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Preface

Studies on stem cells have been attracting intense scientific and pub-
lic attention, not only because of controversies surrounding the use of
embryonic stem cells but also because of very provocative data that
have been emerging on adult stem cells. Much of the public attention
and debate has been focused on the possibility that adult stem cells
may be used as a substitute for human embryonic stem cells or as a
justification for stopping work on them. This has somewhat dimin-
ished attention on very heated scientific debates that take us to the very
heart of how the concept of stem cells is perceived. To this author, the
latter debates have not been unlike certain philosophical debates of the
last century.

Since the seminal studies of Till and McCulloch in the 1960s, the
popular paradigm on adult stem cells has been that lineage-restricted
stem cells are derived from pluripotent stem cells very early during
development. To many, and consistent with much data, the restriction
to particular lineages was considered absolute. In other words, there
was a sense of determinism in the stem quality of particular stem cells:
once they were allocated, they were programmed to specific roles in a
given tissue. Furthermore, some adult tissues were considered devoid
of detectable stem cell presence or activity. During the last decade, new
challenges to our previous notions about stem cells have arisen, one
example being the demonstration of stem cells in adult neuronal tissue
where they had been said not to exist. Our certainty about stem cell
biology has been challenged even further by recent reports that previ-
ously designated tissue-restricted adult stem cells might not only be
multipotent but also pluripotent. In essence, the debate has become
similar to the that between Cartesian and Existentialist philosophers
many decades ago. Are stem cells fated to be particular stem cells
determined to particular lineage(s) or do they have they the capacity
to actualize diverse potentials in diverse environments? In other words,
do stem cells exercise “free will”? In a sense, we are debating in a
cellular context whether “essence precedes existence” or “existence
precedes essence” of stem cells.
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In Adult Stem Cells, the authors have made an effort, if not to enter
the philosophical debate, at least to contribute to current understand-
ing of the potential of several adult stem cell types and their regulation.
The debate is certainly still heated and ongoing, and we are confront-
ing new challenges to our understanding of stem cell biology on a
weekly basis. Nevertheless, it is hoped that this volume will challenge
all of us interested in stem cells to dream about, and to discriminate
between, the “essence” and the “existence” of stem cells.

I would like to express my appreciation to all contributors for their
unique contributions to this volume. I would also like to thank Elyse
O’Grady for supporting this project from its inception during a brief
conversation that we had at an ASCB meeting. I also acknowledge the
Humana Press staff for doing such an excellent job in publishing this
volume.

I would like to acknowledge Dr. Jane E. Aubin for her continuing
support and encouragement and to Dr. Aubin and N. Urfe for stimu-
lating discussions. Finally, a special thank you is due to Ms. Tammy
Troy for her unquenchable enthusiasm and support for our research
and for this project.

Kursad Turksen
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1
Adult Stem Cell Plasticity

William B. Slayton and Gerald J. Spangrude

1. INTRODUCTION

Although modern medicine has provided the ability to cure infections
and malignancy, the ability to repair damaged organs is less advanced. Solid
organ transplantation has been performed successfully, but is fraught with
problems such as rejection, infection, and secondary malignancy from
immunosuppression. Organ shortages create ethical issues with respect to
the equitable distribution of donated tissues. Regenerative medicine, the
field devoted to rebuilding damaged organs from stem cells, may provide
alternatives to solid organ transplantation. However, the field of regenera-
tive medicine is in its infancy. The potential sources of the tissues to regen-
erate organs include cloned cells, embryonic or fetal stem cells, or adult
stem cells. Although each of these sources of stem cells has potential bio-
logical advantages and disadvantages, ethical and legal concerns have been
raised by cloning (1–4) and the use of embryonic and fetal stem cells (5).

Adult stem cells might provide medical solutions that avoid the ethical
and legal problems of cloning and fetal stem cell approaches. Until recently,
stem cells from adult tissues were believed restricted in their capacity to
produce tissues other than the tissue from which they arose. A number of
studies have challenged this view. Specifically, these studies have suggested
that adult stem cells from various organs are plastic, meaning that they can
differentiate not only into their original source tissue, but also into cells of
unrelated tissue.

Bone marrow transplant has been used to treat nonhematopoietic disor-
ders such as osteogenesis imperfecta (6) and metachromatic leukodystro-
phy. However, in the case of osteogenesis imperfecta, transplanted
mesenchymal stem cells are believed to be the source of reparative osteo-
cytes. In metachromatic leukodystrophy, the mechanism of improvement is
unknown, but is thought to be related to a bystander effect of cells, with
normal aryl sulfatase circulating past diseased neurons (7,8). The role of the
hematopoietic stem cell as a replacement for diseased osteocytes or neurons
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has not been advocated as a possible mechanism for transplant-induced
improvement in these disorders.

Adult stem cell plasticity might allow, for instance, use of bone marrow
stem cells to replace damaged myocardial cells following ischemic damage,
pancreatic islet cells to cure insulin-dependent diabetes, or cells from the
substantia nigra to cure Parkinson’s disease. However, as exciting as the
prospect is for adult stem cells to solve some of our most daunting medical
challenges, newer studies have challenged the interpretation of some of the
pioneer studies that generated this excitement. This chapter is an overview
of the current controversies in adult stem cell biology.

2. EVOLUTIONARY PERSPECTIVE

Limb and organ regeneration is common among organisms. Alvarado
wrote an excellent review of the evolutionary aspects of regeneration (9).
Stem cell activity and regeneration can be studied at the most basic level in
simple organisms such as the planarian (10) (Fig. 1). In the planarian, the
molecular mechanisms underlying asexual modes of reproduction are indis-
tinguishable from mechanisms of regeneration following injury. In the
hydra, similar molecular messages that stimulate asexual reproduction are
triggered by injury. Primitive organisms capable of regenerating damaged
body parts include hydra, planarian, mollusks, insects, crustaceans, and echi-
noderms (starfish). Chordates that can regenerate include amphibians such
as frogs and salamanders.

Almost every phylum has species that are able to regenerate lost body
parts (9). Regeneration in these organisms requires the ability of cells in the
injured tissue to “dedifferentiate,” which requires the ability of these organ-
isms to regulate pluripotentiality. Sites of injury in chordates that regenerate
form an area of dedifferentiated cells called the “regeneration blastema,”
and the cells within this structure recapitulate molecular developmental pro-
cesses that occur during embryogenesis (9).

In summary, the ability to regenerate is a common trait shared by many
species. The reason some classes of animals have lost the ability to regener-
ate is unclear. Alvarado hypothesized that the ability to regenerate confers
neither a positive nor negative evolutionary bias, allowing this trait to disap-
pear in many classes of animals, including mammals (9). However, reversal
of cell fates and stem cell plasticity may be vestiges of these evolutionarily
ancient processes.
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Fig. 1. Bromodeoxyuridine labeling of regenerative stem cells in planarians
Phagocata sp. (upper left); Girardia dorotocephala (lower left); and Schmidtea
mediterranea (right). Scale bars: A, 150 microns; B, 300; C, 450. (From ref. 10.
Photo courtesy Dr. Alejandro Alvarado. Used with permission of Academic Press.)
(See color plate 1 in the insert following p. 82.)
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3. MODELS OF PLASTICITY

One way that stem cells might achieve plasticity prior to generating het-
erologous cell types is by reversion to a state similar to the embryonic stem
cell (11). The fact that the differentiated state is reversible was first inferred
from heterokaryon experiments (12). In these studies, cells from mature
muscle tissue were fused with cells of various mature phenotypes. Muscle-
specific genes were induced from nuclei of hepatocytes, keratinocytes, and
fibroblasts (13,14). The process of cell culture prior to transplant, as per-
formed in many of the studies involving brain or muscle, may allow for a
“dedifferentiation” process.

The concept of transdetermination that developed through experiments
performed in Drosophila melanogaster fits this model of plasticity. Imagi-
nal disks are areas of tissue within the fly larva that eventually develop into
adult cuticular structures such as antennae, legs, and wings. During meta-
morphosis, these cells synthesize pigment and secrete cuticle for specific fly
structures. When transplanted prior to metamorphosis, these disks still make
the part they would have made if not transplanted. However, imaginal disks
can be broken apart and transplanted into the abdominal cavity of adult flies,
where regenerative growth can occur. When subsequently transplanted into
the body cavity of a host larva, these cells will enter metamorphosis syn-
chronously with the host larva and produce the appendage that is appropri-
ate to the location of migration (11). The primary mechanism by which
neural stem cells (NSCs) acquire the ability to produce hematopoietic cells
seems to require a period in culture when such dedifferentiation may take
place.

Another model of plasticity contends that stem cells are common to all
tissues, but are limited in their ability to differentiate based on aspects of the
microenvironment (15). Supportive of this model is the fact that stem cells
from various tissues express numerous common genes. Common expres-
sion of subsets of genes found in cDNA (complementary deoxyribonucleic
acid) libraries generated from hematopoietic stem cells and neurospheres
has been reported (16). However, it is unclear why hematopoietic stem cells
lose their ability to self-renew when cultured, whereas NSCs grow well in
culture and maintain stem cell function. If all stem cells were equal, this
would not be the case.

In summary, the mechanisms by which stem cells from one tissue can
produce mature cells of another tissue have not been clearly established and
may vary depending on the particular conditions of the experimental system.
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4. PROVING PLASTICITY

A number of recent reviews have outlined the current controversies in
stem cell plasticity (12,17–19). Problems with initial studies in this field are
numerous. First, plasticity has primarily been inferred from the behavior of
undefined mixtures of cells. It is therefore unclear which cells in these mix-
tures produce the cells that give rise to the original and new phenotypes and
whether separate cell lineages arise from the same cell. Second, cell pop-
ulations have been transplanted following time in tissue culture, and it is
unclear whether the stem cells as originally isolated had the ability to pro-
duce heterologous tissue or whether epigenetic modification occurred
because of the culture period. Third, most studies have not demonstrated the
ability of transdifferentiating stem cells to self-renew. Finally, most studies
have not demonstrated functionality of the progeny of transdifferentiated
stem cells.

These criteria are the measure by which all further studies that claim to
demonstrate stem cell plasticity should be evaluated. Hematopoietic stem
cell biologists have developed a number of approaches to identify and char-
acterize the behavior of putative stem cells, and by using modifications of
these approaches, many of the controversial questions in this field will be
resolved. In summary, the science that has been performed to date suggest-
ing stem cell plasticity has not clearly established that adult stem cells are
plastic.

Technical limitations to each approach used to measure the presence of
donor-derived cells in recipient tissue following transplantation can also lead
to misleading results. For instance, two recent studies have demonstrated
that embryonic stem cells will fuse with hematopoietic cells or with NSCs
when cultured together, and that these chimeric cells will display the pheno-
type of both original cell types (20,21). The possibility of such fusion events
would call into question plastic behavior observed following a culture
period, especially when different cell types were mixed. When using the Y
chromosome or β-galactosidase (β-Gal) staining to detect donor-derived
cells, controls that measure background staining within specific tissue types
are crucial (18). Autofluorescence can be mistaken for the fluorescence of
green fluorescent protein. When evaluating studies that argue that stem cells
are plastic, a careful review of the model system, discovery whether prior
culturing of the cells was performed, and a review of experimental controls
are essential.
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5. BLOOD TO LIVER

Several studies have now demonstrated that bone marrow-derived cells
can produce hepatocytes. Petersen et al. demonstrated the contribution of
hematopoietic stem cells to oval cells, which are believed to be the resident
stem cell of the liver (22). Donor contribution to host liver was shown in
three ways:

1. Male donor marrow was infused into female recipients.
2. Cells obtained from dipeptidyl peptidase IV (DPP-IV)–positive male rats were

transplanted into DPP-I–negative female rats.
3. Whole liver transplants were performed using Lewis rats expressing the L21-

6 antigen as recipients and Brown-Norway rats not expressing this antigen as
the allogeneic bone marrow transplant donors (23).

In bone marrow transplant models, unmanipulated bone marrow cells
were transplanted into lethally irradiated hosts. Following engraftment, the
animals were given 2-acetylaminofluorene, which blocks hepatocyte prolif-
eration, and liver damage was induced using carbon tetrachloride. Two
weeks following injury, donor contribution to the organ was determined.
Between 0.1 and 0.15% of the hepatocytes were donor derived, and approx
0.1% of oval cells were donor derived (Fig. 2).

Theise et al. (24) showed that this phenomenon occurred in animals that
had not incurred massive hepatic injury. A cohort of female mice received
whole bone marrow cells from male mice following lethal irradiation. Mice
were sacrificed at various times following transplant. In addition to looking
at the effect of unseparated bone marrow, the investigators also looked at
animals that had received sorted CD34posLinneg cells, a subset of bone mar-
row that includes hematopoietic stem cells. All animals had up to 2% donor-
derived hepatocytes at 2 mo or longer posttransplant. Fluorescent in situ
hybridization (FISH) analysis for the Y chromosome of the donor cells was
utilized along with another probe to mRNA (messenger RNA) for albumin
to ensure that the signal came from hepatocytes. This study demonstrated
that the phenomenon of hepatic cell replacement was not completely depen-
dent on tissue damage.

An additional study by Theise et al. (25) showed that this phenomenon is
present following sex-mismatched human bone marrow transplant. Archived
fixed tissue was obtained following two bone marrow transplants involving
female recipients of bone marrow from male donors. In addition, tissue from
patients who had undergone liver transplant for which the recipients were
male and the donors were female were studied. Y chromosome–positive
hepatocytes and cholangiocytes ranged from 4 to 43% and 4 to 38%, respec-
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Fig. 2. Hepatic reconstitution of bone marrow derived cells. Brown Norway L21-negative liver was transplanted into a Lewis
animal (L21 positive). At 75 d posttransplantation, liver damage was induced with carbon tetrachloride. The liver was harvested
15 d later and stained for L21. (Photomicrograph courtesy Bryon Petersen.) (See color plate 2 in the insert following p. 82.)
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tively, with the highest levels seen in a patient with severe hepatic damage
secondary to recurrent hepatitis C disease. This important study suggested
that the phenomenon seen by Petersen and colleagues and Theise and
coworkers in rodents also occurs in humans.

Lagasse et al. (26) published a study suggesting that hepatocytes derived
from transplanted bone marrow cells are functional. In this study, a targeted
mutation of fumarylacetoactetate hydrolase (FAH–/–) in the mouse, an ani-
mal model of type I tyrosinemia, was utilized. These mice have an inborn
error of metabolism that causes liver failure and necrosis. Provision of 2-(2-
nitro-4-trifluoro-methylbenzyol)-1-3-cyclohexanedione (NTBC) protects
the animals from liver failure and renal tubular damage. In one set of experi-
ments, 1 million bone marrow cells were transplanted from male ROSA26/
129SvJ mice, wild-type for FAH and transgenic for the lacZ gene, the
Escherichia coli enzyme for β-Gal. The NTBC treatment was discontinued
3 wk after transplantation to give transplanted cells a selective advantage.
After several months, 20 to 50% of the liver mass of FAH–/– mice trans-
planted in this manner contained lacZ staining cells.

In the second set of experiments (26), small numbers of donor cells that
were highly enriched for hematopoietic stem cells based on expression of
stem cell–specific antigens were injected along with 200,000 FAH–/– cells
to promote survival from radiation conditioning. Animals that received 50
or more stem cells engrafted and had hepatic reconstitution, suggesting that
the cells that repair the liver in this model are contained within the
hematopoietic stem cell pool. In this study, they used the Y chromosome
and β-Gal expression to establish donor identity. Bone marrow cells lacking
expression of stem cell–specific antigens did not give rise to hema-
tolymphoid engraftment or to hepatocytes, which demonstrates that the
hematopoietic and hepatic activity is localized in the stem cell pool. Re-
cently, however, two subsequent reports demonstrated that the rescue of
hepatocyte function in this model system is a result of cell fusion rather than
plasticity (26a,26b). This observation raises the intriguing possibility that
primitive stem cells may be more fusogenic than other types of cells.

Krause et al. (27) performed a study to address the issue of the clonal
origin of transdifferentiated tissue. Stem cells were first enriched from bone
marrow based on negative selection for maturation antigens. These cells
were then stained with a membrane-bound dye (PKH26) and transplanted
into irradiated recipient mice. Two days later, PKH26-fluorescent cells were
isolated from the bone marrow of transplanted animals, and single cells that
had homed to the bone marrow were transplanted into secondary recipients.
Of 30 recipient animals, 5 demonstrated engraftment of lymphoid and my-
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eloid lineages long term. In addition, a high level of engraftment in epithe-
lial tissues was observed. In this study, 0.5% of cholangiocytes were donor
derived. Hepatocyte engraftment was not reported. Unexpectedly, a high
level (20%) of alveolar epithelial cells were donor derived, as well as 3.4%
of skin epithelium and lower levels of engraftment in the stomach, small and
large bowel, and bronchi.

6. MUSCLE TO BLOOD, BLOOD TO MUSCLE

Another area of active study has been the hematopoietic potential of
muscle-derived stem cells and the ability of hematopoietic stem cells to pro-
duce muscle. Jackson et al. (28) dissected muscle tissue from mice and cul-
tured these cells for 5 d in chick embryo extract. These conditions are
conducive to the growth of muscle satellite cells, which act as stem cells
within the muscle. Lethally irradiated mice were transplanted with 18,000
muscle cells mixed with 200,000 whole bone marrow cells to ensure sur-
vival. Hematopoiesis derived from muscle origin was determined based on
allelic expression of CD45 (Ly5.1/Ly5.2). Six weeks posttransplant, analy-
sis of the blood of transplant recipients showed the presence, based on
expression of the allelic antigen, of high levels of lymphocytes and myeloid
cells derived from muscle. These grafts were stable over the lifetime of the
mice. Using the techniques established for isolation of muscle satellite cells,
additional experiments evaluated the potential of mononuclear cells freshly
prepared from the muscles of C57Bl/6 Ly5.1 mice. However, it was unclear
from this study which cells within the cultured mixture provided the
hematopoietic activity or what effect chick embryo extract had on the cells
in culture.

Several reports have questioned the original interpretation of these stud-
ies, which was that muscle stem cells could transdifferentiate into the
hematopoietic lineage. More careful studies have provided evidence that the
only hematopoietic cells within muscle tissue are in fact bone marrow
derived. In one study, mice that were Ly5.1/Ly5.2 transplant chimeras were
used as donors in secondary transplants. These animals had bone marrow
that expressed one allele of CD45 and muscle progenitors that contained the
other allele of CD45. The donor-derived hematopoietic activity seen in the
secondary transplant was always concordant with the bone marrow pheno-
type, whether the activity was seen after transplant of muscle or bone mar-
row (29). Hematopoietic potential in muscle increased with the age of the
animal, suggesting that the observation of muscle-into-blood transdif-
ferentiation actually resulted from normal circulation and accumulation of
bone marrow stem cells in peripheral tissues. This is in contrast to the belief
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that only the bone marrow could successfully maintain the viability and
function of hematopoietic stem cells. Thus, the concept of transdif-
ferentiation in this context has evolved into an analysis of the factors that
attract and maintain hematopoietic stem and progenitor cells in sites distant
to and distinct from the bone marrow.

Although making blood from muscle is interesting, equally interesting is
the prospect of making muscle from blood. Ferrari et al. (30) showed that
circulating bone marrow-derived cells can repair chemically damaged
muscle in mice. In these studies, unfractionated marrow from mice express-
ing lacZ under the control of muscle-specific myosin light chain 3F pro-
moter was used, which causes β-Gal expression only in the nuclei of muscle
cells and progenitors. Muscle-specific expression of the donor marker elimi-
nates the possibility that circulating hematopoietic inflammatory cells could
have been mistaken for donor-derived muscle cells. These cells were trans-
planted into scid/bg mice sublethally irradiated. Muscle injury was chemi-
cally induced, and the contribution of the donor hematopoietic system to
muscle repair was determined. Donor-derived myocytes were seen in five of
six transplanted animals, although the degree of reconstitution was not
reported. This study suggested that myogenic progenitors are present in the
bone marrow, and that these cells can migrate to sites of muscle injury. How-
ever, this study did not establish whether this precursor arose from the hema-
topoietic stem cell.

However, there is additional evidence that the hematopoietic stem cell is
the source of myogenic potential in murine bone marrow. Several groups
have shown that bone marrow-derived side population cells, a preparation
of highly purified hematopoietic stem cells produced myocytes and partially
repaired muscle in mdx mice, a mouse model of Duchenne’s muscular dys-
trophy (31–33). Male bone marrow of wild-type origin was transplanted
into female mdx recipients, and male muscle cells were present and pro-
duced muscle-specific myf5 and myogenin. The role of fusion in this model
has not been reported.

In addition to the possible contribution to skeletal muscle regeneration
following transplant, several studies have suggested that bone marrow cells
may be able to repair damaged myocardial muscle cells following ischemic
damage. In one set of studies, Orlic et al. (34) sorted lineage-negative cells
positive for c-kit from male mice transgenic for green fluorescent protein
(GFP) and injected these cells directly into the contracting wall adjacent to
cardiac tissue that had undergone ischemic injury. Around 50% of the newly
generated cardiac myocytes were donor derived. Orlic and coworkers later
demonstrated high levels of donor-derived cardiac myocyte repair from stem
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cells mobilized from the bone marrow by cytokine exposure. However, nei-
ther of these studies utilized adequately purified hematopoietic stem cells to
rule out the possibility that nonhematopoietic cells that reside in the bone
marrow and are mobilized by cytokine treatment are responsible for cardiac
myocyte repair. Jackson et al. established that the bone marrow side popula-
tion cells were capable of ischemic damage repair in capillaries, larger blood
vessels, and the myocardial cells themselves (35).

In summary, the potential of muscle satellite cells to provide a source of
hematopoietic stem cells in disorders such as aplastic anemia or following
depletion of stem cells by chemotherapy and the prospect of the ability of
hematopoietic stem cells to repair skeletal and cardiac muscular damage
from disorders such as Duchenne’s muscular dystrophy are exciting poten-
tial clinical outcomes from this work. However, the hematopoietic activity
in muscle is likely of bone marrow origin. So far, no clonal studies have yet
clearly established that the same cell that reconstitutes the hematopoietic
system also is involved in cardiac repair.

7. BRAIN TO BLOOD, BLOOD TO BRAIN

Adult neurons were at one time thought to have a limited ability to be
replaced. However, recent studies have suggested that the adult central ner-
vous system has a considerable capacity to repair itself following injury. In
1999, Doetsch et al. identified NSCs in the subventricular zone, which pro-
duces neuroblasts that migrate to the olfactory bulb (36). This region has
been described as brain marrow because, similar to bone marrow, it is a
region of cell proliferation and neurogenesis (37). Murine NSCs give rise to
all germ layers when injected into chick blastocysts, suggesting that these
stem cells have a wide repertoire of possible fates (38). In addition, oligo-
dendrocyte precursor cells, responding to external signals in culture, have
been shown to revert to cells with the phenotype of neutral stem cells (39).

Unlike hematopoietic stem cells, which do not replicate in culture and
lose their ability to self-renew, NSCs can be grown in culture, where they
produce structures called neurospheres (40). Neurospheres contain cells that
can produce all of the different cell types that constitute normal brain. In
studying the behavior of neurospheres, the capacity of the cells from these
structures to produce blood was observed.

In one such study by Bjornson et al. (41), cells for transplant were derived
from tissue containing NSCs isolated from fetal brain and cultured and, in
separate experiments, from clonally derived NSC cell lines. Neurospheres
from prospectively isolated fetal NSCs were grown in epidermal growth
factor and basic fibroblast growth media. Donor animals and NSC cell lines
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were derived from ROSA26 animals, that are transgenic for lacZ. Contribu-
tion of the donor NSCs to the recipient blood was determined using H-2kb,
which is expressed by hematopoietic cells of donor origin (ROSA26), but
not of recipient (BALB/c) origin. Donor-derived engraftment was observed
in 100% of bone marrow recipients, 100% of embryonic NSC recipients,
70% of adult NSC recipients, and 63% of the clonal adult NSC recipients.
Between 35 and 65% of CD45-positive hematopoietic cells were donor
derived, regardless of whether initial tissue came from adult brain or embry-
onic brain. Donor-derived hematopoietic cells were present in the blood 5
to 12 mo posttransplant. Repopulation of the immune system after neural
cell transplant took an average of 3 wk longer than after bone marrow trans-
plant.

The authors (40,41) proposed that the conversion of neural cells to hema-
topoietic lineages does not occur immediately, or that NSCs proliferate more
slowly than hematopoietic stem cells. However, these studies involved the
culture of heterogeneous tissue following transplant, and it is unclear which
cell from this mixture produced blood. A subsequent attempt to replicate
this result was unable to show production of blood from NSCs
(neurospheres), and the authors suggested that epigenetic changes or muta-
tions need to occur for these cells to have hematopoietic potential that
exhibits plasticity (42).

Other studies have focused on the ability of bone marrow-derived cells to
contribute to the brain. In one such study, Eglitis and Mezey (43) showed
data to suggest that unfractionated bone marrow contributes to micro- and
macroglia following bone marrow transplant in mice. Donor contribution
was determined either by retrovirally tagged cells or by the Y chromosome
in sex-mismatched transplants. Recipient animals in this study had defec-
tive steel-factor receptors and, as a result, defective hematopoietic stem cells.
This provides the transplanted stem cells with a competitive advantage for
engraftment. In this study, donor-derived glial cells were present as early as
7 d following transplant, and these cells increased in number during the
posttransplant period. Previously, it was unknown whether these glial cells
were derived from neural progenitors or whether they had a hematologic
origin, so it is unclear whether this activity should be considered plasticity.
Furthermore, it is unclear whether these cells were functional, and whether
the mutant background of the recipient animals had any effect on the
engraftment of these cells within the brain.

In a study that similarly used mutant recipient animals, Mezey et al. (44)
studied the ability of bone marrow-derived cells to produce neurons in PU.1
null mice following bone transplant. PU.1 is a transcription factor expressed
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exclusively in blood. Knockout mice fail to produce macrophages, neutro-
phils, mast cells, osteoclasts, and B and T cells at birth. These animals
require bone marrow transplant in the first 48 h of life to survive and develop.
FISH analysis for Y chromosome, with concomitant immunohistochemistry
to identify cells containing NeuN, a nuclear protein found exclusively in
neurons, were used to determine donor-derived contribution to neurons. At
1–4 mo of age, animals were sacrificed and examined for donor-derived
tissue. Overall, between 2 and 4% of cells in the brain were Y chromosome-
positive, with less than 1% of the neurons donor derived. Areas with the
highest frequency of donor-derived cells were within the choroid plexus,
ependyma, and subarachnoid space, suggesting that the site of entry of these
cells from the bloodstream is the cerebrospinal fluid.

