. see retrovirus marked (MMTV)

model concept

schematic representation, 23

monoclonal theory

human colorectal tumors, 253

monocryptal adenoma, 255
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Moolgavkar-Venzon-Knudson (MVK) model,

217–218

mouse strain differences

in vitro clonogenic keratinocytes, 156

MS. see mammospheres (MS)

MSC. see mesenchymal stem cells (MSC)

msi1. see Musashi-1 (msi1)

mucus cell progenitors, 236

multidrug resistance gene 1 (MDR1), 174

multidrug resistance gene 3 (MDR3), 172

multiple intestinal neoplastia (Min), 222

multiple myeloma

alloSCT, 360

autologous stem-cell transplantation,

350–351

multiple sclerosis, 287–288, 290

multipotent adult progenitor cells (MAPC),

276–277

multistage carcinogenesis, 215–226

murine hair follicle bulge region

unequivocal marker identification,

128–130

murine hepatic stem cells

normal hosts, 173–176

murine mammary epithelium

morphological forms, 78

murine progenitors, 170–173

Musashi-1 (msi1), 59, 109, 234

Notch 1-activation, 65

mutagenesis

insertional, 318–320

MVK. see Moolgavkar-Venzon-Knudson

(MVK) model

myelodysplastic syndrome (MDS), 358

alloSCT, 361–362

myeloproliferative disorders

alloSCT, 362

NCAM. see neural cell adhesion molecule

(NCAM)

NCSC. see neural crest stem cells (NCSC)

NER. see nucleotide excision repair (NER)

neural cell adhesion molecule (NCAM), 169,

172, 174

neural crest stem cells (NCSC), 58

neural stem cells (NSC), 272, 370–371

adult SVZ, 58

anatomical distribution, 274

antigenic markers, 272

defined, 57

differentiation, 60–61

fetal, 283

gene therapy, 306–310

identification, 57–59

in vivo localization, 55–60

isolation, 57–59

long-term maintenance, 63–66

neurodegeneration, 271

neurosphere culture, 56

perventricular area, 56

phenotypic plasticity, 280

self-renewal, 55–66, 60–61, 63–66, 65

therapeutic transfer, 282

neurodegeneration

endogenous repair, 289–290

ES cells, 273

NSC, 274–275

neurodegeneration and injury

stem cells, 271–293

Neurogenin1 (Ngn1), 61

neurons

NSC differentiation, 60–61

neurosphere-initiating cells (NS-ICs), 57

Ngn1. see Neurogenin1 (Ngn1)

NHL. see non-Hodgkin lymphoma (NHL)

niche, 9

noncooperative systems, 5

non-Hodgkin lymphoma (NHL)

diffuse high-grade B

allogeneic stem-cell transplantation,

359

autologous stem-cell transplantation,

347

nonrandom chromosome segregation, 50

nonrandom mitotic chromosome segregation

evidence, 47–48

Notch 1 signal

CNS development, 63

notch signaling, 106

NSC, 61–63

NSC. see neural stem cells (NSC)

NS-ICs. see neurosphere-initiating cells

(NS-ICs)

nucleotide excision repair (NER), 46

OC2, 175

OC3, 175

oligodendrocyte progenitor cells (OPC),

288

ornithine transcarbamylase (OTC) deficiency

liver cell therapies, 196–197

oval cells, 170–173

antigens, 175

defined, 163
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Paneth cells, 93, 230

panning, 127–128

parenchymal cells

cell division potential, 162–164

diploid subpopulations

ex vivo expansion, 179

ex vivo growth, 189

inoculation, 192–193

ploidy profiles, 165

Parkinson’s disease, 271, 285–286, 290

partial hepatectomy (PH)

vs. toxic injury

liver regeneration, 182

pediatric CNS disorders, 289

pericentral genes, 166

PH. see partial hepatectomy (PH)

phenotype

immortal, 72

phenotypic plasticity, 280

physical stem-cell niche

defined, 108

plasticity

stem cells, 11

ploidy, 162, 166

pluripotent cells

defined, 163

pluripotentiality

intestinal stem cells, 238–239

pluripotent stem cells, 272

polyps

adenomatous

model predictions, 221–222

precursors

defined, 163

predictive theories, 19–20

pregnancy

breast cancer risk, 84

prehepatocytes, 185

pre-initiated cells, 224

primary in vitro clonogenic keratinocytes

CD-1 female mice, 152, 155

TPA, 153

primary systemic amyloidosis

autologous stem-cell transplantation, 351

progenitors

defined, 163

proliferation, 9

proliferation zone, 231

proto-oncogene expression, 184

Prox1, 175, 183

quantitative models, 19–20

radial glia, 60

random chromosome segregation, 48

rats

dipeptidyl-peptidase-IV-deficient, 188–191

regenerative medicine, 66

regenerative tissue systems, 31

replicative DNA synthesis

mammalian cell mutations, 41

representative zone 1 (eriortal) genes, 165

representative zone 2 (mid-acinar) genes, 166

representative zone 3 (pericentral) genes, 166

RER. see rough endoplasmic reticulum (RER)