Questions of brain–blood plasticity would benefit from clonal studies that
can clearly demonstrate hematopoietic and neuronal potential from a single,
uncultured cell. The recent ability to isolate and purify NSCs prospectively
will allow such clonal studies to be performed (45,46) (Fig. 3). The ability
of these cells to produce hematopoietic cell fate without prior culture should
be determined because it is important to know whether this plasticity is
inherent to NSCs or somehow conferred on these cells by a period in cul-
ture. Furthermore, it is important to determine the karyotype of the donor-
derived cells that result from neurospheres produced in culture because the
hematopoietic activity may be the result of a fusion event within the cultured

Fig. 3. Human multipotent astrocytic stem cells. (Figure courtesy Dennis
Steindler.)
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tissues. A further question concerns the origin of adult NSCs and whether
there is trafficking between the brain marrow and bone marrow (47).

8. REESTABLISHING A BLOOD SUPPLY

Critical to the regenerative process is the ability to provide nutrients to
healing tissue, and this is dependent on the development of new blood ves-
sels. The origin of vascular endothelial cells has long been thought to be the
bone marrow, possibly from a precursor that was a predecessor of the
hematopoietic stem cell, a cell termed the hemangioblast (48,49). Grant et
al. (50) demonstrated both endothelial and blood reconstitution following
single-cell transplant of hematopoietic stem cells (Linneg Sca-1pos c-Kitpos)
from mice expressing green fluorescent protein into lethally irradiated
recipients. One month after the mice were hematopoietically reconstituted,
a retinal injury was induced with a laser. In every mouse that had hemato-

Fig. 4. Functional blood vessels derived from highly purified, bone marrow-
derived stem cells. (Courtesy Edward Scott.) (See color plate 3 in the insert follow-
ing p. 82.)
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poietic reconstitution, the regenerating blood vessels expressed GFP (Fig.
4) (50).

9. CONCLUSION

Adult stem cell biology is at the forefront of the emerging field of regen-
erative medicine, offering a source of cells to generate tissues that lack some
of the ethical and political impediments inherent in embryonic, fetal, and
cloned cells. However, much additional work is necessary to confirm that
the cells producing the unexpected plastic behavior are the same cells we
call stem cells, and that they fulfill the definition of these cells in every way.
The mechanisms by which blood stem cells can regenerate liver and brain
need further definition. It is important to know that cells that have adopted a
new fate will maintain that fate throughout the life of the organism and not
revert to their tissue of origin. It is also important to determine the risks of
transformation, particularly involving strategies that employ in vitro
manipulation of stem cells.

It is possible that focusing primarily on adult stem cells and ignoring the
clinical potential of therapeutic cloning or embryonic stem cells may lead to
missed opportunities to capitalize on the biological differences between
these stem cell sources. Each approach may be advantageous in certain clini-
cal situations. There will likely be a flurry of scientific activity to determine
the true potency of various types of adult stem cells.
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Spermatogonial Stem Cells

Dirk G. de Rooij

1. THE SEMINIFEROUS EPITHELIUM

Spermatogenesis takes place in the seminiferous tubules (reviewed in
ref. 1) (Fig. 1A). These tubules are lined by the peritubular myoid cells and
contain both germ cells at all steps of their development into spermatozoa
and a somatic cell type, the Sertoli cells (Fig. 1B). The Sertoli cells are situ-
ated on the basal membrane of the tubules, but have their ramifications
throughout the epithelium up to the tubule lumen. These cells support the
seminiferous epithelium by the secretion of growth factors (2) and other
factors like lactate and pyruvate, which some types of germ cells need for
their metabolism (3). In between the tubules, there is interstitial tissue con-
taining Leydig cells, which produce testosterone.

The process of spermatogenesis starts with mitotic divisions carried out
by a cell type called spermatogonia. The last mitotic division renders the
next cell type, the spermatocytes that go through S phase, then pass through
the lengthy prophase of the first meiotic division, and subsequently carry
out the two meiotic divisions to give rise to haploid spermatids. Initially,
spermatids have a round shape, but then elongate to become spermatozoa,
which leave the seminiferous tubules through the tubule lumen.

The mitotic divisions are carried out by spermatogonia on the basal mem-
brane of the seminiferous tubules. Various subsequent types of spermatogo-
nia can be distinguished and are discussed below. Because there is a
considerable difference between primate and nonprimate mammals,
nonprimates are discussed first, and primates are described separately.

2. SPERMATOGONIAL STEM CELLS IN RODENTS
AND OTHER NONPRIMATE MAMMALS

As in all renewing tissues, stem cells are at the basis of the spermatogenic
process. Spermatogonial stem cells are single cells located on the basal mem-
brane of the seminiferous tubules and are called A-single (As) spermatogo-
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nia (4–7). On division, spermatogonial stem cells give rise either to two new
single cells or to a pair of daughter cells (Apr spermatogonia) that do not
complete cytokinesis and stay connected by an intercellular bridge (8,9). In
all further divisions starting with the pair, cytokinesis will also be incom-
plete, leading to the formation of increasingly large syncytia of germ cells.
Hence, all differentiating progeny of a spermatogonial stem cell will stay
connected by intercellular bridges, which is a unique characteristic com-
pared to other renewing tissues. As Apr spermatogonia are morphologically
similar to As spermatogonia, the intercellular bridge is the first visible
expression of the entrance into the differentiation pathway.

It is not known yet whether the divisions of spermatogonial stem cells are
symmetrical (7). If the stem cells produce either two new stem cells or a
differentiating pair, the divisions can be called symmetrical. However, pre-
ceding such a division, there might be one in which one of the daughter cells
remains in the stem line and the other may already be predestined to produce
a pair at its next division.

3. DIFFERENTIATING PROGENY OF STEM CELLS

As described above, the first cells in the spermatogenic lineage destined
to develop into spermatozoa are the Apr spermatogonia. These Apr sper-

Fig. 1. (A) Section of a mouse testis showing cross sections through seminifer-
ous tubules in the wall where spermatogenesis takes place. In between the seminif-
erous tubules, there is the interstitial tissue. (B) Part of a seminiferous tubule and
interstitial tissue showing the cell types in the testis: arrowheads, Sertoli cells;
asterisks, Leydig cells in the interstitial tissue; arrows, spermatogonia; c, spermato-
cytes; r, round spermatids; e, elongated spermatids.
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matogonia divide further to form chains of 4, 8, and occasionally up to 32
so-called A-aligned (Aal) spermatogonia (Fig. 2). The Aal spermatogonia
can go through a differentiation step and become so-called A1 spermatogo-
nia. This differentiation step involves slight morphological changes (10) and
brings about a change in cell cycle characteristics of the spermatogonia (11–
14). Although As, Apr, and Aal spermatogonia cycle more or less at random,
the A1 spermatogonia and following generations of spermatogonia prolifer-
ate with a very strict cell cycle time (e.g., about 30 h in the mouse) (15). In
most nonprimate mammals, there are six divisions following the formation
of A1 spermatogonia; the last gives rise to spermatocytes. In rodents, there

Fig. 2. Scheme of the subsequent types of cells in the spermatogenic lineage in
the mouse and rat and the supposed way spermatogonial multiplication and stem
cell renewal takes place.
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are about 10 spermatogonial divisions between the spermatogonial stem
cells and the formation of spermatocytes (7).

4. CYCLICITY OF THE SPERMATOGENIC PROCESS

Spermatogenesis is a cyclic process. During a species-specific period of
time, each area of the seminiferous epithelium goes through a strictly regu-
lated sequence of events and at the end returns to the starting situation. This
is called the cycle of the seminiferous epithelium (a review is given in ref. 1).
This cycle also affects the spermatogonial stem cells because they go
through a period with relatively high proliferative activity, during which
they divide two or three times, and then these cells are quiescent for some time
(16). During the whole cycle of the seminiferous epithelium, the numbers of
stem cells and Apr spermatogonia remain about the same (17,18). Some of
the As spermatogonia divide into Apr; the accompanying stem cell loss is
balanced by self-renewing divisions of other As spermatogonia. As Apr sper-
matogonia divide, they become Aal spermatogonia; consequently, during the
period of active proliferation, more and more Aal spermatogonia are formed.
Once every epithelial cycle, the Aal spermatogonia differentiate into A1 sper-
matogonia, which start the series of (mostly six) divisions to become sper-
matocytes.

5. CHARACTERISTICS OF SPERMATOGONIAL STEM CELLS

5.1. Morphological and Cell Cycle Characteristics
of Spermatogonial Stem Cells

Spermatogonial stem cells lie amid the other types of spermatogonia,
newly formed spermatocytes, and Sertoli cells on the basal membrane of the
tubules. These stem cells can be recognized morphologically using a special
technique. Pieces of seminiferous tubules are prepared in their entirety to
produce whole mounts of these structures (19). These whole mounts of
seminiferous tubules enable study of the topography of the spermatogonia
lying on the basal membrane and to distinguish singles, pairs, and chains of
these cells (Fig. 3). Hence, differential cell counts of stem cells and Apr and
Aal spermatogonia can be carried out. Furthermore, a method was devel-
oped to perform autoradiography on these whole mounts (20). Using 3H-
thymidine and the labeled mitoses technique, it was found that
spermatogonial stem cells have a relatively long cell cycle time of at least
56 h in the rat (11) and 90 h in the Chinese hamster (14). These cell cycle
times resemble those of Apr and Aal spermatogonia, but are longer than in
subsequent types of spermatogonia (12,13).
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5.2. Purification of Spermatogonial Stem Cells

In one adult mouse testis, there are about 35,000 stem cells, which is only
0.03% of all germ cells (18).Various techniques have been developed to
purify the total population of A spermatogonia, achieving a purity varying
between 85 and 98% (21–23). Unfortunately, in the mouse only about 3% of
the A spermatogonia were calculated to be stem cells (18), and it will not
likely be much different in other animals. Hence, although a 100-fold
enrichment of stem cells can be achieved by purifying A spermatogonia, the
purity is still very low. To increase the purity, a method has been developed
to isolate spermatogonia from rats deficient in vitamin A (24). In these rats
and mice, spermatogenesis is arrested at the differentiation step of Aal into
A1 spermatogonia, and the testes of these animals only contain As, Apr, and
Aal spermatogonia (25). A cell population containing roughly 10% stem cells
can be obtained using animals deficient in vitamin A (18,24).

Certain biochemical markers have been used to enrich spermatogonial
stem cells (26,27). Using anti-β(1)- and anti-α(6)-integrin and negatively

Fig. 3. View on the basal membrane of a mouse seminiferous tubule. Cells present in
this particular area are Sertoli cells (indicated by asteriks), preleptotene spermatocytes,
and an As spermatogonium (indicated by the arrow), the spermatogonial stem cell.
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selecting for the c-kit receptor, which is not present on spermatogonial stem
cells (28), a 40-fold enrichment of spermatogonial stem cells from testicular
germ cells could be accomplished (26).

Taken together, the state of the art in the purification of spermatogonial
stem cells has not yet reached any further than purity of about 10% at most.
More specific membrane markers for these cells will have to be found for
further progress in this field.

5.3. Functional Test for Spermatogonial Stem Cells:
Spermatogonial Stem Cell Transplantation

The presence of spermatogonial stem cells or their functionality can be
checked by the spermatogonial transplantation technique developed by
Brinster and coworkers (29,30). In this technique, germ cells of one mouse
are transplanted into the testes of a recipient mouse, the endogenous sper-
matogenesis of which is depleted by treatment with the alkylating agent
busulfan. Also, mice carrying the Wv/Wv mutation can be used since their
testes do not contain germ cells. The donor stem cells repopulate the semin-
iferous epithelium of the recipient mice.

Interestingly, rat spermatogonial stem cells also are able to repopulate the
mouse testes and produce normal rat spermatogenesis in the mouse (31,32).
However, stem cells from other species transplanted into mouse testes either
produce defective spermatogenesis (for hamster, see ref. 33) or initiate
repopulation by spermatogonia only (for rabbit and dog, see ref. 34; for the
bull, see ref. 35). Spermatogonial cells from rabbit, dog, and bull form pairs and
chains of A spermatogonia, indicating that these stem cells do produce differ-
entiating Apr spermatogonia, but these cells fail to develop further into A1.

6. REGULATION OF STEM CELL RENEWAL
AND DIFFERENTIATION

Like all other renewing tissues, the seminiferous epithelium is able to
react to cell loss and especially stem cell loss by mechanisms that initiate
enhanced stem cell renewal to replace the lost cells. The potential of recov-
ery of spermatogonial stem cells has been studied extensively at the cellular
level by studying the reaction of the seminiferous epithelium to irradiation.
In addition, data have become available on the genes involved in the regula-
tion of spermatogonial stem cell renewal and differentiation.

6.1. Regulation at the Cellular Level

The seminiferous epithelium has several levels of response to cell loss or
insufficient cell production, such as after irradiation or treatment with cyto-
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static agents (Table 1). At the first level, small local shortages in cell num-
bers are abolished in a way made possible by the fact that the stem cell
compartment generally produces too many differentiating cells. It has
become clear that stem cell density varies considerably in different areas of
seminiferous tubules; consequently, the number of differentiating cells pro-
duced also varies considerably (36,37). This varying density of the differen-
tiating cells evens out by density-dependent apoptosis of spermatogonia. In
high-density areas, many spermatogonia undergo apoptosis; only few or
none do so in low-density areas (38). The result is an even distribution of
spermatocytes over the seminiferous epithelium. At the same time, how-
ever, this density regulation mechanism serves as a mechanism to deal with
relatively minor dips in local cell production and occasional cell loss. Sec-
ond, although in the normal seminiferous epithelium stem cells and Apr and
Aal spermatogonia only proliferate during a restricted part of the epithelial
cycle, after cell loss the inhibition of the proliferative activity at the end of
the proliferation period does not take place (39,40). Prolonged proliferation
can then help enhance production of differentiating cells as well as stem
cells.

In case of severe cell loss, there is a third level of response. It was found
that, after a high dose of irradiation, surviving spermatogonial stem cells
only self-renew during at least their first six divisions, leading to a rapid
recovery of stem cell numbers in those areas where one or more stem cells
did survive (41). Nothing is known yet about the triggers involved in pre-
venting stem cell differentiation or enhancing self-renewal in such a
situation.

Table 1
Ways the Seminiferous Epithelium Can Cope
With Various Degrees of Cell Loss

Degree of cell loss Epithelial reaction

Minor shortage in spermatogonial Less density-related apoptosis of
spermatogonia

Greater than 50% loss of spermatogonia Enhanced proliferation of As, Apr, and
Aal spermatogonia

Very severe (stem) cell loss Stem cells only self-renew during at
least the first six divisions after cell
loss



26 de Rooij

6.2. Stem Cell Niches in the Seminiferous Epithelium

In several renewing tissues, stem cells were found to occupy specific
areas. For example, in the intestine, stem cells reside near the bottom of the
crypts (42), and stem cells in the bone marrow are supposed to occupy spe-
cific niches (43). Until very recently, in the seminiferous epithelium no such
niches were found for spermatogonial stem cells. Now, it has become clear
that most spermatogonial stem cells are present in those areas of seminifer-
ous tubules that border interstitial tissue (10) (Fig. 4). Apparently, the inter-
stitial tissue affects stem cell behavior. One could speculate that this is
caused by the high testosterone levels present in these areas. In this respect,
it is interesting that high testosterone levels have been found to prevent the
differenti-ation of Aal spermatogonia into A1 spermatogonia (44–46). Possi-
bly, testosterone also has a role in regulating stem cell behavior. However, it
has to be kept in mind that germ cells do not possess androgen receptors, so
tes-tosterone can only indirectly affect spermatogonia via peritubular myoid
cells or (more likely) Sertoli cells, which both express this receptor.

6.3. Genes Involved in the Regulation of Stem Cell Behavior

Although from the above it is clear that the ratio between self-renewal
and differentiation of spermatogonial stem cells is under the control of regu-
latory mechanisms, the genes involved in such mechanisms are largely
unknown. However, recent data indicate that glial cell line derived neu-
rotrophic factor (GDNF) is involved (Fig. 4). GDNF normally is secreted by
Sertoli cells (47); a subset of spermatogonia, Ret and GDNF family receptor
α-1 (GFR-α1), expresses the receptors for this growth factor (48). On ectopic
expression of GDNF in spermatogonia, large clusters of single type A sper-
matogonia are formed, and normal spermatogenesis is suppressed. More-
over, in mice overexpressing GDNF in spermatogonia, seminomatous germ
cell tumors are formed at about 1 yr of age (49). GDNF-deficient mice die
during the first postnatal day (50), whereas the heterozygotes survive. In
these mice, spermatogenesis deteriorates with age as spermatogonia are
depleted (48). It was concluded that GDNF has a role in the regulation of
self-renewal and differentiation of spermatogonial stem cells. Too high lev-
els of GDNF prevent differentiation and cause accumulation of stem cells, and
low levels favor differentiation over self-renewal and cause stem cell depletion.

Furthermore, very recent data indicate that, in the classical spontaneous
mouse mutant luxoid, adult males exhibit a progressive loss of spermatogo-
nial stem cells (51). Apparently, the as-yet-unknown gene involved in this
mutation also has a role in the regulation of spermatogonial stem cell renewal
and differentiation (Fig. 5).
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Fig. 4. Testis section as in Fig. 1B. A dark line is drawn over those parts of the
tubule membrance on which most stem cells are expected to be present.

Fig. 5. Molecular regulation of spermatogonial stem cell renewal and differen-
tiation.
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7. SPERMATOGONIAL STEM CELLS IN THE HUMAN
AND OTHER PRIMATES

7.1. Spermatogonial Cell Types in Primates

Spermatogonial multiplication and stem cell renewal in primates has been
described in much less detail than in rodents. As in rodents, in primates
there are A and B spermatogonia, but the composition of the type A sper-
matogonial population is less clear. The A spermatogonia have been subdi-
vided into Apale and Adark spermatogonia according to their staining with
hematoxylin (52). The Apale spermatogonia divide once every cycle of the
seminiferous epithelium. In the human, this means that they divide only once
every 16 d (53,54). Adark spermatogonia in the normal situation are quies-
cent cells and are supposed to be reserve (stem) cells.

7.2. Nature of the Apale and Adark Spermatogonia

An important question is whether Apale and Adark are spermatogonial stem
cells. To answer this question, an obvious approach is to look at the topo-
graphical arrangement of these spermatogonia on the basal membrane. In
the normal seminiferous epithelium, the density of Apale and Adark sper-
matogonia is relatively high. Therefore, the clones are too close together to
decide whether Apale and Adark spermatogonia consist of clones of 1 or 2n

cells comparable to spermatogonia in nonprimate mammals. However, such
a clonal arrangement could be observed for both Apale and Adark spermatogo-
nia during repopulation after irradiation, when spermatogonial density is
much lower (55). In that situation, singles, pairs, and chains of Apale and
Adark spermatogonia can be observed in tubule whole mounts. As it seems
unlikely that the spermatogonial compartment would be principally differ-
ent between primates and nonprimate mammals, it has been hypothesized
that only the single cells among the Apale and Adark spermatogonia have stem
cell properties (55,56).

7.3. Difference Between Apale and Adark Spermatogonia

Another question is what the principal difference, except for the differ-
ence in proliferative activity, between Apale and Adark spermatogonia is. It
has generally been assumed that Adark spermatogonia are reserve (stem)
cells. The first real evidence for such a reserve function came from a study
in irradiated monkeys. In rhesus monkeys, shortly after irradiation, it was
found that the number of Apale spermatogonia decreased to a minimum at
about d 9 after irradiation; there was no change in the number of Adark sper-
matogonia (57). This pattern can be explained by the different proliferative
activity of these cells. Irradiation kills the cells when they divide; conse-
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quently, the proliferating Apale die, and the quiescent Adark survive. How-
ever, after longer intervals than 9 d, the Adark spermatogonia also decreased
in number concomitant with a transient rise in the number of Apale. Finally,
both cell types dropped to very low numbers. The transient nature of the
increase in Apale after more than 9 d after irradiation can be explained
by assuming that, after the decline in Apale numbers, the Adark spermatogo-
nia are activated. The activation first causes the Adark to acquire the Apale
appearance and accompanying proliferative activity. Then, having become
Apale, they try to divide, but because of the lethal radiation damage acquired
during the time they were Adark, proper division fails, and the cells enter
apoptosis.

7.4. Conclusion

The Apale and Adark spermatogonia in primates are topographically
arranged in singles, pairs, and chains of spermatogonia. Unless spermatogo-
nial renewal and multiplication in primates is totally different from that in
nonprimate mammals, only the singles among them are stem cells and are
comparable to the As in nonprimates (Fig. 6). Only the Apale spermatogonia
are able to proliferate and do so once every epithelial cycle. From this, it can
be deduced that the formation of a chain of eight from a differentiating stem
cell will take three cycles (i.e., 48 d in the human). The Adark spermatogonia
are quiescent and only are activated after cell loss. When these cells are
activated, they become Apale spermatogonia first and then start to prolifer-
ate. During repopulation by surviving stem cells, new Adark spermatogonia are
set aside again (55). In comparing primate to nonprimate spermatogenesis,
it is clear that there is much less proliferative activity of the stem cells in the
primate seminiferous epithelium, even by the active stem cells, the Apale. A
quiescent stem cell compartment, the Adark, is missing in nonprimate mam-
mals. The low proliferative activity of spermatogonial stem cells in primates
seems advantageous because this lowers the chance of errors in deoxyribo-
nucleic acid (DNA) duplication during S phase. The less stem cells divide,
the better (58).

8. DIFFERENTIATION CAPACITY OF SPERMATOGONIAL
STEM CELLS AND THEIR PRECURSORS

Spermatogonial stem cells originate from primordial germ cells (PGCs),
which derive from epiblast cells (embryonal ectoderm) (59). During fetal
development, the PGCs proliferate and migrate to the genital ridges, where
they become enclosed in the seminiferous cords formed by Sertoli cell pre-
cursors. Once in the seminiferous cords, the cells are called gonocytes, which
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are morphologically different from the PGCs (60–62). Gonocytes prolifer-
ate for a while and then become quiescent. In mice and rats, gonocytes start
spermatogenesis shortly after birth and give rise to spermatogonial stem cells
as well as the first A1 spermatogonia (see review in ref. 63).

PGCs are single cells that, in culture, can form colonies of cells that mor-
phologically resemble undifferentiated embryonic stem cells (ES cells; see
ref. 64). On feeder layers, these cells can be maintained for a long period of
time and can give rise to embryoid bodies and to various cell types in mono-
layer culture. ES cells that are primordial germ cell derived can contribute
to chimeras when injected into host blastocysts (64). Hence, PGCs are stem
cells that still have the capacity to differentiate in various directions.

The next cell type in the spermatogenic cell lineage, the gonocytes, can
only be cultured in the presence of Sertoli cells (65); PGCs can be cocultured
with other types of somatic cells. Furthermore, it has been shown that, in
gonocytes, cytokinesis is not completed, leading to the formation of inter-
cellular bridges between daughter cells (66). As described above, in the adult
testes intercellular bridge formation is a sign of differentiation; conse-
quently, many gonocytes may already be destined to differentiate along the
spermatogenic lineage. From these data, it can be concluded it is likely that
in the spermatogenic lineage the multipotentiality of the stem cells is lost at
the transition from PGCs to gonocytes.

9. FUTURE DEVELOPMENTS IN SPERMATOGONIAL STEM
CELL RESEARCH

Although until recently the emphasis of spermatogonial research was
more on the regulation of the As, Apr, and Aal spermatogonia as a group, now

Fig. 6. Proposed scheme of spermatogonial multiplication and stem cell renewal
in primates.
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specific data on the molecular regulation of the spermatogonial stem cells
themselves are rapidly emerging. GDNF and its receptors and the gene
involved in the luxoid mutation seem directly involved in the regulation of
stem cell behavior. Furthermore, testosterone clearly has an indirect role
and may even be responsible for the intriguing fact that spermatogonial stem
cells are preferably present in those areas of seminiferous tubules that bor-
der interstitial tissue. These findings and the possibility to perform func-
tional tests of stem cells by way of the spermatogonial stem cell
transplantation technique open this field for new approaches to establish the
regulatory mechanisms that govern spermatogonial stem cell renewal and
differentiation.
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Stem Cells in Skeletal Muscle

Anna Polesskaya and Michael Rudnicki

1. INTRODUCTION

Skeletal muscle is responsible for movement in animals. Pathologies of
muscle tissue have serious consequences for the patient, such as decreased
mobility, paralysis, and, in extreme cases, death. Often, those conditions are
refractory to conventional medical treatments. This explains why much
effort in fundamental research is directed toward understanding the com-
plex physiology of skeletal muscle, particularly the means of maintenance
and repair of this tissue.

Muscle fibers are multinucleated, with the nuclei located just under the
plasma membrane. Most of the skeletal muscle cell is occupied by striated,
threadlike myofibrils, and within each myofibril, there are dense Z lines. A
sarcomere (or muscle functional unit) extends from Z line to Z line. Each
sarcomere has thick and thin filaments. The thick filaments are made of
myosin and occupy the center of each sarcomere; thin filaments are made of
actin and anchor to the Z line. Muscles contract by shortening each sarcom-
ere. The sliding filament model of muscle contraction has thin filaments on
each side of the sarcomere that slide past each other until they meet in the
middle. Myosin filaments have club-shaped heads that project toward the
actin filaments and swivel toward the center of the sarcomere in thousands
of cycles dependent on adenosine triphosphate (ATP) during each muscle
contraction (1,2).

With each skeletal muscle contraction, considerable mechanical stress
occurs, leading to damage and wearing out of muscle fibers. How does the
skeletal muscle tissue repair itself?

Muscle fibers are mitotically quiescent. Postnatal growth, repair, and
maintenance of muscle fibers are carried out by a distinct myogenic lineage
of muscle stem cells, or satellite cells. Satellite cells, first described in 1961
(3), are the primary means of forming the muscle mass in adults. These
quiescent cells adhere to muscle fibers during embryogenesis and are cov-
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ered by the continuous basal lamina in adult skeletal muscle (4,5). Immedi-
ately following injury, trauma, or exercise, satellite cells are activated and
undergo multiple rounds of division prior to fusing with existing or new
myofibers (6; reviewed in ref. 7). In rodents, the population of satellite cells
decreases with age, which is consistent with the role of these cells as muscle
stem cells (8). At birth, satellite cells account for about 32% of muscle
nuclei, followed by a drop to less than 5% in the adult. In human degenerat-
ing muscle diseases, such as Duchenne muscle dystrophy, the number of
satellite cells is severely reduced, most likely because of increased demand
for regeneration of muscle fibers (9). Therefore, satellite cells play an essen-
tial role in postnatal muscle growth, muscle regeneration, and muscle hyper-
trophy (for review, see ref. 10).

The developmental origin of satellite cells and the ways and means of
their self-renewal in adults are two rapidly progressing domains of muscle
stem cell research that are constantly yielding new information. In addition
to satellite cells, another precursor cell population called adult stem cells
has been identified in skeletal muscle and many other tissues. Adult stem
cells have been found within many organs or tissue types of adult mammals,
such as bone marrow (11), brain (12,13), and skin (14). Skeletal muscle also
contains a pool of primitive, nondetermined, even pluripotent stem cells that
are quite distinct from satellite cells (15,16; reviewed in ref. 17). In this
case, two alternative hypotheses could be considered. Either adult stem cells
and satellite cells represent two independent means by which cells contrib-
ute to postmitotic growth and maintenance of muscle or adult stem cells are
the precursors of satellite cells.

2. ACTIVATION AND DIFFERENTIATION OF SATELLITE
CELLS

Activation of satellite cells is regulated by the MyoD family of basic
helix–loop–helix (bHLH) transcription factors, also called MRFs (myogenic
regulatory factors) (10). This family includes MyoD and Myf5, which are
expressed in determined myoblasts, as well as myogenin and MRF4, the
factors that regulate terminal myogenic differentiation (reviewed in ref. 18).
The expression pattern of MRFs during the activation, proliferation, and
differentiation of satellite cells is analogous to the program regulating the
embryonic development of skeletal muscle (Fig. 1). Resting satellite cells
do not express any of the MRFs, but rapidly following activation, they start
expressing either MyoD or Myf5 and follow by coexpression of MyoD and
Myf5 soon after (19). Proliferation of activated satellite cells (myogenic pre-
cursor cells, MPCs) is followed by expression of myogenin and MRF4 dur-
ing terminal differentiation (20).
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Satellite cells appear to be able both to self-renew and to proliferate and
contribute to a certain tissue type. These two functions are regulated by dis-
tinct mechanisms, as illustrated by the analysis of satellite cells from the
MyoD–/– knockout mice (21). Skeletal muscle from these mice has a
severely reduced capacity for regeneration, even though there are more
satellite cells. These differences become even more striking when the
MyoD–/– mice are interbred with mdx mice, the animal model for Duchenne
muscular dystrophy. In the double-mutant mice, the number of satellite cells
exceeds the wild-type 13-fold, yet there is pronounced muscle atrophy and
absence of regeneration (22). These results suggest that, in vivo,
upregulation of MyoD is required for satellite cells to enter the MPC prolif-
erative phase that precedes terminal differentiation. In the absence of MyoD,
satellite cells seem to demonstrate an increased ability to self-renew and a
decreased differentiation potential.

3. DEVELOPMENTAL ORIGIN OF SATELLITE CELLS

In vertebrates, all skeletal muscle cells arise from the somites, the tempo-
rary mesodermal structures situated next to the neural tube and notochord
in embryogenesis. The development of somites is largely regulated by sig-
nals from these adjacent structures, which leads to myogenic specification
of muscle precursor cells of the somites. Once committed, the myoblasts
migrate from the somites and begin the formation of body and limb skeletal
muscle. Muscle satellite cells are also supposed to arise, fully or partially,
from the somites during embryogenesis. Not all of the determined myogenic
cells differentiate immediately and contribute to formation of body and limb
muscle. A number of various signals can delay myogenesis, allowing pro-

Fig. 1. Activation, proliferation, and differentiation of muscle satellite cells.
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liferation of a population of muscle progenitor cells that will become satel-
lite cells (reviewed in ref. 3). These cells are recruited to satellite cell com-
partments throughout embryogenesis and form a considerable part of
skeletal muscle at birth.

Many of the signals that control cell fate in the somite have been identi-
fied. Sonic hedgehog is apparently responsible for the early activation of the
myogenic bHLH genes MyoD and Myf5 (24,25). Sonic hedgehog also has a
role in expanding the population of muscle precursor cells that populate the
limb and can generally be described as a survival-promoting factor for myo-
genic cells (26). Another family of signal transduction proteins that regu-
lates myogenesis, the Wnt family, consists of multiple proteins that activate
different signal pathways within myoblast precursors (for review, see ref.
27). The Wnt signaling leads to activation of Myf5 and MyoD synthesis and
commitment of the myoblast precursors within somites.

A scenario for exclusively somitic muscle development emerges from the
classical studies described above. However, De Angelis and colleagues sug-
gested that satellite cells have nonsomitic origins (28). These authors dem-
onstrated that clonal myogenic MPCs are readily isolated from explants of
embryonic aorta. In vitro, these clones exhibit morphology similar to that of
satellite cells derived from adult skeletal muscle and coexpress a number
of myogenic and endothelial markers. MPCs can also be isolated from limbs
of late-stage c-Met–/– and Pax3–/– mutant embryos. Those mice are severely
deficient for determination and migration of myogenic precursors, resulting
in complete absence of muscle cells in embryo limbs. However, the vascular
system of those embryos is formed normally, suggesting that the MPCs
derived from these tissues have endothelial origins. In vivo, aorta-derived
MPCs can participate in skeletal muscle regeneration and give rise to many
myogenic cells when introduced into skeletal muscle of immunodeficient mice.
Importantly, explants of the dorsal aorta in vitro do not give rise to muscle,
suggesting that myogenic specification of MPCs requires signals from the
surrounding skeletal muscle tissue. The authors hypothesized that, in devel-
opment, endothelial progenitors from growing blood vessels in skeletal
muscle might be recruited to the muscle precursor pool and later contribute
to satellite cell population. The fact that muscle satellite cells express such
endothelial markers as V-cadherin, vascular endothelial growth factor recep-
tor 2 (VEGFR-2), αM-integrin, β-integrin, P-selectin, smooth α-actin, and
PECAM supports this hypothesis. Thus, myogenic specification of pluripo-
tent stem cells is likely to depend on environment-specific, secreted signal
transduction proteins.

Embryonic myogenesis is also regulated by transcription factors of the
homeobox family, Pax3 and Pax7, two factors of the protein family regulat-
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ing multiple developmental processes. Early expression of Pax3, but not
Myf5 or MyoD, is supposed to be a mechanism that delays terminal differ-
entiation of a population of myogenic precursors, allowing them to expand
and form a sufficient pool of myoblasts to form the body muscle (29). In a
majority of myoblast precursors, expression of Pax3 precedes that of myo-
genic bHLHs and has been hypothesized to regulate positively the migra-
tion of myoblasts to the limbs and their further terminal differentiation
(30,31).

Pax7 is expressed in quiescent and activated satellite cells and is abso-
lutely necessary for the specification of the muscle satellite cell lineage. The
skeletal muscle of Pax7–/– mice does not contain satellite cells (32), even
though the structure of muscle at birth is comparable to that of the wild-type
mice. However, in postnatal development, Pax7 knockout mice grow at a
much slower rate than their wild-type siblings and die between 2 and 3 wk
of age. The skeletal muscle of Pax7–/– mice is small, with 30% reduction in
fiber diameter, compared to wild-type mice. Taken together, these data on
the roles of Pax proteins in myogenesis suggests an important function for
Pax3 in prenatal development, specification, and location of muscle precur-
sor cells, as well as for Pax7 in determining and maintaining the population
of satellite cells in adult skeletal muscle.

4. STEM CELLS IN ADULT SKELETAL MUSCLE AND OTHER
TISSUES

Until recently, satellite cells were presumed to be the only candidates for
the role of stem cells of skeletal muscle. However, multiple groups have
demonstrated that stem cells isolated by various techniques either from bone
marrow (15,33) or from brain (34,35) can contribute to myotube formation
in vitro or to skeletal muscle repair in vivo. The isolation of a highly enriched
population of stem cells from various tissues was based on methods that
made use of the ability of stem cells to exclude dyes actively, like Rhodamin
123 and Hoechst 33342 (11,36). The population of cells thus isolated (side
population, SP) was characterized with astonishing plasticity.

In addition to the above-mentioned examples of myogenic potential of
SP cells from bone marrow and brain, it was also shown that skeletal muscle
SP cells can contribute to both muscle and hematopoietic compartments in
mice (15,16,33), and that unfractionated bone marrow cells can reconstitute
the hepatic cell lineage (37) and muscle (33). Strikingly, adult stem cells
from brain were reported to repopulate the hematopoietic system of lethally
irradiated recipients (38). However, this last result was not reproducible with
primary neural stem cells and awaits further investigation (39).
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These unexpected findings seriously challenged the classical views of the
tissue-restricted fate of stem cells. Therefore, it is very important to raise the
issue of possible heterogeneity within the enriched populations of SP cells
from various tissues. Indeed, heterogeneity has been reported in the hemato-
poietic stem cell population (40), and it is presently not known whether fate
changes of somatic stem cells reflect the ability of a presently undefined
subfraction of a given stem cell population.

The possible solution to the problem of heterogeneity of SP cells, or stem
cells from various tissues, is the determination of surface-specific markers
characteristic for each stem cell type. This approach, combined with func-
tional assays, will gradually allow the isolation of stem cells with great pre-
cision and homogeneity. Given that the plasticity of SP from different tissue
types will be confirmed for purified stem cells, how can this plasticity be
explained?

One explanation is the existence of one type of primitive stem cell that
penetrates all tissue types, perhaps during development, but preserves its
pluripotential characteristics (41) (Fig. 2A). A variation of this hypothesis is
to presume the existence of a number of such stem cell subtypes, each with

Fig. 2. Hypotheses concerning the origin of adult stem cells. (A) Stem cells
develop from common primitive precursor (possibly hematopoietic stem cell
[HSC]), are trapped in various tissues during embryogenesis or early postnatal
stages, and are committed to those tissues by local signals. This theory suggests a
certain level of determination of adult stem cells and does not explain their plastic-
ity. (B) Stem cells can be recruited to different organs and tissues by specific sig-
naling molecules. In the absence of such signals, the yet-unidentified precursors of
stem cells form part of the blood vessel system.
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a potential to contribute to some, but not all, lineages (neurohematopoietic,
neuromuscular stem cells).

Another, quite different, explanation is to hypothesize that some cells in
an adult organism can be recruited to different tissue types by certain
chemokines and signal transduction proteins, but in the absence of such sig-
nals, they form part of another tissue (Fig. 2B). Obvious and logical candi-
dates for this role will be cells that form the blood vessels (42). Indeed, as a
pluripotent SP cell fraction has been described for multiple tissue types,
common features, such as the presence of a network of capillaries, might be
explored for these tissue types. Developing blood vessels will be the origin
of this common progenitor, an adult “mesohemangioblast.”

This hypothesis is partially supported by the study of De Angelis et al.
(28), which demonstrated the participation of aorta-derived myogenic pro-
genitors in muscle regeneration. Interestingly, another group of researchers
showed that bone marrow-derived hematopoietic stem cells can form smooth
muscle cells that contribute to arterial remodeling in vivo (43). This result
presents another example of developmental plasticity of adult stem cells and
especially the extraordinary plasticity observed between hematopoietic and
muscle tissue.

Satellite cells of skeletal muscle coexpress myogenic and endothelial
markers, further suggesting that at least some adult stem cells might be
derived from vascular lineage. However, the exact identity of these hypo-
thetical blood vessel-based pluripotent precursor cells remains to be estab-
lished.

5. ADULT SATELLITE CELL SELF-RENEWAL

The mechanisms regulating the self-renewal of satellite cells in adult skel-
etal muscle are still poorly understood. To proliferate, if satellite cells have
to activate the expression of MRFs, it is unclear how they return to the qui-
escent state after the rounds of proliferation and avoid terminal differentia-
tion. One possible explanation is a possibility of an asymmetric cell division,
when a satellite cell would produce one self-renewing pluripotent “daugh-
ter” and one committed myogenic precursor. As the activated satellite cells
first express either MyoD or Myf5 (19) and the MyoD–/– myogenic cells
clearly represent an intermediate stage between a quiescent satellite cell and
a myogenic precursor (44), it is possible to suggest that expression of Myf5
alone may define a developmental stage during which satellite cells undergo
self-renewal.

Another possibility is the dedifferentiation of determined myogenic pre-
cursors, which might involve expression of transcription factors, such as
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msx-1. A study demonstrated that overexpression of msx-1 in differentiated
myogenic cell line C2C12 causes dedifferentiation of multinuclear
postmitotic myotubes into mononuclear, proliferation myoblasts (45,46).
This dedifferentiation was accompanied by decreased expression of myo-
genic factors MyoD, myogenin, and MRF4. The process of dedifferentia-
tion, however, did not stop at the myoblast stage because the resulting cells
were capable of redifferentiation, under suitable culture conditions, into cells
that expressed chondrogenic, adipogenic, osteogenic, or myogenic markers.

The possibility of such dedifferentiation as the mechanism of satellite
cell self-renewal and subsequent return to the quiescent state looks like an
interesting hypothesis. However, there is currently no published evidence
that, in vivo, adult satellite cells might be self-renewing by activation,
expression of myogenic bHLH proteins, proliferation, and subsequent dedif-
ferentiation. The available data points toward the model of asymmetric
division of satellite cells with immediately different profile of gene expres-
sion as a more probable scenario. Both these possibilities have to be tested
experimentally.

The discovery of the importance of Pax7 for the existence of a satellite
cell population in adult skeletal muscle suggested yet another possibility for
the ontogeny of satellite cells. The muscle-derived stem cells (currently iso-
lated as SP cells) might represent progenitors for adult satellite cells. There
is experimental evidence that muscle-derived stem cells transplanted in mice
find their way to the satellite cell compartment in skeletal muscle (15).
Another observation to be taken into account is the increased number of
hematopoietic precursors in the skeletal muscle Pax7–/– mice (32). The
function of Pax7 might be to promote the determination of satellite cells by
restricting alternative developmental pathways in pluripotent muscle stem
cell precursors.

On the other hand, primitive muscle stem cells might contribute to the
repair and maintenance of skeletal muscle directly, without forming satellite
cells. In this scenario, regenerating muscle fibers would secrete signal pro-
teins, such as Sonic hedgehog, recruiting muscle stem cells to the site of
injury and activating the myogenic determination program in these cells, as
described in refs. 47 and 48. These two mechanisms of skeletal muscle main-
tenance might also coexist, with muscle stem cells not only contributing to
the satellite cell population in healthy muscle, but also having the capability
of direct contribution to muscle repair in cases of emergency.
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6. MUSCULAR DYSTROPHY AND CELL REPLACEMENT
THERAPIES

Primary muscular dystrophies are characterized by a progressive irrevers-
ible wasting of skeletal muscle in humans. The most frequent and severe
form of this pathology, the Duchenne’s muscular dystrophy, is caused by
mutations or deletions in dystrophin. This protein normally connects the
actin cytoskeleton of myofibers to the extracellular matrix, supporting the
myofibers and protecting them from damage during contraction. When
dystrophin ceases to function, skeletal muscle deteriorates rapidly, requir-
ing constant regeneration of the fibers by satellite cells. Once the prolifera-
tive potential of the satellite cells is exhausted, there is no further
regeneration, and the skeletal muscle gradually is replaced by connective
tissue (49).

Transplantation of MPCs is one of the most promising therapies for mus-
cular dystrophies. This approach will ideally lead to replenishing of the sat-
ellite cell population and restoration of skeletal muscle regenerating abilities.
However, cultured myoblasts had proved to be poor tools for transplantation
therapies, mainly because of their inability to migrate to appropriate sites of
injury and because the majority of transplanted cells have succumbed to
immune response of the host (50). Efforts have been directed toward stem
cell transplantation therapy for obvious reasons: it is not necessary to under-
stand the process in detail to apply the therapy; it has to be applied only
once; and there is only a brief period of attendant toxicities during the period
of actual transplantation of progenitor cells. The existing data show that
muscle progenitor cells isolated by different techniques, based either on dif-
ferential adhesion properties of cells (51) or on expression on cell surface
markers such as CD34 and stem cell antigen 1 (Sca-1) (52), can efficiently
participate in muscle regeneration following either intramuscular or intra-
arterial injection. Whether these transplanted cells truly reconstitute the sat-
ellite cell population in the mouse model of muscular dystrophy remains to
be established.

An extremely important issue in considering the transplantation of myo-
genic precursors for treatment of muscular dystrophies is the growth conditions
of isolated precursors prior to their introduction into the host. Indeed, the
growth factor combination is all important for preserving or changing the
qualities of cells in culture, and all the particular conditions for propagating
MPCs for transplantation purposes are really not known. Therefore, the
molecular mechanisms that direct the myogenic determination or precursor
cells in skeletal muscle should be investigated for the ultimate purpose of
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manipulating and consciously changing the properties of those cells in regen-
erative medicine.

There are a few approaches to this question: First, the signal transduction
proteins implicated in promoting survival, myogenic determination, correct
localization, and terminal differentiation in developing skeletal muscle
should be addressed. Signal proteins of the Wnt family, as well as Sonic
hedgehog and bone morphogenetic proteins (BMPs) 2 and 4, are emerging
as appropriate candidates for determining the myogenic destiny of stem cells
in skeletal muscle if it is taken for granted that muscle specification in
somites during development and myogenic determination of stem cells in
adult skeletal muscle are regulated by the same pathways. We know that
some of these factors govern the destiny of hematopoietic stem cells (53), and
it should be noted that the Wnt–β-catenin pathway seems to be activated
permanently in established myogenic cell line C2C12 and is required to pre-
serve its myogenic identity (54). Therefore, all these candidates should be taken
into consideration in the search for optimal culture conditions for MPCs.

The second approach is to study the adult skeletal muscle, notably the
signaling molecules implicated in regeneration. Presumably, this kind of
signaling should recruit precursor cells to the sites of injury and promote
their myogenic commitment. Careful analysis of these signaling proteins
might yield some unexpected, novel regulation proteins, as well as some
already-known signal transduction factors.

7. CONCLUSIONS

It is hardly necessary to point out the importance of studies of origin,
functions, and plasticity of adult stem cells. It is a comparatively new,
extremely dynamic, and rapidly developing field of research; of course, the
interest it holds is primarily connected to possible therapeutic application of
stem cells. Indeed, the promise of a successful replacement therapy for such
diseases as Duchenne muscular dystrophy is enough of a goal to justify the
effort directed toward research of muscle stem cells. The ways and means of
manipulation of those cell populations need to be learned, and that means
thorough knowledge of signaling proteins that direct proliferation and tis-
sue-specific commitment of adult stem cells. The contribution of stem cells
to maintenance of tissues has to be evaluated to understand the physiologi-
cal relevance of those cells for normal functioning of the organism, as it was
done for the hematopoietic system. Are those cells active and functioning
within every tissue, and can they restore and repair it after an injury? Some
of existing data point to a positive answer to this question.

Adult stem cells can also contribute to serious pathologies, at least in the
case of arterial remodeling following angioplasty or in atherosclerosis (43).
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Cardiovascular diseases are a serious health problem in the Western world;
certainly, a way to control the pathological remodeling of blood vessels by
hematopoietic stem cells that form smooth muscle cells will be a major medi-
cal achievement. This task requires understanding of mechanisms that “turn
blood into muscle,” of the extraordinary plasticity between those different
tissue types.

Therefore, further research will be directed to analysis of the physiologi-
cal role of adult stem cells in vivo and creation of experimental systems that
allow the reconstruction of distinct developmental events in vitro for more
detailed analysis. Understanding the molecular mechanisms that regulate
the contribution of pluripotent progenitors to various tissues and organs is a
key to successful manipulation, controlled changing of properties, and wide
clinical application of adult stem cells.

REFERENCES

1. Huxley, A. F. (2000). Cross-bridge action: present views, prospects, and
unknowns. J Biomech 33, 1189–1195.

2. Huxley, A. F. (2000). Mechanics and models of the myosin motor. Philos Trans
R Soc Lond B Biol Sci 355, 433–440.

3. Mauro, A. (1961). Satellite cell of skeletal muscle fibers. J Biophys Biochem
Cytol 9, 493–495.

4. Bischoff, R. (1990). Interaction between satellite cells and skeletal muscle
fibers. Development 109, 943–952.

5. Bischoff, R. and Heintz, C. (1994). Enhancement of skeletal muscle regenera-
tion. Dev Dyn 201, 41–54.

6. Schultz, E. (1989). Satellite cell behavior during skeletal muscle growth and
regeneration. Med Sci Sports Exerc 21(5 Suppl.), S181–S186.

7. Grounds, M. D. (1998). Age-associated changes in the response of skeletal
muscle cells to exercise and regeneration. Ann N Y Acad Sci 854, 78–91.

8. Gibson, M. C. and Schultz, E. (1983). Age-related differences in absolute num-
bers of skeletal muscle satellite cells. Muscle Nerve 6, 574–580.

9. Emery, A. E. (1998). The muscular dystrophies. BMJ 317, 991–995.
10. Seale, P. and Rudnicki, M. A. (2000). A new look at the origin, function, and

“stem-cell” status of muscle satellite cells. Dev Biol 218, 115–124.
11. Goodell, M. A., Rosenzweig, M., Kim, H., et al. (1997). Dye efflux studies

suggest that hematopoietic stem cells expressing low or undetectable levels of
CD34 antigen exist in multiple species. Nat Med 3, 1337–1345.

12. Gage, F. H., Ray, J., and Fisher, L. J. (1995). Isolation, characterization, and
use of stem cells from the CNS. Annu Rev Neurosci 18, 159–192.

13. Ray, J., Raymon, H. K., and Gage, F. H. (1995). Generation and culturing of
precursor cells and neuroblasts from embryonic and adult central nervous sys-
tem. Methods Enzymol 254, 20–37.



48 Polesskaya and Rudnicki

14. Toma, J. G., Akhavan, H., Fernandes, K. S., et al. (2001). Isolation of
multipotent adult stem cells from the dermis of mammalian skin. Nat Cell Biol
3, 778–784.

15. Gussoni, E., Soneoka, Y., Strickland, C. D., et al. (1999). Dystrophin expres-
sion in the mdx mouse restored by stem cell transplantation. Nature 401,
390–394.

16. Jackson, K. A., Mi, T., and Goodell, M. A. (1999). Hematopoietic potential of
stem cells isolated from murine skeletal muscle. Proc Natl Acad Sci U S A 96,
14,482–14,486.

17. Seale, P., Asakura, A., and Rudnicki, M. A. (2001). The potential of muscle
stem cells. Dev Cell 1, 333–342.

18. Megeney, L. A. and Rudnicki, M. A. (1995). Determination vs differentiation
and the MyoD family of transcription factors. Biochem Cell Biol 73, 723–732.

19. Cornelison, D. D. and Wold, B. J. (1997). Single-cell analysis of regulatory
gene expression in quiescent and activated mouse skeletal muscle satellite cells.
Dev Biol 191, 270–283.

20. Sabourin, L. A. and Rudnicki, M. A. (2000). The molecular regulation of
myogenesis. Clin Genet 57, 16–25.

21. Rudnicki, M. A., Braun, T., Hinuma, S., and Jachisch, R. (1992). Inactivation
of MyoD in mice leads to up-regulation of the myogenic HLH gene Myf-5 and
results in apparently normal muscle development. Cell 71, 383–390.

22. Megeney, L. A., Kablar, B., Garrett, K., Anderson, J. E., and Rudnicki, M. A.
(1996). MyoD is required for myogenic stem cell function in adult skeletal
muscle. Genes Dev 10, 1173–1183.

23. Bailey, P., Holowacz, T., and Lassar, A. B. (2001). The origin of skeletal muscle
stem cells in the embryo and the adult. Curr Opin Cell Biol 13, 679–689.

24. Borycki, A. G., Mendham, L., and Emerson, C. P., Jr. (1998). Control of somite
patterning by Sonic hedgehog and its downstream signal response genes.
Development 125, 777–790.

25. Borycki, A. G., Brunk, B., Tajbakhsh, S., et al. (1999). Sonic hedgehog con-
trols epaxial muscle determination through Myf5 activation. Development 126,
4053–4063.

26. Kruger, M., Mennerich, D., Fees, S., et al. (2001). Sonic hedgehog is a survival
factor for hypaxial muscles during mouse development. Development 128,
743–752.

27. Cossu, G., and Borello, U. (1999). Wnt signaling and the activation of myo-
genesis in mammals. Embo J 18, 6867–6872.

28. De Angelis, L., Berghella, L., Colletta, M., et al. (1999). Skeletal myogenic
progenitors originating from embryonic dorsal aorta coexpress endothelial and
myogenic markers and contribute to postnatal muscle growth and regenera-
tion. J Cell Biol 147, 869–878.

29. Amthor, H., Christ, B., and Patel, K. (1999). A molecular mechanism enabling
continuous embryonic muscle growth—a balance between proliferation and
differentiation. Development 126, 1041–1053.

30. Macleod, K. F., Sherry N., Hannon, G., et al. (1995). p53-dependent and inde-



Stem Cells in Skeletal Muscle 49

pendent expression of p21 during cell growth, differentiation, and DNA
damage. Genes Dev 9, 935–944.

31. Borycki, A. G., Li, J., Jin, F., Emerson, C. P., and Epstein, J. A. (1999). Pax3
functions in cell survival and in pax7 regulation. Development 126, 1665–1674.

32. Seale, P., Sabourin, L. A., Girgis-Gabardo, A., et al. (2000). Pax7 is required
for the specification of myogenic satellite cells. Cell 102, 777–786.

33. Ferrari, G., Cusella-De Angelis, G., Coletta, M., et al. (1998). Muscle regener-
ation by bone marrow-derived myogenic progenitors. Science 279, 1528–1530.

34. Galli, R., Borello, U., Gritti, A., et al. (2000). Skeletal myogenic potential of
human and mouse neural stem cells. Nat Neurosci 3, 986–991.

35. Rietze, R. L., Valcanis, H., Brooker, G. F., et al. (2001). Purification of a pluri-
potent neural stem cell from the adult mouse brain. Nature 412, 736–739.

36. Goodell, M. A., Brose, K., Paradis, G., Conner, A. S., and Mulligan, C. (1996).
Isolation and functional properties of murine hematopoietic stem cells that are rep-
licating in vivo. J Exp Med 183, 1797–1806.

37. Petersen, B. E., Bouen, W. C., Patrene, K. D., et al. (1999). Bone marrow as a
potential source of hepatic oval cells. Science 284, 1168–1170.

38. Bjornson, C. R., Rietze, R. L., Reynolds, B. A., Magli, M. C., and Vescovi, A. L.,
et al. (1999). Turning brain into blood: a hematopoietic fate adopted by adult
neural stem cells in vivo. Science 283, 534–537.

39. Morshead, C. M., Benveniste, P., Iscove, N. N., and van Der Kooy, D., et al.
(2002). Hematopoietic competence is a rare property of neural stem cells that
may depend on genetic and epigenetic alterations. Nat Med 8, 268–273.