retroviral vectors, 306

retrovirus marked (MMTV), 83

induced mouse mammary hyperplasia, 83

reversibility

stem cells, 11

robotic rock collection on Mars, 4–5

rodent hepatic stem cells

normal hosts, 173–176

rodent progenitors, 170–173

rough endoplasmic reticulum (RER), 76

SAPK. see stress-activated protein kinase

(SAPK)

SCE. see sister chromatid exchanges (SCE)

scFv. see single-chain antibodies (scFv)

SCID. see severe combined immune

deficiency (SCID)

SCID-ADA. see adenosine deaminase severe

combined immune deficiency

(SCID-ADA)

selective amplifier gene, 317

self-renewing, 30

hair follicle bulge stem cells, 124

severe aplastic anemia

allogeneic stem-cell transplantation,

362–363

severe autoimmune disorders

autologous stem-cell transplantation,

352–353

severe combined immune deficiency

(SCID), 316

adenosine deaminase, 316

SGZ. see subgranular zone (SGZ)

side pocket cells, 169

side population (SP), 79, 80, 133–134

epidermal, 133–134

side scattering (SSC), 59

signaling pathway

TGF beta, 248

simple state-transition graphs, 21
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simulating ants, 2–3

simulating populations, 3–4

simulation studies, 24

single-chain antibodies (scFv), 314

singly labeled nuclei, 82

sister chromatid exchanges (SCE), 44

skin biology

stem-cell concept emergence, 117–118

skin-cells

epidermal, 119–120

skin keratinocytes, 308–309

skin stem cell

gene therapy, 308–309

populations, 117–135

skin tumors

initiation, 152

SLC. see small light cell (SLC)

slow cycling (label-retaining) keratinocytes

clonogenic stem cells in vitro, 151

SMA. see smooth muscle actin (SMA)

SMAD4 pathway

BMP, 247–248

small intestines

characteristics, 230

lineages, 92

structure, 90

small light cell (SLC), 77, 79

smooth muscle actin (SMA), 79

societies of nonintelligent systems, 4

sourcing

human liver tissue, 194

Sox21, 59

SP. see side population (SP)

Space of Disse, 181

spatio-temporal stem-cell organization,

26–29

spleen

hepatocyte transplantation, 193

spontaneous apoptosis

intestinal crypt, 232

SSC. see side scattering (SSC)

stem cells. see also adult stem cells (ASC);

epidermal stem cells; hematopoietic

stem cells (HSC); hepatic stem cells;

intestinal stem cells

agent-based modeling approach, 11–12

behavior in homeostatic vs. damaged tissue,

118

bone marrow, 276–277

bulge

multipotency, 127

persistence, 127

compartment

liver, 176–179

cutaneous epithelium, 149–150

defined, 163

defining tissue, 18

derivation, 267

differential potential, 277–279

differentiation, 101–109

donor, 291

endodermal

liver formation, 169

epidermal

first existence, 118

epidermis, 150–157

epigenetic event tracking, 97–98

gastrointestinal

c-MYC-related genes, 250

gene therapy

hurdles, 315–321

inefficient stem-cell transduction,

315–318

ground rules, 10

hair follicle, 150–157

hair follicle bulge

CD71, 129

epidermal tissue renewal, 122–123

GFP-labeled, 130

self-renewing, 124

hierarchy, 91, 93–94, 234–236

intestinal crypt, 235

intestinal

candidate market approach, 109–110

lineages

determined vs. stochastic processes, 13

and locations, 121

tracing, 96–101

location and number

colon cancer, 233

mammary

carcinogenesis, 82–83

mathematical modeling, 1–14

modeling

complex adaptive systems, 8–13

model rules, 10

molecular signature

intestines, 249–250

MSC, 275–276

neurodegeneration and injury,

271–293

niche, 95, 150, 181–183

defined, 95–96

defining, 108–109
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stem cells (Continued )