40. Uchida, N., Jerabek, L., and Weissman, I. L. (1996). Searching for hematopoi-
etic stem cells. II. The heterogeneity of Thy-1.1(lo)Lin(–/lo)Sca-1+ mouse
hematopoietic stem cells separated by counterflow centrifugal elutriation. Exp
Hematol 24, 649–659.

41. Orkin, S. H. and Zon, L. I. (2002). Hematopoiesis and stem cells: plasticity vs
developmental heterogeneity. Nat Immunol 3, 323–328.

42. Cossu, G., De Angelis, L., Borello, U., et al. (2000). Determination, diversifi-
cation and multipotency of mammalian myogenic cells. Int J Dev Biol 44,
699–706.

43. Sata, M., Saiura, A., Kunisato, A., et al. (2002). Hematopoietic stem cells dif-
ferentiate into vascular cells that participate in the pathogenesis of atheroscle-
rosis. Nat Med 8, 403–409.

44. Sabourin, L. A., Girgis-Gabardo, A., Seale, P., Asakura, A., and Rudnicki, M. A.
(1999). Reduced differentiation potential of primary MyoD–/– myogenic cells
derived from adult skeletal muscle. J Cell Biol 144, 631–643.

45. Odelberg, S. J., Kollhoff, A., and Keating, M. T. (2000). Dedifferentiation of
mammalian myotubes induced by msx1. Cell 103, 1099–1109.

46. McGann, C. J., Odelberg, S. J., and Keating, M. T. (2001). Mammalian
myotube dedifferentiation induced by newt regeneration extract. Proc Natl
Acad Sci U S A 98, 13,699–13,704.

47. Borycki, A. G. and Emerson, C. P. (1997). Muscle determination: another key
player in myogenesis? Curr Biol 7, R620–R623.



50 Polesskaya and Rudnicki

48. Borycki, A. G., Strunk, K. E., Savary, R., and Emerson, C. P. Jr. (1997). Dis-
tinct signal/response mechanisms regulate pax1 and QmyoD activation in
sclerotomal and myotomal lineages of quail somites. Dev Biol 185, 185–200.

49. Ozawa, E., Noguchi, S., Mizuno, Y., Hagiwara, Y., and Yoshida, M., et al.
(1998). From dystrophinopathy to sarcoglycanopathy: evolution of a concept
of muscular dystrophy. Muscle Nerve 21, 421–438.

50. Partridge, T. (2000). The current status of myoblast transfer. Neurol Sci 21,
S939–S942.

51. Lee, J. Y., Qu-Petersen, Z., Cao, B., et al. (2000). Clonal isolation of muscle-
derived cells capable of enhancing muscle regeneration and bone healing. J
Cell Biol 150, 1085–1100.

52. Torrente, Y., Tremblay, J. P., Pisati, F., et al. (2001). Intraarterial injection of
muscle-derived CD34(+)Sca-1(+) stem cells restores dystrophin in mdx mice.
J Cell Biol 152, 335–348.

53. Bhardwaj, G., Murdoch, B., Wu, D., et al. (2001). Sonic hedgehog induces the
proliferation of primitive human hematopoietic cells via BMP regulation. Nat
Immunol 2, 172–180.

54. Ross, S. E., Hemati, N., Longo, K. A., et al. (2000). Inhibition of adipogenesis
by Wnt signaling. Science 289, 950–953.



Muscle-Derived Stem Cell Gene Therapy 51

51

From: Adult Stem Cells
Edited by: K. Turksen © Humana Press Inc., Totowa, NJ

4
Gene Therapy Using

Muscle-Derived Stem Cells

Christopher Chermansky, Johnny Huard,
and Michael B. Chancellor

1. INTRODUCTION

Novel molecular techniques such as ex vivo gene therapy and tissue engi-
neering have only recently been introduced to the field of urology. Stem
cell-based tissue engineering can be a platform for ex vivo gene therapy, the
aim of which is to replace, repair, or enhance the function of damaged tis-
sues or organs. The ex vivo process involves harvesting cells from donors,
manipulating the cells in vitro to express genes that would enhance the thera-
peutic potential of the harvested cells, and injecting the cells back into the
donor.

Investigations have delivered strong evidence that myogenic cells iso-
lated from skeletal muscle are heterogeneic, and a small proportion of these
cells displays stem cell characteristics (1). These muscle-derived stem cells
(MDSCs) survive transplantation, are pluripotent, and are characteristically
distinguishable from myoblasts (2). The most obvious diseases for the use
of the MDSC are the muscular dystrophies. Yet, based on the capacity of
somatic stem cells for multilineage differentiation, skeletal muscle is viewed
as an accessible source from which stem cells can be isolated noninvasively
for eventual use in cell replacement therapies in many medical disciplines
(3). This chapter discusses the MDSC as a stem cell, viral vectors for gene
therapy, strategies for gene transfer into muscle, and potential applications
of these technologies in urology and other fields of medicine.

2. CHARACTERIZING THE MDSC AS A STEM CELL

Adult stem cells are defined by two major functions: multilineage differ-
entiation and self-renewal. Satellite cells, which many refer to as muscle
stem cells, are myogenic precursors capable of regenerating muscle (4).
They are named satellite cells because of their location in the basal lamina
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adjacent to muscle fibers. When transplanted into host muscle, satellite cells
can either fuse with host myofibers or fuse together into myotubes, which
will consequently differentiate into muscle fibers; however, they are consid-
ered committed to the myogenic lineage, and the majority of transplanted
satellite cells die rapidly following injection (5).

The MDSC, which may represent a predecessor of the satellite cell, is
considered distinct in that it may not be restricted to the myogenic lineage or
even to mesenchymal tissues (6). The lack of specific markers to identify
myogenic cells at very early stages of development makes the characteriza-
tion of MDSC difficult. The CD34 antigen, a transmembrane cell surface
glycoprotein, has been identified on MDSC (7). It is characterized as a
hematopoietic stem cell (HSC) marker; however, studies suggest that the
expression of CD34 may be reversible and too unreliable to identify pluri-
potent populations (8). Stem cell antigen 1 (Sca-1) is a protein expressed in
hematopoietic stem cells (7). It has been consistently identified on the puta-
tive MDSC. A proposed mechanism of skeletal muscle precursor cell differen-
tiation in the myogenic lineage, including the MDSC, is presented in Fig. 1.

In addition to markers, HSCs and MDSCs share common morphological
and adherence characteristics. MDSCs from a primary isolation are rela-
tively small, round, and nonadherent (9). Isolation techniques, such as the
preplate technique, have utilized these features to purify the slowly adherent
cells from which the MDSC are isolated. Furthermore, a fluorescence-
activated cell sorting method, used to isolate a bone marrow side population
with hematopoietic reconstitution capacity, has been applied to skeletal
muscle to isolate a side population (10). This side population of muscle cells
was capable of reconstituting the hematopoietic lineage of irradiated hosts.

In summary, the marker studies and functional assays indicate that myo-
genic cells are heterogenic. Furthermore, a minority of myogenic cells seems
to harbor defining characteristics of true stem cells. For this reason, much
recent research has focused on the isolation and purification of MDSC.

3. VIRAL VECTORS FOR GENE THERAPY

Gene therapy, the transferring of a functional gene into a particular tissue
to alleviate a biochemical deficiency, has emerged as a novel and exciting
form of molecular medicine. At its inception, gene therapy focused on the
treatment of such inherited diseases as cystic fibrosis, hemophilia, and
Duchenne muscular (DMD) dystrophy (11). Progress in the field was made
when gene therapy was introduced for such acquired diseases as cancer and
acquired immunodeficiency syndrome (AIDS) (12). Evans and Robbins ini-
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tiated a human clinical trial to study gene therapy as a novel drug delivery
approach for the treatment of rheumatoid arthritis (13).

Because of a number of properties, muscle tissue has been suggested as a
promising target for gene therapy. First, because skeletal muscle is com-
posed of multinucleated, postmitotic fibers, it may facilitate high- and long-
term expression of introduced genes. Second, the ability of myogenic cells
to fuse with, or into, myofibers in vivo has established them as promising
gene delivery vehicles. Finally, the high level of vascularization in muscle

Fig. 1. A proposed mechanism of skeletal muscle precursor cell differentiation
in the myogenic lineage, including the MDSC. Abbr: Bcl-2, apoptosis inhibiting
protein; MRFs, muscle regulatory factors; c-Met, cell–cell signaling receptor
required for myogenic migration; Mfy-5 and MyoD, muscle regulatory factors
expressed early in myoblast maturation; Pax 7, paired box transcription factor;
VCAM, vascular cell adhesion molecule.
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Table 1
Viral Vectors for Gene Therapy

Muscle Cells Infection
In vivo

New-
born Adult

muscle muscle
Vector Integrating Myoblasts Myotubes fibers fibers General

Plasmid No + + + + Very low efficiency
   DNA and    of gene  delivery
   liposomes Low immunogenic-

   ity/ cytotoxicity
Low toxicity/immu-
   nogenicity

Retrovirus Yes +++ – – – Infects mitotically
   active cells
Low gene insert
   capacity
Infects mitotic/
   postmitotic  cells
Low cytotoxicity

Adenovirus No +++ – +++ – Immune rejection
   problems
New-generation
   vectors (less immu-
   nogenic; under
   investigation)
Large insert capacity
Infects mitotic/
   postmitotic  cells

Herpes No +++ +++ +++ – Immune rejection
   simplex    problems
   virus (type1) New-generation

   vectors (less immu-
   nogenic; under
   investigation)
Low immunogenic-
   ity/cytotoxicity

Adeno- Yes +++ +++ +++ +++ High persistence of
   associated    gene transfer
   virus Low gene insert

   capacity

In vitro
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may facilitate the systemic delivery of potentially therapeutic muscle and
nonmuscle proteins, such as growth factors, factor IX, or erythropoietin.
The following sections describe five different vectors used for gene transfer
to skeletal muscle (3,14). Table 1 summarizes these vectors. Of note, plas-
mid DNA (deoxyribonucleic acid) is a nonviral vector, yet it is included to
complete the discussion of gene delivery.

3.1. Plasmid DNA/Liposomes

Naked, functional DNA can be taken into cells by a number of physical
methods, including coprecipitation with calcium phosphate, conjugation
with a polycation or lipid, or encapsulation into liposomes (15). The advan-
tages of the intramuscular injection of plasmid DNA include low toxicity
and immunogenicity; however, the major disadvantage is the low transfec-
tion efficiency (16). Improved transfection efficiencies in muscle can be
obtained by pretreating with a myonecrotic agent or hypertonic sucrose (17).
Injecting the plasmid DNA into the myotendinous junction can also improve
transfection efficiency. Several studies have shown improved plasmid trans-
fection efficiencies in muscle using nontargeted liposomes (18). In particu-
lar, the recent development of ligand-directed DNA–liposome complexes
capable of transducing myogenic cells in a receptor-dependent manner is
promising (19).

3.2. Retrovirus

Retrovirus vectors are safe and can infect dividing myoblasts with high
efficiency (20). Furthermore, the ability of retroviruses to become stably
integrated into the host genome can provide long-term, stable expression of
the delivered gene; however, retroviruses are incapable of infecting post-
mitotic cells (21). Because muscle cells become postmitotic early in their
development, muscle shows a significant loss of retroviral transduction dur-
ing maturation. Finally, retroviruses have a small gene insert capacity, and
there is a risk of mutagenesis with gene insertion.

3.3. Adenovirus

Adenovirus vectors can infect both mitotic myoblasts and postmitotic
myofibers; however, the stability and long-term expression of transgenes
delivered to muscle using first-generation adenovirus vectors have been lim-
ited by immune rejection and maturation-dependent adenoviral transduction
(22). Fortunately, the low gene insert capacity of the first-generation aden-
ovirus vectors has recently been overcome by the development of new



56 Chermansky, Huard, and Chancellor

mutant adenovirus vectors that lack all viral genes and have an expanded
gene insert capacity (23). In addition, these newer-generation adenovirus
vectors promise to reduce immunogenicity dramatically.

3.4. Herpes Simplex Virus

Viral vectors derived from herpes simplex virus (HSV) type 1 are natu-
rally capable of carrying large DNA fragments, such as the 14-kb dystrophin
cDNA (cyclic DNA), and they have been studied for their ability to trans-
duce muscle cells (24). HSV vectors, which persist in the host cell in a non-
integrated state, have shown efficient transduction of myoblasts, myotubes,
and immature myofibers. Yet, the HSV vectors are highly cytotoxic and
immunogenic, both of which hamper long-term transgene expression. The
deletion of viral immediate-early genes from mutant HSV vectors has been
shown to reduce cytotoxicity in many cell types, including muscle (25).

3.5. Adeno-Associated Virus

Recombinant adeno-associated virus vectors have been used as gene
delivery vehicles for muscle cells. Although long-term gene expression and
highly efficient transduction in all muscle cell types has been observed, the
application of these vectors for gene therapy purposes is limited by their
restrictive gene insert capacity (26). The genes of certain growth factors,
such as basic fibroblast growth factors and insulinlike growth factors, are
small enough to make the adeno-associated virus vectors potential delivery
vehicles for the musculoskeletal system.

4. STRATEGIES FOR GENE TRANSFER INTO MUSCLE

Various approaches can be used to achieve gene transfer to the muscu-
loskeletal system, including cell therapy (myoblast transplantation), gene
therapy (based on viral and nonviral vectors), and a combination of both
techniques. A description of the various approaches used to deliver growth
factors into injured skeletal muscle follows. It is hoped that, through cell
and gene therapy, substances such as growth factors can be delivered to
promote efficient healing and complete functional recovery following injury.

4.1. Cell Therapy

MDSC transplantation is the implantation of MDSCs into damaged
muscle for muscle regeneration. The transplantation of MDSCs into
dystrophin-deficient muscle to create a reservoir of dystrophin-producing
cells has been studied extensively in mdx mice (an animal model for DMD)
and in patients with DMD (27). MDSC transplantation is capable of deliver-
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ing dystrophin, the missing protein in DMD, and increasing muscle strength
in DMD muscles. Yet, immune rejection as well as the poor survival and
spread of injected MDSC posttransplantation have greatly limited the suc-
cess of MDSC transplantation (28). As such, recent research has focused on
using viral or nonviral vectors to deliver genes to skeletal muscle, an
approach called ex vivo gene transfer.

4.2. Direct Gene Therapy

Direct gene therapy is another approach to deliver genes to skeletal
muscle. Muscle cells have been successfully transduced in vitro and in vivo
using the intramuscular inoculation of replicative-deficient adenovirus,
retrovirus, and HSV carrying the -galactosidase (LacZ) reporter gene; how-
ever, a major limitation of using these viral vectors alone is the differential
transducibility observed throughout skeletal muscle development (22,29).

The direct gene transfer of recombinant adenovirus carrying the LacZ
reporter gene is capable of highly transducing injured muscle. Many LacZ-
expressing myofibers have been found in the injured site of contused, lacer-
ated, and strained muscles at 5 d following the direct gene transfer approach
(30). Although the transient expression of the transgene is likely an immune
reaction, the use of the new-generation adenovirus vectors and the adeno-
associated virus vectors may reduce the immune response and allow persis-
tent expression of the transgene into the injected muscle (23,31).

4.3. MDSC Transplantation Using Ex Vivo Gene Transfer

The ex vivo approach combines MDSC transplantation and gene therapy
using an autologous MDSC transfer to deliver genes to skeletal muscle. This
approach involves establishing a primary MDSC culture from dystrophic
and injured muscles, which is then engineered by adequate transfection or
transduction to produce dystrophin and growth factors in vitro. The engi-
neered MDSCs are then injected into the same host to avoid immune rejec-
tion against the injured myoblasts. This method has been performed using
adenovirus, retrovirus, and HSV-1-carrying reporter genes (20,32,33). The
transduced MDSCs fuse and reintroduce the reporter genes into the injected
muscle. The ex vivo approach was used to deliver dystrophin into dystro-
phic muscle, and the efficiency of viral transduction using the ex vivo
approach is greater than that of direct injection of the same amount of virus
(34).

Also, the ex vivo approach has been used to deliver genes into injured
muscle. Primary MDSCs have been isolated, engineered following trans-
duction with an adenovirus carrying the LacZ reporter gene, and injected
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into injured muscle. The LacZ-transduced myofibers persisted in the injured
muscle for at least 35 d postinjection. This suggests that the ex vivo gene
transfer of autologous MDSCs is feasible and leads to persistent expression
of marker gene in injured muscle (30,35).

In summary, MDSC transplantation using ex vivo gene transfer may be
advantageous for repairing muscle because the cells can be used as a reser-
voir for secreting growth factors. In addition, the engineered MDSCs can
serve as a source of exogenous cells capable of participating in the healing
process. The use of pluripotent MDSC in an ex vivo approach may become
very attractive for the healing of damaged muscle.

5. GENE THERAPY APPLICATIONS IN THE LOWER URINARY
TRACT

The lower urinary tract is ideally suited for minimally invasive therapy.
All of the lower urinary tract can be reached either percutaneously or through
endoscopy. Using MDSCs to deliver growth factor genes, an ex viv approach,
could treat such disabling and prevalent conditions as urinary incontinence,
interstitial cystitis (IC), and erectile dysfunction (ED) and limit the risk of
systemic side effects. Figure 2 depicts MDSC-based tissue engineering in
the lower urinary tract. This section focuses on gene therapy strategies that
use both viral and nonviral approaches in the lower urinary tract.

Fig. 2. MDSC-based tissue engineering in the lower urinary tract.
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5.1. Urinary Incontinence

Urinary incontinence is a serious and prevalent condition worldwide. The
pharmaceutical industry has recently realized the significance of this dis-
ability and the potential market size that urinary incontinence represents. In
the United States alone, an estimated 17 million men and women suffer from
bladder control problems (36). The Agency for Health Care Policy and
Research and the World Health Organization have estimated the total eco-
nomic costs of urinary incontinence as $26 billion a year (37). As the popu-
lation within developed countries continues to age, the economic costs will
continue to soar. Thus, the economic impact of urinary incontinence is stag-
gering.

The three main types of urinary incontinence are stress, urge, and over-
flow incontinence (38). Stress and urge incontinence each account for 45%
of all incontinence cases, whereas overflow incontinence accounts for
approx 5% of cases. Stress incontinence occurs when the urethral sphincter
muscle is weak and cannot prevent urine leakage during activities that put
stress on the abdomen, such as coughing, sneezing, or jumping. Urge incon-
tinence is a condition characterized by urinary urgency and frequency asso-
ciated with uncontrollable urine leakage. Overflow incontinence is a
devastating condition in which patients cannot urinate because of damage to
the nerves innervating the bladder. One of the most common causes of over-
flow incontinence is diabetes mellitus, which produces bladder neuropathy.

5.1.1. Stress Incontinence

There are three approaches to the treatment of stress incontinence: exer-
cise, bladder suspension surgery, or injection of bulking agents (38). Intrin-
sic sphincteric deficiency (ISD) is the most severe type of stress
incontinence. It is usually the result of prior surgery that damaged the sphinc-
ter muscle or pudendal nerve. The injection of bulking agents, such as col-
lagen, into the urethra at the level of the urinary sphincter serves to produce
a functional obstruction that will help to correct urine leakage. The injection
of collagen into the urinary sphincter is a quick outpatient procedure that
gives the patient little pain or risk; however, the long-term success of this
procedure is limited by several disadvantages (39). Collagen is often reab-
sorbed, which adversely affects a successful outcome and requires repeat
injections in the majority of patients. An average of three collagen injec-
tions is needed to achieve partial or total improvement. Also, 5% of patients
are allergic to bovine collagen, and in most injected with collagen, antibod-
ies develop to bovine antigens.
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In one study, the feasibility of injecting MDSCs into the urethra was stud-
ied in rats and compared to bovine collagen injection (40). A large number
of the cells, transduced with the LacZ reporter gene, expressed -galactosidase 3
and 30 d after autologous MDSC injection. The persistence of the MDSCs
at 3 d was similar to that of collagen; however, at 30 d, 88% of the cells
survived, compared to only a scant amount of collagen. Figure 3 shows the
histologic comparison between collagen and MDSCs in this study. In addi-
tion, the injection of the MDSCs into the urethral wall had no adverse effects.
Thus, autologous MDSC injection may be more desirable than collagen
injection for treating stress incontinence because the MDSCs are
nonallergenic, they persist long term, and they directly correct the underly-
ing pathophysiology by regenerating damaged urethral muscle. Also, it can
be speculated that the cost of MDSC injection would be much less than the
cost of many collagen injections because the MDSCs are obtained from the
host patient.

In another study, stem cell tissue engineering was used to restore defi-
cient urethral sphincter muscle in a rat model (41). In the study, MDSCs
were isolated from normal rats, transduced with LacZ for labeling, and
injected into the proximal urethra of rats with denervated urinary sphincters.

Fig. 3. A histologic comparison of collagen and MDSC injected into the rat
urethra. A and D, d 3 after collagen injection. B and E, d 30 after collagen injection.
C and F, d 30 after MDSC injection. A, B, and C reduced from ×40. D, E, and F
reduced from ×100. The following were noted: (1) greater persistence of injected
MDSCs vs bovine collagen; (2) autologous MDSC infection may be preferred for
stress incontinence (nonallergenic and long-term persistence). (See color plate 4 in
the insert following page 82.)



Muscle-Derived Stem Cell Gene Therapy 61

After 2 wk, strips of urethra were tested from normal, denervated, and den-
ervated-MDSC-injected rats. Fast twitch muscle contractions were recorded
after electrical field stimulation. The amplitude of fast twitch muscle con-
tractions was decreased in denervated sphincters and was improved by 88%
in denervated sphincters injected with MDSCs. Histological examination
revealed the formation of new skeletal muscle fibers at the injection sites of
the urethral sphincter. This study lays the foundation for further investiga-
tion into the use of stem cells to treat urinary incontinence.

5.1.2. Urge Incontinence
The standard therapy for urge incontinence involves anticholinergic

drugs, which work to reduce the involuntary bladder contractions, and
behavioral therapy (42). Gene therapy strategies for overactive bladders
might include suppression of bladder muscle activity or neural pathways
that trigger the micturition reflex. Christ et al. studied K+ channel gene
therapy as a treatment for urge incontinence in rats (43). The intravesical
inoculation of naked hSlo/pcDNA suppressed bladder hyperactivity in rats
with partial urethral obstruction. They postulated that the overexpression of
K+ channels in the bladder might inhibit the overactive bladder.

5.1.3. Overflow Incontinence
Preliminary work has been carried out using HSV to treat overflow

incontinence caused by diabetic neurogenic bladder dysfunction. Diabetic
animals exhibit a decrease in nerve growth factor (NGF) production in tar-
get tissues (44). There is evidence that the neuronal gene targets for NGF are
understimulated (45). Apfel et al. reported that exogenously administered NGF
is capable of preventing the behavioral and biochemical manifestations of
diabetic sensory neuropathy in the streptozotocin (STZ)-induced diabetic
rat model (46). In one study, HSV-1 vectors carrying NGF were injected
into the bladder walls of rats 6 wk after the induction of diabetes by STZ
(47). Bladder function was compared between STZ-induced diabetic rats
injected with the NGF expressed vector or rats injected with the control
vector at 4 wk following HSV injection. The NGF-treated diabetic rats exhib-
ited a 50% decrease in volume each void without significant changes in total
urine output when compared with control diabetic rats. These results indi-
cate that NGF expression via HSV vectors in the bladder afferent pathways
improved bladder function in diabetic rats.

5.2. Interstitial Cystitis

Interstitial cystitis (IC) is a voiding dysfunction that affects nearly a mil-
lion people in the United States (48). IC is characterized by chronic pelvic
pain associated with bladder symptoms of urinary frequency and urgency. A
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possible gene therapy approach involves the delivery of preproenkephalin
to the peripheral nerves of the bladder. This method delivers low, but thera-
peutic, quantities of enkephalin only to sensory nerves that innervate the
organ in pain, but not to the whole animal. In one study, the preproen-
kephalin gene was transferred and maintained in the bladders and bladder
afferent nerves of rats using the HSV-1 vector (49). Also, this study con-
cluded that the increased expression of enkephalin in bladder afferent path-
ways suppressed nociceptive responses induced by bladder irritation. Figure
4 depicts gene therapy for such lower urinary tract dysfunction as overflow
incontinence and interstitial cystitis. This technique of gene transfer may be
useful for treating IC and other types of visceral pain syndromes.

5.3. Erectile Dysfunction

Several studies of nitric oxide synthase (NOS) gene therapy for erectile
dysfunction have been reported. Champion et al. demonstrated the feasibil-
ity of gene transfer of endothelial NOS (eNOS) augmenting erectile
responses in the aged rat (50). They administered a recombinant adenovirus
containing the eNOS gene into the corpora cavernosa of the aged rat. An
increase in cavernosal pressure with cavernosal nerve stimulation was
enhanced in animals transfected with eNOS. In another study, Tirney et al.
assessed inducible NOS (iNOS) gene therapy into the corpus cavernosum of
adult rats (51). They compared injections of plasmid, adenovirus, or aden-
ovirus-transduced muscle cells. Muscle cell-mediated gene therapy was
more successful for delivering iNOS into the corpus cavernosum than direct

Fig. 4. Extensive β-galactosidase staining in the rat bladder. (See color plate 5 in
the insert following page 82.)
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adenovirus or plasmid transfection methods. Gene therapy of NOS, using
MDSCs, could open new avenues of treatment for erectile dysfunction. Con-
trol of NOS expression would be necessary to prevent prolonged erection.
Finally, Wessells and Williams demonstrated endothelial cell-based ex vivo
gene therapy for erectile dysfunction in rats (52).

6. CONCLUSION

In summary, gene therapy using the ex vivo approach has the potential to
revolutionize the treatments of many urological diseases. Although the
safety and efficiency of this approach must be determined in clinical trials,
many clinicians and scientists are excited about the relief that millions of
patients will have with this revolutionary technology. However, two prob-
lems with gene therapy are the transient expression in transduced cells and
the incomplete knowledge regarding the regulation of gene expression.
Efforts of MDSC researchers continue to focus on the origin and identity of
the population responsible for stem cell-like capabilities, the isolation of
these cells from human tissues, the expansion to clinically relevant cell num-
bers, and controlling the differentiation and signaling processes that regu-
late progression within a lineage.
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1. INTRODUCTION

The ongoing debate concerning the ethics of human embryonic stem cells
has brought to light the clinical potential of stem cell-based therapies for
treating various human afflictions, ranging from cancer, Alzheimer’s dis-
ease, heart disease, cirrhosis of the liver, and diabetes. Although the future
of stem cell research holds much promise, tissue bioengineering utilizing
embryonic stem cell technology is still at an early stage of development
(1–3). The routine use of postnatal stem cells in clinical applications has
been successfully demonstrated in certain circumstances, such as the rescue
of hematopoietic bone marrow using mobilized peripheral blood stem cells
in cancer patients (4,5). These results have fueled investigations into the
potential of other stem cell populations found to exist in a wider range of
adult tissues than originally anticipated. One important development to
emerge from these studies is the concept of plasticity, the ability of stem cell
populations to develop into multiple cell lineages from diverse tissues, there-
fore greatly expanding the potential of stem cells beyond the constraints of
their tissue of origin. In this chapter, we describe the stem cell-like qualities
of putative postnatal dental pulp stem cells and speculate on the future clini-
cal benefits that may arise from their further characterization.

During development, tooth morphogenesis progresses through mutually
inductive signaling between interacting oral epithelial and mesenchymal
cells of neural ectodermal origin (6–8). This results in the formation of the
hard external enamel layer of the crown, a highly mineralized acellular
matrix produced by specialized epithelial cells known as ameloblasts, which
undergo apoptosis during tooth eruption and are absent in mature teeth.

The synthesis of the initial inner layer of supportive mineralized dentin
(primary) is because of the activities of another cell type, called odonto-
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blasts, derived from the developing dental papilla. These cells align on the
outer edge of the central chamber, which is comprised of a vascularized soft
connective tissue called pulp, and continue to form dentin (secondary)
throughout the life of the tooth. Odontogenic cytoplasmic extensions span
the mineralized dentin matrix through fine canals or tubules. Both blood
vessels and sensory nerve fibers infiltrate the pulp tissue via the apical
foraman.

The whole tooth structure is held in place with the surrounding bone by a
fibrocellular stratum of peridontal ligaments that link the aveolar bone with
a thin outer layer of cementum covering the root dentin. The complexity of
the different structures and cell types that constitute permanent teeth have
evolved to withstand the forces of mastication beyond the average human
life span without the need for multiple successive teeth or continuous
eruption.

In spite of the extensive knowledge concerning the development and
pathology of teeth, restoration of pulpal tissue and dentin regeneration dam-
aged by either carious lesions or mechanical trauma has at best been limited
using conventional treatments (9–11). Under steady-state conditions, human
teeth do not undergo remodeling, unlike many other mineralized tissues,
such as bone, which remodels, albeit slowly, throughout postnatal life. How-
ever, following tooth eruption, dentinal damage caused by mechanical
trauma, exposure to chemicals, or infectious processes induces the forma-
tion of reparative (tertiary) dentin, a more poorly organized mineralized
matrix, compared to primary and secondary dentin, that serves as a protec-
tive barrier to the dental pulp (11–15).

Once the odontoblast layer has been breached, it is presumed that
preodontoblasts are recruited from somewhere in the pulpal tissue (16,17)
because functional odontoblasts are postmitotic cells and often are destroyed
by the damage. This is supported by animal studies demonstrating the
regenerative capacity of developing neonatal rodent and fetal bovine dental
papilla to form mineralized dentin–pulp complexes following transplanta-
tion into ectopic sites in vivo (18–22).

We recently identified candidate dental pulp stem cells (DPSCs) derived
from human adult third molars (23). To confirm the stem cell-like properties
of human DPSCs, studies were designed to satisfy several basic criteria char-
acteristic of other stem cell populations, including the ability to form
clonogenic cell clusters, a high proliferative potential, the ability to self-
renew, and the capacity to differentiate into multiple functional cell types
(1,3).
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2. CHARACTERIZATION OF HUMAN DENTAL PULP STEM
CELLS

2.1. Proliferation Capacity of DPSCs In Vitro

We first identified putative human DPSCs by their ability to generate
clonogenic cell colonies in vitro, a common feature displayed by various
stem cell populations previously isolated from other tissues. To determine
the colony-forming efficiency of DPSCs from whole pulp tissue, single-cell
suspensions were prepared by collagenase–dispase treatment of pulp frag-
ments, followed by filtration through a fine mesh to remove cell aggregates
prior to seeding the cells at low plating densities (23). The resulting colonies
consisted of adherent, fibroblasticlike cells, analogous to colony-forming
units-fibroblastic (CFU-F), which form in vitro by osteogenic precursors
known as bone marrow stromal stem cells (BMSSCs) or mesenchymal stem
cells (24–26). An average incidence of approx 40 dental pulp-derived CFU-
F were generated per 10,000 cells plated (23).

Recent cloning experiments have indicated that the majority (67%) of the
individual colonies failed to proliferate beyond 20 population doublings.
Therefore, as primary DPSC cultures are expanded over successive cell pas-
sages, progeny arising from the minor subfraction of highly proliferative
colonies constitute the bulk of the cell population. This mirrors the growth
patterns observed for individual CFU-F derived from primary BMSSCs fol-
lowing ex vivo expansion. Multicolony-derived DPSCs were consistent in
their capacity to proliferate in vitro at an average 30% greater rate compared
to that observed for BMSSCs.

To account for the rapid rate of proliferation demonstrated by DPSCs, we
employed cyclic deoxyribonucleic acid (cDNA) microarray analysis to iden-
tify differences in gene expression profiles between DPSCs and BMSSCs
(27). The high incidence of DPSCs undergoing S phase was recently corre-
lated with high expression levels of the cell cycle activator, cyclin-depen-
dent kinase 6 (CDK6) (27). The activation of CDK6 is mediated by D-type
cyclins to promote the progression of cells through G1 to the start of DNA
synthesis (28,29). In turn, D-cyclins are activated by various growth factors,
such as mitogen IGF-2 (insulin-like growth factor 2), which was also found
to be highly expressed by DPSCs compared to BMSSCs. Conversely,
DPSCs expressed lower levels of insulin-like growth factor binding protein
7 (IGFBP-7) than BMSSCs (27), a factor known to bind to IGF-1 and IGF-
2 that induces inhibition of cell growth (30).

The consequences of these and other differentially expressed genes
regarding the growth and development of mineralized dentin and bone are
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currently under investigation. Studies thus far indicate that DPSCs maintain
their high rate of proliferation even after extensive subculture beyond 40
population doublings. Taken together with their clonogenic nature, highly
proliferative DPSCs satisfy two characteristics of postnatal somatic stem
cells (1,3).

2.2. Phenotypic Analysis of DPSCs

Elucidating the gene and protein expression patterns of primitive DPSC
populations and functional odontoblasts is pivotal for understanding the pro-
cess of odontogenesis. Mineralized dentin is composed of a complex scaf-
fold of extracellular matrix, consisting mainly of collagen type I and some
noncollagenous glycoproteins (dentin matrix protein 1, collagen type I,
osteonectin, osteopontin, bone sialoprotein, and osteocalcin) also commonly
found in the matrix of bone (27,31–37).

These similarities are intriguing considering that, during embryogenesis,
odontoblasts are derived from neuroectodermal mesenchyme, in contrast to
osteoblasts of the axial and peripheral skeleton, which arise from mesoder-
mal mesenchyme. However, two matrix proteins, dentin sialoprotein (DSP)
(38) and dentin phosphoprotein (DPP), are thought to be expressed uniquely
in dentin (39). Both DSP and DPP have been shown to be encoded by a
single gene, known as dentin sialophosphoprotein (DSPP) (40), which is
expressed following formation of the collagen-rich predentin matrix, prior
to mineralization (41).

Importantly, primary DPSC cultures that had not been induced to differ-
entiate were negative for the odontoblast specific marker DSPP, initially
by in situ hybridization (23) and more recently by Western blot analysis
using a human-specific DSPP polyclonal antibody developed by Dr. Larry
Fisher (Fig. 1A). Immunohistological studies identified dentin-specific
staining during early stages of ectopic mineralization by DPSCs in
xenogeneic transplants (Fig. 1B). In sections of human pulp tissue, the DSPP
antibody only reacted with cells in the mature odontoblast layer (61). These
data suggest that the clonogenic dental pulp–derived cells represent an
undifferentiated preodontogenic phenotype. This was also supported in ani-
mal studies that failed to detect DSPP messenger RNA (mRNA) expression
in cultured dental papilla cells derived from rat incisors using reverse tran-
scriptase polymerase chain reaction (RT-PCR) in contrast to the high
expression of DSPP detected from freshly isolated odontoblast–pulp tissue
(42,43).

To date, the precise anatomical location of DPSCs is largely unknown
because of a lack of markers specific to the preodontogenic population. Cir-
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cumstantial evidence suggests that preodontoblasts may originate from
pericytes migrating from the pulpal endothelium (44). Extensive
immunophenotyping of ex vivo expanded DPSCs demonstrated their
expression of various markers associated with endothelial or smooth muscle
cells such as vascular cell adhesion molecule-1(VCAM-1), CD146 (MUC-
18), and α-smooth muscle actin (23). In addition, α-smooth muscle actin-
positive cells have also been detected close to mineralized deposits in human
dental pulp cultures (45). The expression of these perivascular markers
implicates a possible niche for DPSCs in association with blood vessel walls.
It is hoped further characterization of DPSCs using current molecular tech-
nology will provide novel markers useful in their identification in situ and
isolation and purification ex vivo.

Fig. 1. DSPP expression by DPSCs. (A) Western blot analysis of cultured
DPSCs, human dentin, and mouse dentin with a rabbit polyclonal antihuman DSPP
antibody. Ex vivo expanded DPSCs were transplanted with HA/TCP subcutane-
ously into immunocompromised mice. (B) Immunoreactivity of DSPP antibody
(arrow) with the dentin–pulp interface is shown in recovered 8-wk-old DPSC trans-
plants.
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3. DIFFERENTIATION POTENTIAL OF DPSCS IN VITRO
AND IN VIVO

3.1. Regenerating a Dentin–Pulp Complex In Vivo

Mineralization within the papal chamber is a frequent event that usually
manifests as small calcified pulp stones because of caries, aging, trauma,
and systemic conditions (46). Previous studies have established animal cell
cultures from dental pulp tissue using a variety of culture methods and noted
the ability of such cultures to form mineralized nodules in vitro (43,47–50).
In analogy, human-derived dental pulp can also be cultivated in vitro and
possesses the capacity to form mineralized deposits in the presence of
inductive media containing ascorbic acid, dexamethasone, and an excess of
phosphate (23,51,52). The use of methodology such as infrared microspec-
troscopic examination and X-ray diffraction electron microscopic (EM)
analysis has confirmed the dentinlike nature of the crystalline structures that
comprise the mineralized nodules in vitro, which are distinct from the crys-
tal structures of mineralized enamel and bone in vivo (47,49,51,52).

To determine the capacity of ex vivo expanded DPSCs to generate a func-
tional dentin–pulplike tissue in vivo, we utilized an established transplanta-
tion system previously optimized for the formation of ectopic bone by
cultured BMSSCs (53,54). Until recently, the ability to evoke ectopic dentin
formation in vivo was only demonstrated successfully in animal models that
utilized rodent or bovine developing papilla tissue (18–21). Similar studies
using human intact developing dental papilla or adult dental pulp tissue
failed to generate a mineralized dentin matrix or odontoblastlike cells fol-
lowing transplantation into immunocompromised mice (55,56). Previous
reports showed that, unlike rodent-derived bone marrow stromal and dental
pulp cells, human equivalents require a suitable conductive carrier, such as
hydroxyapatite/tricalcium phosphate (HA/TCP) particles, to induce the for-
mation of bone and dentin in vivo (19,54). HA/TCP and other biomaterials
have also been used, with partial success, in the clinic to stimulate a pupal
proliferation response to aid in the repair of damaged dentin (9,11).

We previously demonstrated that cultured adult human dental pulp cells
are capable of generating a dentin–pulplike complex in vivo in conjunction
with HA/TCP as a carrier vehicle (23). Typical DPSC transplants developed
areas of vascularized pulp tissue surrounded by a well-defined layer of
odontoblastlike cells, aligned around mineralized dentin with their processes
extending into tubular structures. The odontoblastlike cells and fibrous pulp
tissue in the transplants were shown to be donor in origin by their reactivity
to the human-specific, alu cDNA probe (23). In addition, orientation of the
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collagen fibers in the dentin was characteristic of ordered primary dentin,
perpendicular to the odontoblast layer. Backscatter EM analysis demon-
strated that the dentinlike material formed in the transplants had a globular
appearance consistent with the structure of dentin in situ (unpublished obser-
vations). Moreover, the presence of human DSPP detected in the transplants
confirmed the ability of DPSCs to regenerate a human dentin–pulp microen-
vironment in vivo.

Studies explored whether DPSCs possess the ability to self-renew. To
answer this question, we harvested primary DPSC implants at 2 mo post-
transplantation and liberated the cells by enzymatic digestion for subsequent
expansion in vitro. Donor human cells were isolated from the cultures by
fluorescence activated cell sorting (FACS) using a human β1-integrin-
specific monoclonal antibody, then retransplanted into immunodeficient mice
for 2 mo. Recovered secondary transplants yielded the same dentin–pulplike
structures as observed in the primary transplants. Human DSPP protein was
found in the dentin matrix by immunohistochemical staining, and in situ
hybridization studies confirmed the human origin of the odontoblast–pulp
cells contained in the secondary DPSC transplants (Fig. 2). Efforts are now
under way to determine whether the self-renewing stem cell compartment is
localized in the fibrous pulp tissue of the primary transplants.

The developmental potential of individual ex vivo expanded DSPC colo-
nies were also assessed. Of the clones from the initial primary cultures, 25%
demonstrated a reduced capacity to form ectopic dentin in vivo; 30% showed
an increased capacity when compared to parental multicolony-derived cells.
These data are suggestive of a hierarchy of pulp cell differentiation that cor-
responds to the variations seen in the proliferation rates and developmental
potential between individual DSPC clones. Therefore, pulp tissue seems to
harbor a rare population of high-proliferating cells with the ability to regen-
erate a dentin–pulp structure in vivo and the capacity for self-renewal.

3.2. Adipogenic Potential of DPSCs In Vitro

To determine whether DPSCs represent multipotent stem cells, we cul-
tured the cells in various inductive media previously shown to promote the
differentiation of adipocytes. The development of fat is not a feature of den-
tal pulp, as opposed to the abundance of fat cells in bone marrow. Analo-
gous to this, the dentin–pulp structures observed in DPSC transplants failed
to support either a hematopoietic marrow or any fat cell development, com-
monly detected in BMSSC transplants following significant bone formation
(23). In vitro studies also failed to induce adipogenesis in long-term DPSC
cultures grown in the presence of the glucocorticoid dexamethasone, in con-
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trast to the abundant clusters of lipid-laden adipocytes observed in corre-
sponding BMSSC cultures. More recent studies using a potent cocktail of
adipogenenic inductive agents (0.5 mM methylisobutylxanthine, 0.5 µM
hydrocortisone, 60 µM indomethacin) (57) have demonstrated the presence
of Oil red O-positive fat-containing adipocytes in DPSC cultures following
several weeks of induction (Fig. 3A). This was also correlated with an
upregulation of the early adipogenic master regulatory gene peroxisome

Fig. 2. Self-renewal capacity of DPSCs. Cell cultures were established from
3-mo-old DPSC primary transplants following collagenase/dispase treatment. Ex
vivo expanded human cells were selected by FACS, then retransplanted into
immunocompromised mice with HA/TCP. (A) Secondary transplants developed a
dentin–pulp complex in vivo. (B) The dentin–pulp interface stained positive
(arrow) for human DSPP protein. (C) Fibrous pulp tissue was positive (arrow) for
the human-specific alu repetitive element by in situ hybridization.
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proliferator-activated receptor r2 (PPAR2) and the mature adipocyte marker
lipoprotein lipase using RT-PCR (62). These observations highlight the plas-
ticity of the DPSC population to develop into functional stromal cell types
not normally associated with dental pulp tissue.

3.3. Neuronal Potential of DPSC

Dental pulp contains prominent nerve fibers that penetrate through the
tubules alongside the odontogenic cellular processes and act as a protective
system in response to degradation of the dentin layer (6). This system of
nerve fibers in the dentin matrix allows teeth to receive external stimulation
that acts through pain receptors. During development, dental nerve tissue
and odontoblasts are both presumed to originate from migratory neural crest
cells (6–8). Recent investigations have explored the possibility that DPSCs
have the potential to differentiate into neural-like cells. Ex vivo expanded
DPSCs were constitutively expressed nestin, an early marker of neural pre-
cursor cells, and glial fibrillary acidic protein (GFAP), an antigen character-
istic of glial cells (Fig. 4A).

In accord with these findings, other investigators have identified the same
markers in dental pulp tissue in situ (58,59). When DPSCs were cultured

Fig. 3. Fat development in vitro. Histochemical staining of oil red O-positive
(arrow) lipid-laden adipocytes in DPSC cultures following 5 wk of induction with
0.5 mM methylisobutylxanthine, 0.5 µM hydrocortisone, and 60 µM indomethacin.
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under defined neural inductive conditions, there was enhanced expression
of both nestin and GFAP. Morphological assessment of induced DPSCs
identified long cytoplasmic processes protruding from rounded cell bodies,
in contrast to their usual bipolar fibroblasticlike appearance. Moreover,
DPSCs cultured under neural inductive conditions (60) were found to
express the neuron-specific marker neuronal nuclei (NeuN) by immunohis-
tochemical staining (Fig. 4B).

These preliminary studies provided the first experimental evidence that
adult human DPSCs may possess the potential to differentiate into neural-
like cells with expression of nestin, GFAP, and NeuN in vitro. Transplanta-
tion studies are now under way to determine the capacity of human DPSCs
to form functional neuronal tissue following their transplantation into dif-
ferent brain sites in immunocompromised mice.

4. SUMMARY

Although the loss of teeth is not a life-threatening event, edentulism is a
major problem in the aging population. The study of DPSCs becomes a qual-
ity-of-life issue for many individuals afflicted with severe peridontal dis-
ease and tooth loss or for those patients who have undergone radical

Fig. 4. Neuronal differentiation in vitro. (A) Basal mRNA expression levels of
(1) GFAP and (2) nestin transcripts in DPSCs cultured under normal conditions.
(B) NeuN protein expression (arrows) following 2 wk of culture in neoronal induc-
tive conditions: Neuroblast A medium (Invitrogen/GIBCO), 5% horse serum, 1%
fetal bovine serum, transferrin 100 µg/mL, insulin 25 µg/mL, retinoic acid 0.5 µM,
and BDNF (brain-derived neurotrophic factor) 10 ng/mL.
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reconstructive craniofacial surgery. Human DPSCs, in association with
biocompatible materials, may be an ideal candidate for future cell-based
therapies for treating dental disorders; this is because of their capacity to
regenerate a dentin–pulplike complex in vivo. However, it is not known
whether DPSCs have the potential to differentiate into other cell lineages
such as seen with bone marrow stromal stem cells. Preliminary evidence
suggests that DPSCs are not merely committed preodontoblastlike cells, but
appear to have a more primitive multipotential phenotype capable of devel-
oping into other stromal type cells, such as functional adipocytes, normally
absent in dental pulp tissue. Moreover, it is their potential to develop into
neuronal-like tissue that may offer enormous possibilities to treat different
neurological disorders given the easy accessibility of this noncontroversial
stem cell population.
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in Thymus Organogenesis
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1. INTRODUCTION

The thymus provides a unique three-dimensional hematopoietic environ-
ment that is essential for the development of T (thymus-derived) lympho-
cytes. T-cell progenitors do not arise in the thymus itself, but migrate to the
thymus from central hematopoietic organs such as the liver and bone mar-
row during fetal and adult life, respectively (1–3). Despite the fact that
prethymic T lineage-committed progenitors have been identified (e.g., in
fetal blood) (4), adult thymus-colonizing pro-T cells have remained elusive.
Moreover, the molecular and cellular basis underlying thymus homing has
not been resolved. Intrathymic stages of T-cell development have been stud-
ied in great detail both at the cellular and the molecular levels (reviewed in
refs. 5–7). The intrathymic developmental sequence can be ordered into
three major stages:

1. Growth factor–driven proliferation and protection from apoptosis of rare pro-
T cells (growth factor expansion phase; reviewed in refs. 8 and 9).

2. Rearrangement of β, γ, and δ T-cell antigen receptor (TCR) genes, followed
by thymocyte selection for further development based on the expression of
productive TCR β-chains. This process, termed β-selection, depends on the
assembly of the pre-TCR complex (reviewed in ref. 10). The β-selected thy-
mocytes undergo massive proliferation and become CD4+CD8+, still imma-
ture, thymocytes.

3. Following TCR α-chain rearrangements, the pre-TCR is replaced by the αβ-
TCR complex at the CD4+CD8+ stage. Cells that succeed to assemble a com-
plete αβ-TCR can be selected based on TCR-MHC (major histocompatibility
complex) interactions (αβ-selection). Thymocytes undergo further differen-
tiation as CD4+CD8– (helper-type) or CD4–CD8+ (cytotoxic-type) single-
positive cells before they populate as MHC-restricted (positive selection) and
self-tolerant (negative selection) antigen-reactive T cells the circulation and
the peripheral lymphoid organs (reviewed in ref. 5).
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The thymus is unique in its property to support T-cell development, as
shown by the fact that impaired or abrogated thymus organogenesis (see
below) or neonatal thymectomy (11) cause severe T-cell immunodeficien-
cies. This is apparent in athymic mutants such as the well-known nude
mouse, a widely used animal deficient in T cells. This mouse harbors a natu-
ral mutation in the Forkhead box n 1 gene (Foxn1, formerly termed winged-
helix-nude [Whn]) (12,13) (for the nomenclature, see ref. 14). Humans
affected by DiGeorge syndrome carry deletions on chromosome 22q11.
Children with this syndrome lack, partially or completely, a thymus.

It has been shown that null mutations in the T box gene 1 (Tbx1) (a gene
that is, among other genes, located to the DiGeorge region) result in an
athymic phenotype in mice. Thus, mutations in Tbx1 in mice resemble the
DiGeorge syndrome in humans (15,16). These natural mutations demon-
strate that formation of a thymus is essential for T-cell immunity. Hence, the
interest in the development of a functional thymus in ontogeny. Moreover,
because functional thymus tissue deteriorates with age, a phenomenon
known as thymus involution (reviewed in ref. 17), the idea to “rejuvenate”
an old thymus draws considerable interest.

Thymocytes develop in tight contact with thymic epithelium (reviewed
in refs. 18–20). Thymus epithelium is a major component of the thymic
“stroma.” For the purpose of this chapter, I define stromal cells as those
cells and tissues that, regardless of origin, support thymocyte development.
Such supporting cells can be of diverse origin: thymic epithelial cells (TECs)
(i.e., thymus stroma “proper” forming cortical and medullary zones), mes-
enchymal cells such as fibroblasts, hematopoietic cells such as dendritic
cells, and macrophages. Like other organs, the thymus also harbors endo-
thelial cell-lined vasculature (21) and neuronal cells (22,23).

One of the better-understood examples of the molecular function of thy-
mic epithelium is the production of specific growth factors. Thymic epithe-
lial cells can support T-cell development by providing soluble factors or by
providing cell–cell contact. Critical growth factors expressed in thymic epi-
thelium are interleukin 7 (IL-7) and stem cell factor (SCF), which bind to
the IL-7 receptor, and the tyrosine kinase receptor c-Kit (reviewed in refs. 8
and 9). Both of these receptors are expressed on pro-T cells, and their syner-
gistic stimulation is essential for T-cell development at birth (24). During
adult life, these cytokines are nonredundant. Adult mice lacking c-Kit (25)
or IL-7 (26) show severe defects in the maintenance of lymphopoiesis.

For reasons still unclear, T-cell development requires a three-dimensional
epithelial stroma cell architecture. Such permissive environment cannot be
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provided in “simple” two-dimensional stromal cell cultures, which have
been used successfully to analyze, for instance, B-cell development in vitro
(reviewed in ref. 27). With very few exceptions, such as a particular T-cell
sublineage in the bone marrow (28), it has proven difficult to recapitulate
the physiology of intrathymic T-cell development in monolayer cultures of
thymic stromal cells.

Therefore, techniques to assemble three-dimensional epithelial stromal
cultures (reaggregate fetal thymic organ cultures [RFTOCs]) have greatly
improved experimental access to stromal cell–thymocyte interactions. In
RFTOCs, T-cell development and stromal cell requirements have been stud-
ied extensively in vitro (reviewed in refs. 19 and 20). Prior to the introduc-
tion of RFTOC, fetal thymic organ cultures (FTOCs), depleted of
endogenous progenitors and repopulated by exogenous progenitors, have
been widely used to study intrathymic development (reviewed in ref. 29).
Expression of critical TEC genes (e.g., MHC class II and whn) is rapidly
lost in monolayer cultures, but is maintained in three-dimensional cultures
such as FTOCs and RFTOCs, suggesting that the stromal cell architecture is
critical for the maintenance of thymic epithelial cell “identity” (30,31).

In vivo, thymus organogenesis has been studied mostly by detailed
observations of cell and cell sheet movements in the area of the third pha-
ryngeal pouch during ontogeny in various species (32–34). These classical
reports concluded that the thymus architecture and its typical organization
into medullary and cortical compartments result from the invagination of an
endodermal into an ectodermal epithelial sheet at the third pharyngeal pouch
and cleft, respectively. Recently, Manley staged thymus organogenesis
according to the “generic” order of events in “general” organogenesis: posi-
tioning, induction, and outgrowth, leading to a thymus rudiment in the proper
location in the embryo, followed by patterning and differentiation to give
rise to a fully developed, functional thymus (35). Several mutants have been
identified in which thymus organogenesis is affected or abrogated, and these
mutants have been placed according to the order described above (reviewed
in ref. 35).

Former models of thymus organogenesis (34) relied on epithelial sheets
rather than epithelial stem/progenitor cells. It has been speculated that epi-
thelial stem cells may exist in the thymus (36–38), but compelling evidence
for the existence of such cells, and for their role in thymus development has
only been obtained very recently. This chapter discusses these recent find-
ings in the context of thymus organogenesis.
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2. THYMUS ORGANOGENESIS

2.1. Third Pharyngeal Pouch and Arch Epithelium
and Neural Crest-Derived Mesenchyme

Steps of thymus organogenesis and some of the known genes involved in
this process are outlined in Fig. 1. The thymus originates from the third
pharyngeal pouch and the third and fourth pharyngeal arches. On embryonic
d 10, at this location, endodermal epithelium is situated next to neural crest–
derived mesenchymal cells. Several studies have shown that mesenchyme
plays a critical role for thymus organogenesis and function (39–42). Mesen-
chymal–epithelial interactions are essential for thymus morphogenesis (e.g.,
capsule formation, lobulation). The role of the mesenchyme can be sub-
stituted in vitro by epidermal growth factor (EGF) or transforming growth
factor-α (TGF-α) (40). Pax3 plays a role in the migration of neural crest-
derived mesenchyme toward the thymus (43).