defining gradient of proliferation to

differentiation, 108–109

epithelial component, 96

hypothesis, 237

mesenchymal component, 96

organization

theoretical concepts, 17–31

conceptual novelty and achievements,

29–31

within tissue plasticity, 25

plasticity, 11

proliferation, 101–109

reversibility, 11

signaling pathways, 102

simple discrete model, 9–10

systems

new perspective, 20–22

template DNA strand segregation,

120–121

therapy

benefit mechanisms, 292–293

cardiac repair, 368–369

future, 293

neurological repair, 369–370

tracking, 101–109

transcriptional profiling, 110–111

stemness

immortal DNA strands, 239–242

stochastic mathematical models

adult stem cells asymmetric

self-renewal, 38

stratum basale, 119

stratum corneum, 119, 126

stress-activated protein kinase (SAPK), 184

stroke

ischemic, 287

subgranular zone (SGZ)

hippocampal formation, 55

subsumption architecture, 4

subventricular zone (SVZ)

lateral ventricle, 55

surface markers, 186

symmetric division, 234

T3. see thyroid hormone (T3)

TA. see transient amplifying (TA)

TAC. see transient amplifying cell (TAC)

compartment

TBI. see traumatic brain injury (TBI)

T-cell factor (TCF) signaling, 243–245,

247, 257

TCF. see T-cell factor (TCF) signaling

telomerase, 174

template DNA strands

stable attachment to parent cell structure,

47–48

12-0-tetradecanoylphorbol-13-acetate (TPA),

150–152

multiple in vivo applications, 155

pretreating, 154

primary in vitro clonogenic keratinocytes,

153

tetraploid hepatocytes, 171

TGF-beta. see tissue growth factor beta

(TGF-beta)

thermodynamic emergence, 7

thymidine

tracking intestinal lineages, 97

thyroid hormone (T3), 187

tissue growth factor beta (TGF-beta)

signaling, 107–108

pathway, 248

tissue stem-cell biology, 18–19

tissue-stem-cell chip, 30

tissue stem-cell systems

classical vs. proposed view, 31

top-down morphogenesis, 254

totipotent stem cells

defined, 163

toxic injury

vs. partial hepatectomy (PH)

liver regeneration, 182

TPA. see 12-0-tetradecanoylphorbol-13-

acetate (TPA)

transcription factors, 175

transdifferentiation, 169, 170

cell fusion, 281

mechanisms, 279

transgene expression, 320

transgenic markers

lineage tracking, 99–100

transgenic mouse intestines

genetic mosaic analysis, 100

transient amplifying (TA), 94

cells, 132

keratinocytes

cutaneous epithelium,

149–150

transient amplifying cell (TAC)

compartment, 215–216

transit cells

dividing

intestines, 235
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transplantation. see also allogeneic

stem-cell transplantation (alloSCT);

autologous stem-cell transplantation

(ASCT); cord blood transplantation

autologous bone marrow, 317

haploidentical

acute myeloid leukemia, 357

hemopoietic stem cell, 339–341

indications, 340

hepatic stem cells, 191

hepatoblasts, 191

traumatic brain injury (TBI), 271, 287

TSCE. see two-stage clonal expansion

(TSCE) model

two-hit hypothesis, 216

two-stage clonal expansion (TSCE) model,

217–218

type-C oncovirus vectors, 312–313

ULLC. see undifferentiated large light

cell (ULLC)

ultimate stem-cell number, 234

umbilical cord

transverse section, 278

Wharton’s jelly cells, 277, 278

therapeutic transfer, 284

umbilical cord blood

therapeutic transfer, 284

uncertainty principle

Heisenberg’s, 18, 233

of stem-cell biology, 18

undifferentiated large light cell (ULLC),

76, 77, 79

undifferentiated stem cells

antigenic markers, 272

unicryptal adenoma, 255

Unitarian theory of formation

epithelium, 97

vesicular stomatitis virus-G (VSV-G), 315

viruses

life cycle, 316

Wharton’s jelly cells of umbilical cord, 277,

278

therapeutic transfer, 284

wild-type p53 protein, 248

winged helix forkhead transcription factor

family, 249

wnt/beta-catenin pathway, 174, 242–247

apoptosis, 247

cell fate specification, 245

cell migration, 244

cell proliferation, 244

intestinal crypt, 245

wnt signaling, 101–102

adhesive property modulation,

104–105

cellular differentiation, 103–104

epidermis, 105

hematopoietic stem cells, 105

intestinal development, 102–103, 104

intestinal homeostasis, 103

intestines, 101–102

stem cells, 105

xenografts

breast, 72

X-linked severe combined immune deficiency

(X-SCID), 316, 367

zeroth control level, 4
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