Following positioning of the thymus anlage, endodermal epithelium buds
and grows to form a more circular structure. According to classical models
of thymus organogenesis, rapid circumferential growth of ectodermal epi-
thelium, derived from the ectodermal cervical vesicle, occurs close to the
endodermal pouch at this stage. These ectodermal cells supposedly surround
the endodermal tissue with a later annotation of the endodermal part to form
the inner, medullary, epithelium, and the ectodermal cells to build the outer,
cortical, epithelium. Current models of thymus organogenesis have aban-
doned an involvement of ectoderm (e.g., see refs. 35 and 44).

Patterning and further differentiation of the thymus take place beginning
on d 13 of embryonic development, and these steps involve lobulation, seg-
mentation, and formation of medulla–cortex architecture. Medulla–cortex
architecture may be influenced by colonization of pro-T cells, a process
termed “cross-talk” between thymic epithelium and thymocytes (18,45,46).
The term “cross-talk” is more commonly used for mutual interactions of
intracellular signaling pathways, and has remained an ill-defined phenom-
enon pointing vaguely at thymocyte–stroma interactions.

Fig. 1. Thymus organogenesis. (A) Stages of thymus development are depicted
schematically closely based on the model proposed by Manley (35). (B) Genes
likely to play a role in thymus organogenesis are shown without close timing to the
stages shown in A. (C) The exact role of thymus epithelial stem/progenitor cells in
thymus organogenesis is not known, but such cells can definitively contribute to
medulla–cortex organization and thus to patterning.
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2.2. Genes Involved in Thymus Organogenesis

Mutations impinging on pharyngeal arch and pouch development abro-
gate or perturb thymus development. For instance, third pouch development
is abrogated in Tbx1-deficient mice (15,16), and null mutations in the eyes
absent gene 1 (Eya1) result in morphogenetic defects in thymus, parathy-
roid, and thyroid development (47). Neural crest migration is controlled by
Pax3.

Transcription factors of the hox family are key molecules in the direction
of the development of pharyngeal arch-derived organs (i.e., thymus, par-
athyroid gland, ultimobranchial body). A key gene is Hoxa3 (48), which is
expressed in endodermal cells in the third pouch. Hoxa3 appears to be posi-
tioned “upstream” of Pax1 (49–51) and Pax9 (44,52), both of which are also
critical for thymus development, ventral migration of the two lobes, or thy-
mocyte development.

The transcription factor Foxn1 (12) is essential for the development of
the thymic epithelium at the stage of the thymus anlage past the initial
induction and outgrowth. Foxn1, allelic with the nude gene, continues to be
expressed in both cortical and medullary epithelium during adult life (13),
but the functional significance of this expression is not known. The block in
thymus development in nude mice places the Foxn1 gene between Hoxa3
and Pax9 (44). Bleul and Boehm identified several target genes of Foxn1
(53), and have proposed that misguided chemokine expression may contrib-
ute to the lack of pro-T cell homing to the nude thymus (54). An identifica-
tion of those target genes of the Foxn1 gene that direct thymus development
may be the key to deepen the understanding of thymus epithelial differentia-
tion. For a detailed discussion of other genes involved in thymus organo-
genesis, see the review by Manley (35).

3. DEFINING COMPONENTS OF THE THYMIC EPITHELIAL
ENVIRONMENT USING MONOCLONAL ANTIBODIES

Several groups generated comprehensive panels of monoclonal antibod-
ies (mAbs) recognizing distinct elements of thymic epithelium (see refs. 18
and 55–57). According to their reactivity, these antibodies have been
grouped into markers recognizing pan-epithelium, subcapsular and septum
structures, fibroblasts, cortical epithelium, medullary epithelium, Hassall’s
corpuscles (enigmatic structures in the medullary zones), endothelium, and
“miscellaneous” structures. Most of these reagents are reactive to intracellu-
lar antigens and are therefore useful to describe thymus morphology under
various physiological and pathological conditions, but are of limited use to
purify viable subsets by cell surface phenotypes.
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Some of these markers have been used to observe changes in thymus
architecture in T-cell developmental mutants, and attempts have been made
to correlate a block in T-cell development with a block in TEC development
(46). It should be noted, however, that such correlation may be very indi-
rect, and these systems are likely to be too complex to provide definitive and
conclusive results.

3.1. In Vivo Reconstruction of a Functional Thymus Environment
From Purified Epithelial Cells: Functional Properties of Thymic
Epithelial Cell Grafts

Thymic epithelium has become experimentally accessible with the intro-
duction of methods to dissociate and reassemble thymic epithelium in vitro
(39). Using this approach, the requirements for the formation of a functional
thymus could be examined in vitro. In this type of experiment, input of either
stromal cells or progenitor cell types can be varied (e.g., see refs. 19, 30, 58,
and 59). Both RFTOCs and FTOCs cannot be cultured for periods extending
longer than approx 12 d. Thus, such thymus cultures represent only a “tran-
sient thymus”; consequently, the architecture of RFTOCs maintained in vitro
does not resemble normal thymic structures (31,60).

Transplantation of cultured thymic epithelial fragments (61) or fused thy-
mic tissue fragments derived from the third pharyngeal pouch (62) was
reported some time ago. In both cases, a functional thymus structure was
restored in vivo. Specifically, these grafts were colonized by lymphocyte
progenitors from the host that developed into functional T cells. In these
experiments, however, the input of thymic epithelial cells could not be var-
ied qualitatively because the tissue fragments could not be manipulated at
the level of a cell suspension. Such manipulation is only possible if thymic
epithelium is first dissociated, then reassembled, and subsequently grafted
into a recipient mouse.

The methodology and the initial results from RFTOC grafting experi-
ments were first reported in 1996 (63) and were specified in 2000 (60). In
these experiments, alymphoid RFTOCs were grafted under the kidney cap-
sules of host mice. The recipients were either immunocompromised mice,
and thus incompetent to reject allogeneic grafts (e.g., nude or recombina-
tion-activating genes [RAG]-deficient hosts), or histocompatible mice bear-
ing a congenic marker. The congenic marker is required to identify the origin
of thymocytes in the graft (host bone marrow origin vs “carryover” within
the graft). The structural and functional in vivo properties after transplanta-
tion of reaggregates of thymic epithelium have yielded the following novel
results:
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1. When RFTOCs, assembled in vitro from purified fetal thymic epithelium, are
cultured as alymphoid thymic “organoids” for several days, these structures
develop the rigidity required for handling and subsequent transplantation.

2. RFTOC grafts can attract host (bone marrow)-derived T-cell progenitors from
the circulation.

3. T-cell development proceeds along the well-defined stages also found in an
endogenous thymus.

4. The fidelity of negative and positive selection is normal when “provoked” in TCR-
transgenic recipient mice, in which negative and positive selection depend on
MHC molecules absent from the host, but present exclusively on thymic epi-
thelium in the graft.

Thus, RFTOC transplantation uncovered that purified thymic epithelium,
starting from a single-cell suspension, has the remarkable capacity to self-
reorganize into a structurally and functionally competent microenvironment
promoting T-cell development in vivo (31,60,63–65).

3.2. Phenotype of Thymic Epithelial Cells With the Potential
to Generate a Functional Thymus In Vivo

In vivo reconstruction of a functional thymus environment was originally
performed using aggregates of either CD45– MHC class II+ epithelial cells
(60) or all CD45– cells (31). CD45– MHC class II– epithelial cells were not
sufficient. The fact that thymus epithelium formation potential resides in the
CD45– MHC class II+ thymic epithelium (31,60,63) has been confirmed and
extended in recent reports (64,65).

Gill and colleagues (64) showed that a functional thymus can be gener-
ated from a major subset of CD45– MHC class II+ epithelial cells, defined as
MTS24+. In a similar study, Bennett and colleagues (65) defined thymus-
forming cells as MTS20+MTS24+. It should be noted that CD45– MHC class
II+ MTS24+ and MTS20+MTS24+ cells are essentially identical populations
(64). Moreover, given that around 50% of CD45– MHC class II+ are
MTS24+, and the other half of MHC class II+ are MTS24– (64), this popula-
tion is enriched only by a factor of approx 2 compared to CD45– MHC class
II+ epithelium.

Despite the fact that no clonal assays were performed, these two reports
claimed evidence for an identification and characterization of thymic epi-
thelial progenitor cells (64,65). Although it is not impossible that CD45–

MHC class II+MTS24+ cells contain some epithelial progenitors, this con-
clusion is clearly not proven by the data shown in these reports. The grafts
were assembled from bulk populations, and without single cell readouts,
bulk experiments cannot yield information on precursor activities. More-
over, ratios of cell numbers (input vs output) have not been determined,
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probably owing to the difficulties in retrieving epithelial cells quantitatively
from the grafts. Therefore, no attempts were made by Gill et al. or Bennett et
al. to demonstrate an increase in epithelial cellularity, which is expected
from precursor activity (64,65).

3.3. Reorganization of Thymic Epithelium in the Graft

RFTOC maintained in vitro lack recognizable medulla–cortex architec-
ture. Indeed, they appear to be randomly organized. In marked contrast, his-
tological examination of RFTOC grafts reveals a striking reappearance
of proper medulla–cortex organization in vivo (31,60). Thus, in vivo, but
not in vitro, RFTOCs can “self-reorganize” into a functional thymic archi-
tecture with clear medulla–cortex boundaries.

This finding raised the interesting question of how the thymus can rees-
tablish its key morphological pattern (i.e., the division into distinct epithelia
characterized as medulla and cortex) once the original pattern is destroyed
by enzymatic digestion. Given that in vitro reaggregation occurred from a
single-cell suspension, initially yielding a random structure in vitro, medulla–
cortex organization could take place via segregation and clustering of pre-
existing medullary epithelial cells (“sorting out”). Alternatively, growth of
single progenitors or stem cells might contribute to formation of distinct
thymic compartments, such as cortex and medulla. These possibilities have
been raised and experimentally addressed by Rodewald and colleagues (31).

In principle, two types of experiments, summarized below, were per-
formed to distinguish between these possibilities. In one set of experiments,
reaggregates were assembled from mixtures of thymic epithelium isolated
from two mouse strains differing in their MHC class II haplotypes (C57BL/
6 [I-Ab]) and BALB/c [I-Ad]). Such mixed reaggregates were transplanted,
and analysis of MHC class II expression could trace the origin of the epithe-
lium to either of the two donors. In the other set of experiments, chimeric
mice were generated by injection of embryonic stem (ES) cells into blasto-
cysts using a combination of ES cells and blastocysts that, again, differed in
MHC class II. The results from both types of experiments are summarized
below.

3.3.1. Evidence for Epithelial Stem/Progenitor Cells in Thymus
Organogenesis From Mixed Thymic Epithelial Cell Grafts

The principles of the generation, transplantation, and analysis of mixed
reaggregates of thymic epithelium are shown in Fig. 2. Fetal thymus was
enzymatically digested, and thymus epithelium was purified by cell sorting
or by depletion of CD45+ (hematopoietic cells) from the single-cell suspen-
sion. At the stage of isolation (fetal d 15 or 16), medullary and cortical epi-
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aldFig. 2. Experimental strategy leading to the identification of epithelial stem/progenitor cell activity in the thymus (31).

Epithelium from fetal thymi from (A) Balb/c mice and (B) C57Bl/6 mice was reaggregated to form (C) MHC-mismatched
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thelium were already separated into clearly defined areas, as schematically
depicted in Fig. 2A,B. The donor mouse strains used were C57BL/6 (I-Ab)
and BALB/c (I-Ad). Mixed reaggregates showed a random distribution of I-
Ab+ (C57BL/6-derived) and I-Ad+ (BALB/c-derived) epithelium, as deter-
mined by staining with antibodies specific for I-Ab or I-Ad. Moreover,
medulla-specific (MTS10) and cortex-specific (MTS44) antibodies (56)
revealed that RFTOCs kept in vitro contained individual cells stained with
either of these reagents, but no separable cortex or medulla pattern (sche-
matically depicted in Fig. 2C).

Mixed reaggregates were transplanted under the kidney capsule of MHC
class II-deficient C57BL/6 mice (66) (Fig. 2D). MHC class II-deficient reci-
pients were chosen because class II molecules, in addition to thymic epithe-
lium, are also expressed on bone marrow–derived dendritic cells, and their
presence in the thymus might “complicate” an analysis of the epithelial com-
position and origin of the grafts. Specifically, in the absence of MHC class
II expression on hematopoietic cells, all class II expression is exclusively
confined to thymic epithelium of the grafted type.

In vivo, RFTOC grafts were colonized by host bone marrow-derived pro-
T cells. Intrathymic T-cell development in such class II+ grafts included the
generation of mature CD4+CD8– thymocytes. This population, owing to lack
of class II expression in the host, failed to develop in the endogenous host
thymus (66–68). Ex vivo histological analyses of tissue sections from
RFTOC grafts showed that medullary areas reappeared. Double staining for
the donor origin using antibodies specific for anti-I-Ab and anti-I-Ad dem-
onstrated, surprisingly, that distinct medullary areas (islets) were derived
from mutually exclusive donor epithelia; that is, these epithelial structures
were of either I-Ab or I-Ad origin, but not mixed (depicted in Fig. 2E). Fur-
thermore, immunofluorescence analyses using cytokeratin-specific antibod-
ies proved that the lineage of these MHC class II+ areas was epithelial. These
experiments led to the intriguing conclusions that (1) medullary areas can be
reestablished in thymic epithelial grafts, and (2) these areas are derived from
either of the two, but not both, donor origins. The latter observation strongly

Fig. 2. (continued) chimeric thymic epithelium. After culture, mixed reaggregated
thymus grafts were implanted into MHC class II-deficient mice. Grafts developed
in vivo into a fully functional ectopic thymus as shown by the generation of all
thymocyte subsets and the MHC class II-dependent CD4+CD8- single-positive thy-
mocytes. Remarkably, medulla–cortex reorganization occurred in vivo, and medul-
lary zones segregated into islets of Balb/c or C57Bl/6, but not mixed, origin. This
single origin of each islet indicates stem/progenitor cell activity in the thymus.
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suggests that medullary epithelial structures can arise from single stem/pro-
genitor cells by formation of medullary islets (31).

3.3.2. Evidence for Epithelial Stem/Progenitor Cells in Thymus
Organogenesis From MHC-Chimeric Mice In Vivo

The data obtained from RFTOC transplantation experiments uncovered
the remarkable property of thymic epithelium to reestablish proper architec-
ture starting from an initially disrupted, randomly arranged composition
formed in vitro. Another set of experiments has been reported in which
aspects of thymus epithelial morphogenesis were studied more directly in
vivo. The applied strategy was based on the fact that each cell in an organ of
chimeric mice, generated by injection of ES cells into genetically distinct
blastocysts, can originate from either the ES cell or the blastocyst. The quan-
titative contribution of cells derived from the ES cell or blastocyst to an
individual tissue in an individual mouse can vary from animal to animal.

To identify mice in which the proportions of ES- and blastocyst-derived
tissues were approximately comparable (balanced mice), the contribution of
tissues derived from ES cells vs tissues derived from blastocysts was ana-
lyzed in an ectodermal (skin), a mesodermal (muscle), and an endodermal
(liver) tissue. Mice were typed in these tissues using microsatellite markers
specific for ES or blastocyst genomic deoxyribonucleic acid (DNA). Large
numbers of chimeras were generated by injection of ES cells into MHC-
mismatched blastocysts. The ES cells used were either from CBA (I-Ak) or
BALB/c (I-Ad) mice, and the blastocysts were from C57BL/6 (I-Ab) mice.
Using this approach, mice were identified in which epithelium derived from
both ES cells and blastocysts contributed comparably to thymus formation
(31).

Chimeric thymi were analyzed in detail by three-color histology using
antibodies specific for the two donor epithelia (anti-I-Ak and anti-I-Ab) and
specific for pan-thymic epithelial cytokeratin. Thymi were also examined
by staining with the antibody MTS10, which recognizes medullary zones.
Interestingly, these studies revealed that, in a physiologically developed thy-
mus, medullary areas are composed of individual epithelial islets, each
derived from either the ES cell or the blastocyst.

Histological measurements led to the calculation that these epithelial islets
vary in diameter from a minimum of 60 × 40 to a maximum of 170 × 170
µm. Each cell cluster harbors between 5 and 45 epithelial cells in a two-
dimensional lattice. Serial sectioning of an entire mouse thymus lobe dem-
onstrated that, in the mouse, one thymus lobe harbors about 300 medullary
areas. Each area can include several islets. Therefore, it was estimated that
one lobe contains approx 900 islets (31). The morphological “isletlike” char-
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acter of medullary epithelium was noted in an earlier study (21). The islet
character of medullary epithelium is most apparent in the juvenile thymus.
In contrast, medullary epithelial islets tend to be larger in the adult thymus;
here, the medulla can appear more confluent. Collectively, these experiments
provided the first evidence that at least part of the thymic epithelium is com-
posed of individual islets.

As summarized above, medulla–cortex compartmentalization has been
thought for a long time to occur via invagination of an endodermal into an
ectodermal epithelial sheet at the third pharyngeal pouch and cleft, respec-
tively. Despite the fact that epithelial stem or progenitor cells have been
invoked in thymus development, based on marker studies, no experimental
evidence for such cells had been obtained. Data from chimeric mice, as well
as data from RFTOC grafts, have provided the first evidence for an involve-
ment of epithelial stem or progenitor cells in thymus morphogenesis. How-
ever, it should be noted that these experiments provide the first evidence for
stem/progenitor cells in thymus organogenesis, but such cells were not
physically purified by phenotype. Isolation of highly enriched thymic epi-
thelial stem/progenitor cells will be required before their prospective devel-
opmental behavior can be studied.

4. EVIDENCE FOR THYMIC EPITHELIAL STEM CELLS

Although these experiments employing RFTOC grafts and mixed chime-
ras did not identify thymic stem/progenitor cells directly, they provided the
first compelling experimental evidence for the existence of such long-
postulated cells (31). It has been speculated previously, based on marker
studies, that the thymus may harbor common stem cells for both cortex and
medulla. Like a blueprint of the developmental pattern of immature double-
positive CD4+CD8+ thymocytes giving rise to mature single-positive
CD4+CD8– and CD4–CD8+ thymocytes, Ritter and Boyd (37) and Ropke
and colleagues (38) speculated that epithelial cells bearing markers of both
cortex and medulla may represent putative thymic epithelial progenitors.
Direct experimental evidence for such cells, or any epithelial progenitor
activity in the thymus, was not provided in these reports (37,38); therefore,
the described mixed RFTOC grafts and MHC chimeric mice studies uncov-
ered the first evidence for a role of stem/progenitor cells in thymus organo-
genesis (31).

In this context, it should be pointed out that the first assay for hematopoi-
etic stem cell (HSC) activity was the colony-forming unit spleen (CFU-S)
assay, discovered in 1961 by Till and McCullouch (69). Macroscopically
visible spleen colonies were detected when nonirradiated bone marrow cells
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were injected into lethally irradiated mice. In this assay, which preceded the
physical enrichment of HSC by several decades (70), the activity of stem
cells was evident, and this assay has been instrumental as a readout for stem
cell enrichment procedures. By analogy, an assay is now at hand to test
candidate thymic epithelial cells for stem or progenitor cell activity. As is
true for all experiments on stem or progenitor cells, clonogenicity must be
the gold standard.

5. IMPLICATIONS

A better understanding of the cellular components and the molecular
mechanisms underlying thymus organogenesis and maintenance of a func-
tional thymus will be of interest both for basic and, potentially, for clinical
immunology. Thymus function deteriorates with age or under certain thymo-
toxic conditions, such as irradiation, steroid treatment, chemotherapy, or
human immunodeficiency virus (HIV) infection. It would be highly
desirable to improve thymus function (i.e., de novo T-cell production) under
these conditions and in the elderly. Recent research has provided novel
insights into thymus organogenesis, primarily by the observations that a
functional thymus can be regenerated from purified thymic epithelium, and
that formation of a functional thymus architecture is a result of thymus epi-
thelial stem or progenitor cell activity, both in normal development and fol-
lowing transplantation of thymus epithelial reaggregate grafts.
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1. INTRODUCTION

The search for liver stem cells has been ongoing for decades. Until very
recently, the existence of liver cells with stemlike potential was critically
questioned and not generally accepted (1,2). In contrast, it has long been
known that tissues with high cellular turnover, like epidermis, intestine, and
bone marrow, contain stem cells that function to maintain tissue homeosta-
sis through continuous renewal of the cell lineage (3–5). Evidence for liver
stem cells emerged from studies of liver injury, regeneration, and carcino-
genesis in rodent models; evidence for human liver stem cells has also been
mustered. Investigations into the roles that these cells play in response to
hepatic injury and carcinogenesis have escalated. In addition, there is inter-
est in pursuing the potential application of stem cells to the treatment of
liver disease through gene therapy and cell transplantation approaches
(6–11).

New understanding of cell lineage generation and of the relationships of
cells composing a lineage in adult organisms have modified the traditional
thinking that stem cells are necessarily undifferentiated cells with a limited
degree of potency (12). However, modification of the stem cell paradigm
has not resulted in a universally accepted definition of what a stem cell rep-
resents (13). Rather, there has been a reevaluation of the contributions of
various cell types, both differentiated and undifferentiated, to normal lin-
eage renewal, response to injury, and tissue regeneration. In the liver, these
changing concepts have given rise to a recognition that there are multiple
liver epithelial cell types that have the potential to originate new cell popu-
lations (14,15). In addition, a number of intriguing new observations have
been made that suggest that stem cells may yield progeny that evince a high
degree of phenotypic plasticity (16,17). Several reports have demonstrated
that adult stem cells from one tissue can be induced to differentiate into
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parenchymal cells of other tissues when transplanted into appropriate sites;
this differentiation includes the derivation in the liver of hepatocytes by
transplantation of stem cells from extrahepatic sources (18). These results
suggest that stem cells of adult tissues may not be intrinsically restricted in
their differentiation commitment, or that they are capable of responding to
different tissue microenvironments with an alternative cellular differentia-
tion that is appropriate for the new site (19).

In this chapter, we review the evidence for liver stem cells, including (1)
the types of cells in the liver that exhibit stemlike potential; (2) sources of
liver stem cells from extrahepatic tissues; (3) evidence for human liver stem
cells; (4) isolation, culture, and characterization of liver stem cells from rats;
(5) evidence for the differentiation potential of cultured rat liver stem cells;
and (6) evidence for the multipotentiality of cultured rat liver stem cells.
Given the scope of this undertaking and the large number of published stud-
ies on these topics, we do not attempt to review the literature comprehen-
sively. Therefore, in the last sections of this chapter, we focus our review on
studies of the well-characterized WB-F344 rat liver epithelial stem cell line
(20). Furthermore, if possible, we recommend excellent reviews of these
subjects.

2. A SHORT HISTORY OF LIVER STEM CELL BIOLOGY

The idea that the liver of adult rodents contains stem cells that can give
rise to the epithelial cell types of the liver (hepatocytes and biliary epithelial
cells) has developed from evidence that has accumulated from nearly 100 yr
of investigation (15,21). Early in the last century, potential lineage relation-
ships among biliary epithelial cells, transitional cells, and hepatocytes were
recognized in several studies of liver regeneration (22–25). Studies on
hepatocarcinogenesis in experimental animals produced additional evidence
that hepatocytes could be generated through the formation, proliferation,
and differentiation of transitional cells possessing features of both ductular
cells and hepatocytes (26,27). Subsequently, Wilson and Leduc (28) sug-
gested that cells contained in the cholangioles or terminal bile ductules con-
stitute a compartment of stem cells that can proliferate and generate
hepatocytes in some forms of liver injury. Since then, the concept of the
liver stem cell has generated considerable controversy, argument, and dis-
cussion (1,2,14,21,29–33).

The debate surrounding the liver stem cell is fueled by the fact that stem
cells and their phenotypic characteristics are largely intuitive concepts. As
is true for other tissues, putative stem cells of the liver have not been identi-
fied microscopically in situ and have not been prospectively isolated from
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the normal liver in pure form. In addition, hepatocytes and biliary epithelial
cells of the normal liver demonstrate very little cellular turnover and do not
operate as a typical stem cell-fed lineage system (32,34) like those of other
self-renewing tissues, such as intestine (35,36), epidermis (37–39), and bone
marrow (40,41).

These observations and the fact that the adult liver retains the capacity for
complete and rapid renewal of cell numbers by the amplification of fully
differentiated cells (both hepatocytes and biliary epithelial cells) in response
to cell loss seem to argue against the need for an epithelial stem cell in the
adult liver tissue. However, these observations do not eliminate the possibil-
ity that cells possessing a broader differentiation potential are present in the
adult liver as a “reserve” (29) or “facultative” (42) stem cell compartment,
or that cells with stem properties may serve a physiological function other
than (or in addition to) lineage renewal. It has been suggested that partici-
pation of stemlike cells in liver growth processes may depend on several factors,
including the presence or absence of liver injury, the type and extent of
injury, and the capacity of hepatocytes to respond to growth stimuli (32),
consistent with the concept of the facultative liver stem cell (42).

Despite the controversy surrounding the concept of the liver stem cell,
considerable evidence has accumulated that supports the notion that the adult
rodent liver contains cells with stemlike properties that can serve as pro-
genitor cells for both hepatocytes and biliary epithelial cells under certain
pathophysiological circumstances (15). Three major sources of evidence
support the existence of liver stem cells: (1) the founding of lineages of
hepatocytes and biliary epithelial cells from hepatoblasts during embryonic
development of the liver and the expression of differentiated cell-specific
traits in cultured hepatoblasts; (2) the reestablishment of epithelial lineages
following the proliferation of simple epithelial cells (oval cells) in livers
subjected to carcinogenic or noncarcinogenic liver injury; (3) the isolation
and propagation from the livers of adult rodents of simple epithelial cells
that demonstrate the ability to differentiate into hepatocytes or biliary epithe-
lial cells when transplanted into appropriate sites in vivo or when cultured
under specific conditions ex vivo. These sources of evidence have been com-
prehensively discussed in several reviews (11,15,21,43–45).

3. ESSENTIAL PROPERTIES OF STEM CELLS

The major properties thought to characterize stem cells have been inferred
from investigations of classic stem cell-fed lineage renewal systems,
including bone marrow, intestinal epithelium, and epidermis. Essential prop-
erties expected of stem cells include the capacity to (1) proliferate repeat-
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edly, (2) renew the stem cell population, and (3) generate sufficient differ-
entiated progeny to maintain or regenerate the functional capacity of a tis-
sue (36,39). Classic stem cells are thought to exhibit undifferentiated cellular
phenotypes, to express variable differentiation potentials, and to be able to
proliferate continuously (actual stem cells) or to be proliferationally quies-
cent until needed (potential or facultative stem cells) (36,39). Although clas-
sic stem cell-fed lineage systems have been used to infer the properties of stem
cells, evidence now suggests the existence of stem cells in many tissues that
do not contain active stem cell-fed lineages (46), such as the central nervous
system (47–50) and liver (15,21). These newly discovered stem cells appear
to have properties that differ from those proposed for classic stem cells.

4. STEM CELLS OF THE ADULT LIVER

Unlike rapidly renewing epithelial tissues (such as the intestinal mucosa
or epidermis), in which an active stem cell lineage system continually ini-
tiates replacement of differentiated cells that are shed (4,5), the liver is nor-
mally a quiescent organ with minimal or slow rates of cell turnover in the
adult (51). Nonetheless, the liver possesses an extraordinary capacity for the
regeneration of tissue mass following loss of normal hepatocyte numbers
because of partial tissue loss (surgical resection) or hepatotoxic injury
(necrosis).

A number of different cell types can be activated to repair or regenerate
the liver depending on the nature and extent of injury or tissue deficit (15).
In an otherwise healthy liver, the replacement of hepatocytes (and tissue
mass) lost to surgical resection or toxic injury is achieved through the prolif-
eration of differentiated, normally quiescent hepatocytes contained in the
residual (viable) tissue (Fig. 1). However, certain forms of liver injury impair
the capacity of the remaining differentiated hepatocytes to proliferate in
response to liver tissue deficit. When this occurs, a reserve or facultative
stem cell compartment is activated to proliferate and replace the lost hepato-
cytes. Evidence suggests that there are at least two distinct cell populations
that can be activated to generate new hepatocytes or cholangiocytes (Fig. 1).
Rodent livers contain a population of normally quiescent (facultative),
undifferentiated stem cells that reside in or around the biliary ductules of the
portal tracts, which can be activated under certain pathological conditions to
reestablish a proliferating–differentiating lineage (the oval cell reaction),
capable of generating hepatocytes and some other cell types (52,53). In
addition, the adult liver contains a population of incompletely differentiated
small hepatocytelike progenitor cells (SHPC) that can be activated to replace
lost hepatocytes in some forms of tissue injury (54).
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Fig. 1. Cellular responses to signals for liver regeneration. (A) Liver regeneration after surgical partial hepatectomy involves
proliferation of differentiated hepatocytes. However, when differentiated hepatocytes cannot proliferate in response to the regen-
erative stimulus (such as in retrorsine-exposed rats), other liver progenitor cell populations are activated, such as (B) small
hepatocyte progenitor cells or (C) oval cells.
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These observations combine to suggest that there are at least three dis-
tinct populations of cells with stemlike potential in the adult rat liver (Fig.
1). It is conceivable that all these stem cells of the adult liver are derived
from the same primordial stem cell population of the developing liver. In the
following sections, the evidence for the existence of each of these stem cell
populations in liver is reviewed.

4.1. Unipotential Liver Progenitor Cells: Differentiated
Hepatocytes and Biliary Epithelial Cells

The liver possesses an enormous capacity to replace cells lost to surgical
resection or necrosis (55,56). Activation of undifferentiated stem cells does
not occur after cell loss when mature hepatocytes and biliary epithelial cells
are capable of proliferating to restore the normal liver mass and structure
(57,58). In rats subjected to surgical partial hepatectomy, the residual
(viable) hepatocytes undergo a rapid burst of proliferation that ultimately
restores the normal hepatocyte number (51,59–62). Likewise, biliary epithe-
lial cells proliferate after partial hepatectomy to form expansions of the intra-
hepatic duct system (51,62–64). Irrespective of their location in the
parenchyma (periportal to pericentral), virtually all hepatocytes proliferate
and divide at least once during restoration of the hepatocyte number (65,66).

The ability of quiescent hepatocytes to reenter the cell cycle and prolifer-
ate in response to liver deficit has fascinated investigators throughout his-
tory. More recently, the extensive growth potential and enormous
proliferative (replicative) capacity of the mature hepatocyte has become
evident. In rats, hepatocytes proliferated and divided at least 8 to 12 times
during the prolonged process of liver growth following five consecutive
partial hepatectomies (67). In transgenic mice that express the urokinase
gene in the liver under the direction of the albumin promoter–enhancer,
the majority of hepatocytes succumbed to the toxic transgene product (68).
In this model, the toxic transgene became inactivated in random hepato-
cytes, enabling them to proliferate, undergoing 10–12 cycles of cell division
to yield discrete nodular aggregates (clones) that repopulated the liver
parenchyma (69).

In a similar experimental system, transplanted normal hepatocytes
repopulated the livers of transgenic mice that lack fumarylacetoacetate
hydrolase (FAH–/–) enzyme activity (70) because of the targeted disruption
of exon 5 of the Fah gene (71). In this model, the transplanted FAH-
expressing hepatocytes exhibited a selective growth advantage over host
FAH-deficient hepatocytes, allowing the former to repopulate the livers of
mutant mice. In these studies, it was estimated that transplanted hepatocytes
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proliferated through at least 15 cell divisions during repopulation of mutant
livers (70).

In other studies, wild-type male hepatocytes were serially transplanted at
limiting dilution through the livers of female FAH–/– mice (72). Complete
repopulation of the diseased liver was accomplished in each round. The com-
plete replacement of host liver by the progeny of transplanted hepatocytes
through seven rounds of transplantation suggests that the transplanted hepa-
tocytes were capable of at least 100 population doublings (72).

Together, these studies demonstrate the incredible capacity for cell pro-
liferation by differentiated hepatocytes, consistent with the suggestion that
these cells represent a unipotential progenitor cell population of the adult
liver.

4.2. Unipotential Liver Progenitor Cells:
Small Hepatocyte Progenitor Cells

In several experimental models, hepatocytes were rendered incapable of
proliferation through treatment with mito-inhibitory compounds, facilitat-
ing the outgrowth of stem cells in response to liver deficit. We recently
described the cellular responses and time course for liver regeneration after
surgical partial hepatectomy (PH) in rats with retrorsine-induced hepatocel-
lular injury (54). Similar to other models of chemical liver injury (15,21),
systemic exposure to retrorsine, a member of the pyrrolizidine alkaloid (PA)
family, resulted in severe inhibition of the replicative capacity of fully dif-
ferentiated hepatocytes (54,73–75). When confronted with a strong prolif-
erative stimulus such as PH (54,73,74) or hepatocellular necrosis (76),
retrorsine-injured hepatocytes synthesized deoxyribonucleic acid (DNA),
but were unable to complete mitosis and arrested as nonproliferative giant
cells (megalocytes). In this model, neither retrorsine-injured, fully differen-
tiated hepatocytes nor oval cells proliferated sufficiently to contribute sig-
nificantly to the restoration of liver mass after PH. Instead, the entire liver
mass was reconstituted after PH through a novel cellular response that was
mediated by the emergence and rapid expansion of a population of SHPCs,
which share some phenotypic traits with fetal hepatoblasts, oval cells, and
fully differentiated hepatocytes, but are morphologically and phenotypically
distinct from each (54). SHPCs emerged in all regions of the liver lobule
after PH and were not solely associated with modest oval cell outgrowth in
periportal regions, suggesting that SHPCs represent a novel cell population
(54).

The SHPCs morphologically most closely resemble differentiated (but
small) hepatocytes at early time points after PH, perhaps suggesting that
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SHPCs are a subset of retrorsine-resistant hepatocytes and not a novel pro-
genitor cell population. However, the phenotype of SHPCs indicates that
they are in fact distinct from fully differentiated hepatocytes because a sub-
set of SHPCs expresses the oval cell/bile duct/fetal liver markers OC.2 and
OC.5 through 5 d post-PH (54). Coexpression of hepatocyte markers and
oval cell markers by early-appearing SHPCs suggests that these cells are
not fully differentiated, and that they display a phenotype similar to that
expected for a cell type transitional between the bipotential hepatoblast
(E14) and a fetal hepatocyte (E18–E20).

Retrorsine-exposed rats were able to regenerate their liver mass com-
pletely after PH, as evidenced by liver weights and liver:body weight ratios
(54). At 30 d post-PH, liver weights and liver:body weight ratios do not
differ significantly after either retrorsine/PH or control/PH (54). By this
time, the progeny of SHPCs occupied virtually the entire (87% by area)
parenchyma in retrorsine/PH rats. However, comparison of the time course
for liver regeneration in control and retrorsine-exposed rats after partial
hepatectomy showed that liver regeneration through activation and expan-
sion of SHPCs is a much more protracted process. Complete regeneration of
the liver mass in retrorsine-exposed animals required nearly 30 d, compared
to about 10 d in control rats (54).

Using a combined approach involving gene expression analysis of tissues
isolated using laser capture microdissection and in situ immunohistochem-
istry, the expression patterns of select mRNAs and proteins were examined in
the earliest (least-differentiated) SHPCs that emerged after PH in retrorsine-
exposed rat livers (77). The results showed that early-appearing SHPCs (at
3–7 d post-PH) expressed messenger RNA (mRNA) or protein for all of the
major liver-enriched transcription factors (hepatic nuclear factor 1α
[HNF1α], HNF1β, HNF3α, HNF3β, HNF3γ, HNF4, HNF6, C/EBPα, C/
EBPβ, and C/EBPγ), WT1, α-fetoprotein, and P-glycoprotein (77).

Compared to surrounding hepatocytes, early-appearing SHPCs lack (or
have significantly reduced) expression of mRNA for hepatocyte differentia-
tion markers tyrosine aminotransferase and α1-antitrypsin (77). Likewise,
SHPCs that emerge and proliferate during the early phase of liver regenera-
tion lack (or have reduced expression of) several hepatic CYP (cytochrome
P450) proteins known to be induced in rat livers after retrorsine exposure
(CYP2E1, CYP1A2, and CYP3A1). However, by 30 d post-PH, expression
patterns for all markers expressed by SHPCs mirrored that expected for fully
differentiated hepatocytes. Both α-fetoprotein and WT1 protein are uniquely
expressed by SHPCs during the early phase of liver regeneration, suggest-
ing that these markers may be used to identify the earliest progenitors of
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these cells (77). These results suggest that SHPCs represent a unique paren-
chymal (less differentiated than mature hepatocytes) progenitor cell popula-
tion of adult rodent liver (54,77).

4.3. Multipotential Liver Progenitor Cells: Oval Cells

Oval cells, which proliferate in several hepatocarcinogenesis models
(78–80) and in some forms of noncarcinogenic liver damage (81–85), may
be related to liver stem cells. A number of different experimental models
elicit the proliferation of oval cells (52,81,86–89). All of these models are
characterized by concurrent stimulation of liver growth and inhibition of
normal mechanisms for liver tissue restoration (i.e., blockade of the prolif-
eration of hepatocytes). The stimulus for liver growth can be satisfied
through several different methods, including surgical resection, nutritional
stress, or chemically induced necrosis. Blockade of hepatocyte proliferation
is frequently achieved using chemicals (such as 2-acetylaminofluorene) that
impede or prevent mitotic division of mature hepatocytes (52). The cellular
response common to each of these models involves the proliferation of small
cells with scant cytoplasm and ovoid nuclei that are morphologically
described as oval cells (90). Although most of the models of oval cell prolif-
eration involve rats, similar models have been developed using carcinogen-
treated mice (91–94), transgenic mice that express viral oncogenes (95,96),
or other transgenes (97).

The timing of cellular events differs, sometimes dramatically, among the
various models of oval cell proliferation (15). However, the majority of oval
cell proliferation models share a common sequence of events: (1) prolifera-
tion of oval cells in or around the portal spaces, (2) invasion of the lobular
parenchyma by the proliferating oval cells, (3) appearance of transitional
cell types and immature hepatocytes, and (4) maturation of hepatocytes and
restoration of normal liver structure. Oval cells are initially seen in the por-
tal zones of the liver lobule in the regions of terminal bile ductules or
cholangioles (29,98). Proliferating oval cells are recognized as representing
a collection of phenotypically distinct cells that compose a heterogeneous
cell population or compartment (32,99,100). Morphologically, the typical
oval cell possesses cellular characteristics similar to those of cells of termi-
nal bile ductules (101–103). However, the oval cell compartment also con-
tains transitional cells that display morphologic features intermediate
between oval cells and hepatocytes (86,103).

Proliferating oval cells form irregular ductlike structures connected to
preexisting bile ducts (103–107). As they proliferate, oval cells migrate from
the portal regions into the lobular parenchyma, sometimes occupying a large
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percentage of the liver mass. Groups of small basophilic hepatocytes appear
among oval cells; these immature hepatocytes proliferate and differentiate
as the oval cells gradually disappear and the normal liver structure is restored
(83,93,103,108–110). The possibility that oval cells might possess stemlike
properties and give rise to hepatocytes or biliary epithelial cells has been
recognized for some time (26,28,90,111).

Several studies have attempted to document the fate of oval cells that
proliferated in various hepatocarcinogenesis models and after noncarcino-
genic liver injury, producing evidence that oval cells are precursors of hepa-
tocytes (83,108–110,112,113). Using the modified Solt–Farber model of
oval cell proliferation, Evarts et al. (109) demonstrated unequivocally that
oval cells radiolabeled with 3H-thymidine could give rise directly to tagged
basophilic hepatocytes. More recently, Alison and colleagues examined the
proliferation and fate of oval cells in rats using the modified Solt–Farber
model with various doses of 2-acetylaminofluorene (114).

Proliferation of oval cells also has been described in the chronic injury
produced in mouse liver by transgenic expression of both hepatitis B virus
(95) and SV40 T antigen (96). Bennoun and colleagues (96) demonstrated a
transition between proliferating oval cells in SV40 T antigen transgenic mice
and newly formed hepatocytes. Likewise, in mice treated with diethylnitro-
samine, oval cells proliferated and subsequently differentiated into hepato-
cytes (94).

Employing the D-galactosamine model of oval cell proliferation in rats,
Lemire et al. (110) and Dabeva and Shafritz (83) also demonstrated the trans-
fer of radiolabel from oval cells to small hepatocytes. In both of these stud-
ies, transition from oval cells to hepatocytes was accompanied by a shift
from the biliary epithelial/oval cell phenotype (expression of α-fetoprotein,
γ-glutamyltranspeptidase, and biliary epithelial-type cytokeratins) to a cel-
lular phenotype characteristic of hepatocyte differentiation (expression of
albumin, glucose-6-phosphatase, and other hepatocyte markers; reduction
of α-fetoprotein expression) (83,110).

4.4. Liver Progenitor Cells From Extrahepatic Tissues

In addition to the progress characterizing stem cell responses in liver and
the various populations of liver cells with stemlike potential, advances have
also been made in the identification of multipotent adult stem cells with
broad differentiation potential that includes liver. A number of studies have
identified extrahepatic sources of stemlike cells that can colonize the liver
or give rise to hepatocytes in vivo or in culture. Most recently, several
investigators have reported that progenitor cells in bone marrow or periph-
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eral blood can give rise to cells of the liver. In somewhat older studies, the
ability of pancreatic cells to give rise to hepatocytes has been described. In
addition to these two extrahepatic sources of stem cells for liver epithelial
cells, several other sources have also been suggested, including neural stem
cells. Evidence that extrahepatic stem cells can give rise to liver is summa-
rized in the sections that follow.

4.4.1. Liver From Progenitor Cells of the Bone Marrow

Bone marrow contains several different cell types with stemlike poten-
tial, including hematopoietic (115,116), stromal (117), and mesenchymal
stem cells (118–120). In addition to these progenitor cell types, it has been
suggested that bone marrow contains a multipotent adult progenitor cell that
expresses a broader tissue differentiation potential. However, whether this
multipotent progenitor cell compartment of the bone marrow represents a
single cell type with broad differentiation capacity or whether it represents
an admixture of several tissue stem cell types has not been resolved (3). In
fact, the multipotent progenitor cell of bone marrow may be related (or iden-
tical) to one of these other cell types (hematopoietic or mesenchymal stem
cells) of the bone marrow. Bone marrow transplants generate cell lineages
of the blood and have now been suggested to give rise to a number of other
cell types, including cardiac muscle (121), skeletal muscle (122,123), neu-
rons (124–126), lung epithelium (127), oval cells (128), hepatocytes (129–
133), and biliary epithelial cells (127,130). Bone marrow progenitor
cell–derived hepatocytes have been demonstrated in rats (128), mice
(129,132,133), and humans (130,131).

Transdifferentiation of bone marrow progenitor cells into hepatocytes has
yielded variable replacement of liver, possibly related to the animal model
employed. Transplantation of unfractionated bone marrow from male donors
into lethally irradiated syngeneic female mice (B6D2F1) resulted in effi-
cient reconstitution of the host hematopoietic system and generation of
donor-derived hepatocytes in the host livers (129). The bone marrow-
derived hepatocytes were identified in the hepatic plates of recipient livers
using Y chromosome in situ hybridization (129). Quantitative analysis sug-
gested that 1–2% of hepatocytes were bone marrow derived (129). These
results suggested that bone marrow-derived stem cells could engraft and
give rise to hepatocytes, albeit at low frequency, in normal liver.

Grompe and colleagues employed the murine model of hereditary
tyrosinemia type I (70,71) to investigate the potential for bone marrow-
derived stem cells to repopulate diseased liver (132,133). Transplantation of
unfractionated bone marrow into FAH–/– mice resulted in replacement of
30–50% of the liver mass after a period of selection (132). Furthermore,
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when highly purified KTLS (c-kithighThylowLin–Sca-1+) hematopoietic stem
cells from male ROSA26/BA mice were transplanted into lethally irradiated
female FAH–/– mice, liver engraftment and hepatocytic differentiation of
transplanted cells was observed (132). The hepatocyte phenotype of
engrafted cells was confirmed by expression of albumin and bile canalicular
dipeptidylpeptidase IV (132). In addition, the engrafted cells expressed the
FAH protein and were positive for β-galactosidase and the Y chromosome
(132). It was also suggested that the c-kit- and Lin+ fractions of the bone marrow
do not contain significant numbers of progenitor cells that can give rise to
hepatocytes (132). Although substantial liver repopulation by bone marrow-
derived hepatocytes was observed when selective conditions were employed
(132,133), negligible hepatocyte replacement was observed in the absence
of selective pressure (133).

In a similar study, unfractionated bone marrow from transgenic mice
expressing Bcl2 under the control of the liver pyruvate kinase gene pro-
moter was transplanted into normal mice, some of which were subjected to
lethal irradiation (134). In this study, the frequency of hepatocyte differen-
tiation from transplanted bone marrow progenitor cells was rare. However,
when selection pressure was applied through the administration of anti-Fas
antibodies, the small number of bone marrow-derived hepatocytes present
in the livers of recipient mice expanded 6-fold to 20-fold, ultimately occu-
pying approx 1% of the liver mass (134).

These studies showed that positive selection pressure can result in a higher
degree of replacement of liver by bone marrow-derived hepatocytes. Other
investigators have failed to detect donor-derived hepatocytes in undamaged
livers after bone marrow transplant despite reconstitution of the hematopoi-
etic system and replacement of the liver endothelium (135,136). These
observations suggest that generation of hepatocytes from bone marrow stem
cells is uncommon in the absence of strong selective pressure, such as that
in the FAH–/- mouse model.

A few studies have examined the differentiation potential of bone mar-
row–derived progenitor cells in vitro. Reyes and colleagues isolated and
established cultured multipotent adult progenitor cells from bone marrow of
humans, mice, and rats (119,120). These multipotent adult progenitor cells
copurified with the mesenchymal stem cell fraction of the bone marrow
(119,120). When these cells are propagated on Matrigel in the presence of
fibroblast growth factor 4 (FGF-4) and human growth factor (HGF), hepato-
cytelike cells expressing albumin, cytokeratin 18 (CK18), and HNF3β re-
sulted after 14 d of culture (137). Furthermore, these multipotent adult
progenitor cell-derived hepatocytes expressed several functional character-
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istics of mature hepatocytes, including secretion of urea and albumin,
expression of phenobarbital-inducible cytochrome P450, the capacity to
store glycogen, and the ability to take up low-density lipoprotein (LDL)
(137), suggesting that the bone marrow of adult mammals contains progeni-
tor cells with the potential to give rise to hepatocytes, and that these cells
can be propagated in culture without loss of potency (137).

4.4.2. Liver From Stem Cells of the Pancreas

Several experimental models have been developed in which large eosino-
philic cells that morphologically and phenotypically resemble hepatocytes
are induced in the pancreas of rats and hamsters following severe pancreatic
injury (138–141). Rats maintained on a copper-deficient diet for 8–10 wk
showed widespread injury to exocrine elements of the pancreas (139,140).
When the copper-deficient diet was replaced with a normal diet,
hepatocytelike cells developed during the regeneration of the pancreatic tis-
sue (139,140). In this model, cells that resembled hepatic oval cells were
thought to represent the progenitor cells for pancreatic hepatocytes (140).

These observations coupled with those of other studies led to the sugges-
tion that liver and pancreas may share a common stem cell (142). To exam-
ine the possibility that pancreatic oval cells could serve as liver progenitor
cells, proliferating pancreatic oval cells were isolated and introduced into
the livers of dipeptidylpeptidase IV-deficient rats via transplantation into
the spleen (143). Following transplantation, hepatocytelike cells that express
dipeptidylpeptidase IV activity were observed in the livers of recipient
dipeptidylpeptidase IV-deficient animals, suggesting that oval cells prolif-
erating in response to pancreatic injury caused by the copper-deficient diet
can serve as hepatocyte progenitor cells (143). In a similar study, suspen-
sions of pancreatic cells from normal adult mice were transplanted into
FAH–/– mice to examine the possibility that the normal pancreas contains a
population of hepatocyte progenitor cells (144). When selection pressure
was applied, extensive liver repopulation (>50% replacement of liver) was
observed in a subset of recipient mice, and another subset showed nodules
of donor-derived hepatocytes (144).

Chen et al. (145) examined the fate of normal rat pancreatic ductal epi-
thelial cells following implantation into the abdominal subcutaneous tissue
or intraperitoneal cavity of adult syngeneic rats. In these studies, RP-2 pan-
creatic duct epithelial cells (146) were embedded in a gel composed of
extracellular matrix (collagen I and Matrigel) prior to implantation (145).
Eight weeks following subcutaneous implantation, nests of eosinophilic epi-
thelioid cells and rare duct structures were observed in the recovered extra-
cellular matrix gel (145). Six weeks following intraperitoneal implantation,
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trabeculae and clusters of large polygonal epithelioid cells with granular
eosinophilic cytoplasms, resembling mature hepatocytes of the adult liver,
were observed (145). These hepatocytelike cells expressed high levels of
tyrosine aminotransferase, albumin, and transferrin and stained positively
with HES6 monoclonal antibodies (145).

These studies demonstrated that normal pancreatic duct epithelial cells
can differentiate into functional hepatocytes following implantation into an
appropriate host microenvironment. They provide additional support for the
suggestion that liver and pancreas share a similar stem cell with differentia-
tion options that are determined by the tissue microenvironment.

4.4.3. Liver From Neural Stem Cell Cultures

Cultured neural stem cells isolated from mice (147) have been shown to
give rise to neurons and glia following transplantation into brain tissue of
host animals (148–150). Such neural stem cells have been suggested to have
a differentiative plasticity when transplanted into various tissue
microenvironments other than the brain. For instance, neural stem cells
derived from adult donor tissue differentiate into hematopoietic lineages
when engrafted into the bone marrow (151). When introduced into develop-
ing mouse blastocysts, neural stem cells contribute to cells of various germ
layers and tissues of chimeric embryos, including the liver (152). Additional
studies will be required to demonstrate whether neural stem cells can give
rise to differentiated hepatocytes in the adult liver.

4.5. Human Liver Stem Cells
4.5.1. Evidence for Liver Stem Cells in Humans

In recent years, numerous investigators have attempted to identify and
isolate human liver stem cells or have made observations in pathological
human livers that suggest the existence of these cells. In many instances,
investigators have attempted to determine if activation and proliferation of
oval cells occurs in humans in a fashion similar to the oval cell reaction
observed in rodents (153). Using morphologic criteria or immunohis-
tochemical staining, several reports suggested the presence of cells resem-
bling oval cells in several different human liver diseases (154–169). In some
studies, cells exhibiting a phenotype consistent with oval cells were observed
in normal human liver (169,170).

4.5.2. Liver From Bone Marrow in Humans

In rodents, bone marrow has been suggested to contain stem cells with
hepatocytic differentiation potential (129,132). Likewise, several studies
have suggested that human bone marrow contains stemlike progenitor cells
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that can differentiate into hepatocyte progeny under various conditions
(130,131). The first evidence that bone marrow-derived progenitor cells give
rise to hepatocytes in humans emerged from a study of archival autopsy or
biopsy liver specimens from gender-mismatched transplant patients (130).

Liver tissue from two female patients who received therapeutic bone
marrow transplants from male donors and liver tissue from four male
patients who received orthotopic liver transplants from female donors was
studied (130). Variable numbers of Y chromosome–positive hepatocytes and
biliary epithelial cells were detected using in situ hybridization (130). In this
study, the interval from transplant to liver sampling was 1 mo to 2 yr, and
the numbers of Y chromosome-positive hepatocytes observed varied from 1
to 8% among the patients (130). However, when the investigators adjusted
the data to account for their assessment of the insensitivity of Y chromo-
some in situ hybridization, the corrected results suggested that 5–40% of
hepatocytes observed were derived from circulating progenitor cells, prob-
ably of bone marrow origin (130).

In a similar study, the livers of 9 female patients who received bone mar-
row transplant from male donors and the livers of 11 male patients who
received orthotopic liver transplants from female donors were evaluated for
Y chromosome-positive hepatocytes (131). Among these two groups of
patients, 0.5–2% of hepatocytes were derived from extrahepatic progenitor
cells, and clusters of Y chromosome-positive hepatocytes were observed in
several instances, suggesting that hepatocyte progeny had clonally expanded
after colonization of the liver by circulating progenitor cells (131).

In a third study, patients with hematologic or breast malignancies received
high-dose chemotherapy and transplants of allogeneic peripheral blood stem
cells from donors pretreated with granulocyte colony-stimulating factor
(171). Y chromosome-positive hepatocytes were detected as early as 13 d
posttransplant, and 4–7% of hepatocytes examined were donor derived
(171).

In all of these studies, few hepatocytes derived from bone marrow (or
other circulating progenitor cells) were detected, and the interval from trans-
plant to sampling of the liver was short (less than a year in most cases). It
has been suggested that the engraftment of bone marrow-derived stem cells
in the liver may represent an early feature in liver transplants, but that hepa-
tocytes derived from bone marrow progenitor cells may not persist as a long-
term feature of grafted livers (172). In a study of gender-mismatched liver
transplant patients with long interval between liver transplant and biopsy
(1.2–12 yr), no host-derived hepatocytes were detected when the Y chromo-
some was used in in situ hybridization experiments (172).
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4.6. Isolation and Culture of Adult Liver Stem Cells

Several types of epithelial cells can be isolated from rodent livers and
established in primary or propagable cultures (173). Differentiated hepato-
cytes and bile duct cells can be maintained in primary culture for short peri-
ods, but generally these cell types exhibit limited propagability and lifespan
in culture (174–176). In contrast, simple (undifferentiated) liver epithelial
cells can be readily established and propagated in culture (177). These
simple liver epithelial cell types possess some stemlike properties, suggest-
ing that they may represent the cultured counterpart of epithelial stem cells
in the adult liver (178).

4.6.1. Early Studies of Propagable Liver Epithelial Cells

Early long-term rat liver epithelial cell cultures were established from
cell outgrowths in liver tissue explant cultures (179). Development of enzy-
matic techniques for the preparation of viable single-cell suspensions of liver
cells made possible the selective culture of several liver epithelial cell types
(180,181). Brief digestion of liver tissue with collagenase produces liver
cell suspensions enriched for hepatocytes (181,182), whereas enrichment of
nonparenchymal epithelial cell types can be accomplished by the selective
removal of hepatocytes from collagenase-dispersed liver using various
strong proteases, such as Pronase or trypsin (183–185). The nonparenchymal
cells remaining following protease treatment of liver cell suspensions
include macrophages (Kupffer cells), endothelial cells, bile ductular cells,
Ito cells, and various hematopoietic cells (183,186). Also present in dis-
persed liver cell suspensions are simple epithelial cells (177,187).

4.6.2. Rat Liver Epithelial Stem Cells: Oval Cell Lines

Oval cells have been isolated from diseased liver and established in cul-
ture by several laboratories. Morphologically, cultured oval cells are cuboi-
dal and grow in a monolayer (188,189). Some established lines of oval cells
are stably diploid or pseudodiploid, are nontumorigenic, and do not prolifer-
ate in soft agar (188–191). Ultrastructurally, cultured oval cells exhibit cata-
lase-positive peroxisomes that proliferate in response to treatment with
clofibrate (189,190). Cultured oval cells generally express glucose-6-phos-
phatase activity and lactate dehydrogenase isozymes 2–5, and they are vari-
ably positive for albumin and α-fetoprotein (189–192). A few oval cell lines
have been characterized for cytokeratin expression and express CK8 and
CK18 and variably express or not express CK7 and CK19 (189,191). As
with some other liver epithelial cell lines, cultured oval cells tend to be anti-
genically simple. Cultured LE/6 oval cells do not express antigens for mono-
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clonal antibodies OC.1, OC.2, BD.1, H.1, or H.2 (reviewed in ref. 21). The
presence of peroxisomes and glucose-6-phosphatase activity in cultured oval
cells suggests that these cells are part of the hepatocyte lineage.

4.6.3. Rat Liver Epithelial Stem Cells: The WB-F344 Line
Several lines of rat liver epithelial cells have been established from the

livers of normal adult rats (21). The WB-F344 rat liver epithelial cell line
represents one such propagable rat liver epithelial cell line clonally derived
from a single epithelial cell (20). WB-F344 cells are phenotypically similar
to other established rat liver epithelial cell lines. A detailed comparison of
the phenotypic properties of several rat liver epithelial cell lines was
reviewed in ref. 21. WB-F344 cells are small (9- to 15-µm diameter),
polygonal cells that grow in a monolayer (Fig. 2).

Ultrastructurally, WB-F344 cells exhibit a relatively simple cytoplasm
with few organelles. Adjacent cells in confluent monolayers are joined by
numerous desmosomes (20) and nexus junctions containing connexins 26
and 43 (193–196) and are dye coupled (194,196,197). Cells are polarized,
surfaces directed to the growth medium interface contain microvilluslike
projections, and a basement membranelike material containing fibronectin
is deposited at the substrate interface (20). WB-F344 cells possess a stable
diploid or quasidiploid karyotype (20). They do not proliferate in soft agar
culture and are nontumorigenic following transplantation into neonatal syn-

Fig. 2. Morphology of cultured WB-F344 rat liver epithelial stem cells. Low-
passage WB-F344 cells viewed by phase contrast microscopy.
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geneic rats (20). WB-F344 cells share some phenotypic traits with both hepa-
tocytes and biliary epithelial cells, but their overall phenotype differs dis-
tinctively from either differentiated cell type (20). Most notably, WB-F344
cells are null for the major antigens that typify and distinguish hepatocytes
or biliary epithelial cells (198; A. E. Wennerberg and J. W. Grisham, 1993,
unpublished observations).

4.6.4. Progenitor Cells From the Human Liver
Very few studies have appeared that reported the isolation and culture of

human liver cells. Nussler and colleagues isolated a cell population from
human liver and established it in propagable culture (199). The resulting
cell line, AKN-1, has been characterized in culture and shows many charac-
teristics of biliary epithelial cells (199). It is tempting to speculate that AKN-
1 cells represent a cultured counterpart to a putative undifferentiated human
liver stem cell. However, these cells contain chromosomal abnormalities,
display an aneuploid DNA content, and are tumorigenic following trans-
plantation into nude mice (199), indicating that the AKN-1 cell line may not
represent propagable normal human liver stem cells.

In a similar study, cells expressing c-Kit and CD34 were isolated and
cultured from diseased human liver (170). These cells were localized to por-
tal tracts close to bile ducts in cirrhotic livers (170). In cell culture, these
cells expressed markers (such as CK19) that suggested differentiation
toward the biliary epithelial cell lineage (170). Of great significance, cells
positive for c-Kit and CD34 were also isolated from normal human liver,
albeit in smaller numbers, and these cells also acquired biliary epithelial
differentiation in vitro (170).

5. EVIDENCE FOR THE MULTIPOTENTIAL DIFFERENTIATION
OF ADULT LIVER STEM CELLS IN VIVO

The ultimate proof that a rat liver epithelial cell line represents cultured
stemlike cells requires the demonstration that these cells can give rise to
hepatocytes or biliary epithelial cells following transplantation into appro-
priate sites in host animals. Such studies have been carried out by trans-
planting various cultured liver epithelial cell lines into livers or extrahepatic
sites of syngeneic animals and nude mice.

5.1. Transplantation of Neoplastically Transformed Liver
Epithelial Cells

Early studies of the differentiation of tumors produced following the sub-
cutaneous or intraperitoneal transplantation of uncloned chemically trans-
formed rat liver epithelial cells demonstrated that most tumors were poorly



Liver Stem Cells 119

differentiated, although some tumors expressed morphologic features of
hepatocellular carcinomas or biliary adenocarcinomas (200,201). Definitive
evidence that rat liver epithelial cells possess a wide differentiation poten-
tial came from studies of the tumorigenicity of cloned lines of transformed
cells derived from WB-F344 cells (202).

WB-F344 rat liver epithelial cells have been neoplastically transformed
in vitro by infrequent passaging of cultures to induce their spontaneous trans-
formation (203,204) and following exposure to N-methyl-N’-nitro-N-
nitrosoguanidine to transform them chemically (205). The histological types
of tumors that result from the subcutaneous or intraperitoneal transplanta-
tion of chemically transformed WB-F344 cells and subcloned cell lines
include hepatocellular carcinomas, adenocarcinomas (biliary and intestinal
types), adenocarcinomas with sarcomatous elements, epidermoid (squa-
mous) carcinomas, hepatoblastomas (containing cartilage and osteoid ele-
ments), and poorly differentiated tumors of both epithelial and mesenchymal
morphologies (202). Spontaneously transformed WB-F344 cell lines also
produce wide variety of tumor cell types, including well-differentiated hepa-
tocellular carcinomas, biliary adenocarcinomas, and hepatoblastomas, as
well as mesenchymal tumors, including osteosarcomas (203,204). These
results demonstrate that transformed WB-F344 cells are multipotent for the
major differentiated epithelial cell types of the rat liver and suggest the pos-
sibility that their diploid counterpart may possess a broad differentiation
potential.

5.2. Transplantation of Rat Liver Stem Cells Into Livers
of Syngeneic Rats

To investigate the differentiation potential of cultured rat liver epithelial
cells, WB-F344 cells have been transplanted into livers or extrahepatic sites
of syngeneic animals to examine their fate in vivo. Several weeks following
the transplantation of WB-F344 cells into the interscapular fat pads of syn-
geneic Fischer 344 rats, small clusters of cells morphologically resembling
hepatocytes were identified (178). However, whether these cells possessed
functional attributes of hepatocytes was not determined. Nonetheless, this
observation suggested that transplanted WB-F344 cells could acquire char-
acteristics of hepatocytes in vivo.

To demonstrate a precursor–product relationship between transplanted
cells and differentiated cell types in the liver, methods had to be established
that would allow the definitive identification of the progeny of the trans-
planted cells among host cells in the adult liver. Three different strategies
were utilized to examine the fate of WB-F344 rat liver epithelial cells fol-
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lowing transplantation into adult rat livers: (1) introduction of a genetic tag/
marker enzyme into WB-F344 cells (178,206), (2) transplantation of normal
WB-F344 cells into the livers of rats deficient for DPPIV enzyme activity
(207), and (3) transplantation of normal WB-F344 cells into the livers of
Nagase analbuminemic rats (208). In all of these model systems, trans-
planted WB-F344 cells (or BAG2-WB cells) integrated into hepatic plates
and morphologically and functionally differentiated into hepatocytes. The
results from these studies combined show that WB-F344 cells are
multipotent and differentially responsive to the tissue microenvironment of
the transplantation site.

5.2.1. Hepatocytic Differentiation by Transplanted WB-F344 Rat Liver Stem
Cells

To facilitate transplantation studies, WB-F344 rat liver epithelial cells
were genetically modified by infection with the CRE BAG2 retrovirus,
which encodes the Escherichia coli β-galactosidase gene and the Tn5 neo-
mycin resistance gene (209). The resulting cells, termed BAG2-WB, were
transplanted into the livers of adult Fischer 344 rats; the livers of these rats
were examined for the presence of β-galactosidase-positive cells at various
times following transplantation (Fig. 3). In these studies, β-galactosidase-
positive hepatocytelike cells were detected in the hepatic plates of recipient
rats among the host hepatocytes (206). The size and morphologic appear-
ance of these cells is indistinguishable from that of the host hepatocytes
(178,206). The β-galactosidase-positive cells were observed at all times
examined (Fig. 3), up to more than 1 yr following transplantation. Subse-
quent studies demonstrated that the β-galactosidase-positive hepatocytelike
cells express functional differentiation typical of hepatocytes, including
expression of albumin, transferrin, α1-antitrypsin, and tyrosine aminotrans-
ferase (178).

Several methods were utilized to demonstrate further that the β-galac-
tosidase-positive cells observed in these livers were derived from the trans-
planted BAG2-WB cells. In some studies, cells were labeled with the
lipophilic fluorescent membrane dye PKH26-GL (206). Examination of liver
sections demonstrated the presence of fluorescent cells in the hepatic plates
of the host livers, consistent with the observations made using the β-galac-
tosidase marker enzyme (206). In addition, the neomycin resistance gene of
the CRE BAG2 retroviral construct could be detected by polymerase chain
reaction (PCR) in genomic DNA prepared from livers of rats that received
BAG2-WB cell transplants (206).

Together, these studies demonstrate that transplanted WB-F344 rat liver
epithelial cells incorporate into the hepatic plates of the host liver, morpho-
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logically and functionally differentiate into hepatocytes, and remain a stable
component of the hepatic parenchyma over long periods of time.

In other transplantation studies (207), normal WB-F344 cells were trans-
planted into the livers of German Fischer 344 rats, which are deficient for
dipeptidylpeptidase IV enzyme activity (210,211), to examine the fate of
these cells in a transplantation model that does not depend on the use of
exogenous marker enzymes. Dipeptidylpeptidase IV is a bile canalicular
enzyme expressed by mature hepatocytes in normal rats (212,213). The
WB-F344 cell line was isolated from an American strain adult Fischer 344

Fig. 3. Hepatocytic differentiation of WB-F344 cells following transplantation
into the livers of adult rats. (A–C) Liver tissue obtained 128 d following transplan-
tation of WB-F344 cells into syngeneic Fischer 344 rats. β-galactosidase-positive
WB-F344-derived hepatocytes are identified by the presence of X-gal reaction prod-
uct. (D–F) Representative liver cryosections from DPPIV-deficient rats demon-
strating DPPIV-positive WB-F344-derived hepatocytes 30–60 d after transplantation.
Liver sections were histochemically stained for both DPPIV and bile canalicular
ATPase. (G–I) Albumin immunostaining of representative paraffin sections of liver
tissue from Nagase analbuminemic rats at 28 d following transplantation of WB-
F344 cells.



122 Coleman, Grisham, and Malouf

rat (20) that expresses normal levels of dipeptidylpeptidase IV activity in
hepatocytes. Following transplantation into the rats deficient in dipepti-
dylpeptidase IV, WB-F344 cells incorporated into hepatic plates and mor-
phologically differentiated into hepatocytelike cells that expressed
dipeptidylpeptidase IV enzyme activity (207).

These dipeptidylpeptidase IV-positive hepatocytes (Fig. 3) were easily
distinguished from the host hepatocytes using a histochemical staining reac-
tion for dipeptidylpeptidase IV activity (214). The dipeptidylpeptidase IV-
positive hepatocytes in hepatic plates were comparable to adjacent host
hepatocytes in size and morphology (Fig. 3). Close physical contact between
the differentiated progeny of the transplanted cells and host hepatocytes was
verified through colocalization of dipeptidylpeptidase IV staining and
adenosine triphosphatase (ATPase) staining of hybrid bile canaliculi (Fig.
3). In addition, the localization of dipeptidylpeptidase IV staining to bile
canaliculi showed that the surface membranes of differentiating WB-F344
cells acquired the polarization characteristic of fully differentiated hepatocytes
(207). These results provide additional evidence that WB-F344 cells mor-
phologically and functionally differentiate into hepatocytes following their
transplantation into the liver microenvironment of adult rats.

In a third transplantation model, wild-type WB-F344 cells were trans-
planted into Nagase analbuminemic rats (215,216) to examine the efficacy
of liver stemlike cell transplant for phenotypic correction of a genetic liver
defect (208). In previous studies, transplanted WB-F344 cells (or BAG2-
WB cells) gave rise to differentiated hepatocyte progeny that expressed
albumin (178,207). Therefore, in this transplantation model, albumin served
dual roles: (1) as a marker for detection of the progeny of transplanted WB-
F344 cells and (2) as a metabolic marker for monitoring phenotypic cor-
rection of analbuminemia. Albumin-positive hepatocytes were detected in
the hepatic plates among albumin-negative host hepatocytes in all rats
receiving cell transplants (Fig. 3). In some cases, individual albumin-
positive hepatocytes were observed, whereas in other instances, clusters of
albumin-positive hepatocytes were detected (Fig. 3). The WB-F344 cells
were transplanted into Nagase rats treated with cyclosporin to minimize
rejection of the transplanted cells because of strain-specific differences
between the Fischer 344 rat cells and the Sprague-Dawley rat hosts (208).
However, once engrafted into the livers of these rats, albumin-positive WB-
F344 hepatocyte progeny could be detected for up to 4 wk following the
cessation of cyclosporin treatment (208).
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5.2.2. Differentiation of WB-F344 Rat Liver Stem Cells Into Biliary
Epithelial Cells

Until recently, studies aimed at determination of the potential for WB-
F344 cells to serve as a progenitor for biliary epithelial cells and to partici-
pate in bile duct formation were lacking. However, Hixson and colleagues
(217) developed techniques for introducing rat liver epithelial cells into the
bile ducts. Using these methods, they showed that WB-F344 cells trans-
planted into the bile ducts differentiated into biliary epithelial cells and par-
ticipated in bile duct formation (217).

5.3. Transplantation of Rat Liver Stem Cells
Into Extrahepatic Sites

Several types of stem cells from adult tissues express a capacity for
multipotential differentiation. The stem cells respond to inductive signals
from the tissue microenvironment in which they engraft and differentiate
into cells that express a phenotype characteristic of cells in that tissue micro-
environment. To examine directly the possibility that rat liver stem cells
possess the ability for multipotential differentiation in vivo, WB-F344 cells
were transplanted into extrahepatic sites of nude mice. In response to sig-
nals in the various niches of the heart, transplanted WB-F344 cells differen-
tiated into cells unique to each of these niches (218). Furthermore, early
results indicated that transplanted WB-F344 cells can differentiate into cells
of the hematopoietic lineage in vivo. Together, these results suggest that the
WB-F344 cells have a broad differentiation potential that, depending on the
tissue microenvironment at the transplantation site, can give rise to cells of
several nonhepatic lineages. These studies are reviewed briefly.

5.3.1. WB-F344 Cells Differentiate Into Various Kinds
of Heart Cells Following Transplantation into the Heart

To investigate the possibility that adult-derived WB-F344 rat liver stem
cells can respond to signals in the microenvironment of the heart in vivo and
give rise to cells of cardiac lineages, male WB-F344 cells that carry the E.
coli β-galactosidase reporter gene were transplanted into the hearts of adult
female nude mice (218). Six weeks following intracardiac injection, β-
galactosidase-positive myocytes were identified, by light (218) and electron
microscopy, in the myocardium of recipient mice among host myocytes (Fig. 4).

Engrafted cells ranged from small undifferentiated cells to long striated
cells measuring up to 110 µm in length (218). By electron microscopy, the
WB-F344-derived myocytes were demonstrated to be at various stages of
differentiation. The longer cells contained well-organized and differentiated
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sarcomeres, with intercalated disks and apparent gap junctional connections
to adjacent host myocytes (Fig. 4), consistent with a more differentiated
(mature) cell phenotype. The presence of anatomical couplings between
stem cell-derived myocytes and host myocytes suggests that the WB-F344-
derived myocytes participate in the function of the cardiac syncytium (218).
Smaller, less-differentiated cells, some as little as 20 µm in length, demon-
strated nascent sarcomeres, suggesting that they were immature cardiac lin-
eage committed, WB-F344-derived myocytes (Fig. 4). These developing
cells were isolated in the cardiac connective tissue and did not show any
apparent contact with native well-differentiated myocytes.

Taking advantage of the male origin of the WB-F344 cells, β-galactosi-
dase-positive myocytes, engrafted into the hearts of female host mice, were
shown to contain a Y chromosome by in situ hybridization of tissue sections
(218). Individual β-galactosidase-positive myocytes were microdissected

Fig. 4. Transmission electron microscopy of WB-F344-derived cardiac
myocytes. β-Galactosidase-positive WB-F344-derived cardiomyocytes are identi-
fied by the presence of electron-dense crystalloid X-gal reaction product precipi-
tate in the cytoplasm of well-differentiated (A, B, and E) and differentiating (D)
cardiac myocytes. The well-differentiated myocytes contain striations (A and C)
and are coupled to adjacent cells through intercalated disks and gap junctions (C).
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from heart using laser capture microdissection and were used to prepare
DNA. PCR analysis of these DNA samples demonstrated the presence of rat
Y chromosome-specific repetitive DNA sequences (218). Furthermore, the
β-galactosidase-positive myocytes expressed cardiac-specific troponin T
using a monoclonal antibody that recognizes an epitope on this protein spe-
cific for the cardiac isoform and that is conserved across species (219).

It has been suggested that the capacity of many types of stem cells to
differentiate into various lineages may be explained by nuclear fusion
between these cells and native cells in the tissue microenvironment
(220,221). To test this possibility, a mouse L1 repetitive DNA element was
identified (222), and a fluorescence in situ hybridization (FISH) analysis
was performed using this DNA sequence as a probe. Sections of the heart of
a recipient mouse that contained a donor WB-F344-derived myocyte
expressing β-galactosidase were analyzed. Unlike the nuclei of host cells,
the nuclei from the donor WB-F344-derived myocytes did not demonstrate
any fluorescence by confocal microscopy using this probe. Together with
the presence of immature nascent myocytes isolated in the cardiac connec-
tive tissue, this observation indicates that WB-F344 cells may not have fused
with adult well-differentiated recipient myocytes, but rather differentiated
directly into cardiomyocytes in response to signals from the cardiac microen-
vironment. Further studies will be needed to exclude the possibility that
some transplanted cells fuse with host cells.

In addition to the observation of β-galactosidase-positive cardiomyocytes
in recipient mice, transplanted WB-F344 cells gave rise to cells of other cell
lineages that participate in the cardiac structure. In one mouse, a cartilagi-
nous mass was found in the left ventricle. This mass was lined with WB-
F344-derived endocardial cells that expressed von Willebrand factor and
β-galactosidase and contained a rat Y chromosome (Fig. 5). The cells in the
cartilaginous mass also contained a Y chromosome (Fig. 5), indicating that
they also originated from donor WB-F344 cells. We suspect that, at the time
of transplantation, the WB-F344 cells had aggregated into a suspended bolus
too large to pass through the aortic valve. Extrapolating from the morpho-
logic gradient concept in development, it is tempting to speculate that local
diffusible signals activated different genes of WB-F344 cells located at dif-
ferent points in a concentration gradient (223,224), with cells on the inside
and on the outside of the aggregate expressing different phenotypes. Alter-
natively, it is possible that suspended WB-F344 cells behaved like ES cells,
forming an “embryoid body” that differentiated along a default mesenchy-
mal cell lineage. On the other hand, the needle tip used to inject the WB-
F344 cells into the left ventricle through the rib cage might have picked up
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some cartilage cells from a costochondral junction, which formed the nidus
of a cartilage microenvironment that dominated the phenotypic differentia-
tion of adjacent and surrounding WB-F344 cells, driving them to differenti-
ate into cartilage cells.

In addition to the cell fates described above, when WB-F344 cells were
injected in the pericardial sac, β-galactosidase-positive progeny cells dis-
playing a flat mesothelial-like phenotype lined the epicardium (data not
shown). This result suggests that, when these cells are introduced into the
tissue niche represented by the pericardial sac, they are directed to engraft
into the mesothelial cell lining and acquire a cell phenotype characteristic
for cells of that niche of the heart.

Together, the results of intracardiac transplantation of clonal WB-F344
liver stem cells show that they engraft and differentiate in the heart in a
niche-specific manner (218). WB-F344 cells acquire a myocytic phenotype
in the myocardium, an endocardial phenotype in the endocardium, and a
visceral pericardial phenotype in the pericardial space.

5.3.2. WB-F344 Cells Differentiate Into Hematopoietic Cell Lineages
Following Transplantation Into Bone Marrow

To determine the capacity for WB-F344 cells to engraft in the bone mar-
row and differentiate into hematopoietic cells, WB-F344 cells (carrying
genes for E. coli β-galactosidase and green fluorescent protein) were trans-
planted via tail vein injection into sublethally irradiated female nude mice.
Bone marrow and spleen were harvested from recipient mice 7 to 9 wk later
for analysis by clonogenic assays in the presence of the antibiotic G418.
These assays demonstrated that WB-F344-derived hematopoietic cells col-
lected from the bone marrow and spleen of irradiated mice receiving cell
transplants produced colonies that contained cells with typical characteris-
tics of neutrophils, monocytes, megakaryocytes, macrophages, erythroid,
and pre-B cells (225). Verification that these hematopoietic cells were
derived from transplanted WB-F344 cells was accomplished by PCR ampli-
fication of the rat Y chromosome repetitive sequences. These results sug-
gest that transplanted WB-F344 cells can home into the bone marrow of
host animals and differentiate into hematopoietic progenitor cells in response
to instructive signals in the microenvironment of the bone marrow.

6. MULTIPOTENTIAL DIFFERENTIATION OF ADULT LIVER
STEM CELLS IN CULTURE

Various approaches have been used to examine the differentiation poten-
tial of cultured rat liver stem cells. These include modification of culture
media to contain differentiation-promoting agents and the use of combina-
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Fig. 5. Endocardial differentiation of WB-F344 cells following transplantation
into the heart. A cartilaginous structure in the ventricular chamber of the heart (A,
C) is lined by flat cells that express β-galactosidase (C, D) and von Willebrand
factor (B). Cells on the surface of the structure, as well as cells in the mass, contain
a Y chromosome (arrows, E).
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tions of extracellular matrix materials as culture substrates. These studies
have yielded evidence that cultured stemlike epithelial cells can be induced
to express characteristics of differentiated liver cell types in culture. In the
following sections, we review the results of our studies with WB-F344 rat
liver epithelial cells as well as some studies from the literature on the differ-
entiation of oval cells in culture.

6.1. Hepatocytic Differentiation of Oval Cells In Vitro

Oval cell cultures established from rats treated with 3'-methyl-4-
dimethylaminoazobenzene exhibit typical epithelial morphology in culture,
express various cytokeratins, vimentin, γ-glutamyltranspeptidase, and BDS7
antigen (226). The phenotype of these cells can be modified by culturing
them on fibronectin-coated dishes in medium containing various differen-
tiation-promoting agents. Inclusion of sodium butyrate in the growth
medium inhibits cellular proliferation and produces dramatic morphologi-
cal alterations in the cultured oval cells (226). In the presence of sodium
butyrate alone or in combination with dexamethasone, cultured oval cells
synthesize albumin and express tyrosine aminotransferase activity (226).

Pack and coworkers have also examined the effects of differentiation-
promoting chemicals on the phenotypic characteristics of cultured oval cell
lines (191). Oval cell lines (OC/CDE) were established from cells isolated
from rats maintained on a choline-deficient diet supplemented with ethion-
ine (191). Exposure of OC/CDE cell lines to either sodium butyrate or dim-
ethylsulfoxide resulted in cessation of cell proliferation, increased cell size,
expression of albumin (in 35–40% of cells), and enhanced glucose-6-phos-
phatase, γ-glutamyltranspeptidase, and alkaline phosphatase activities (191).
Tyrosine aminotransferase activity was not detected in OC/CDE cell cul-
tures treated with either sodium butyrate or dimethylsulfoxide (191). These
studies combined demonstrate that cultured oval cells can be induced to
express some characteristics of differentiated hepatocytes.

Lazaro and colleagues (227) developed a three-dimensional cell culture
system that supports the hepatocytic differentiation of oval cell lines. In this
system, LE/2 and LE/6 oval cells were cultured in a collagen I gel matrix, sup-
ported by a fibroblast feeder layer. After several weeks in culture, these oval
cells acquired a phenotype characterized by typical hepatocyte morphology
and ultrastructure, expression of a hepatocytic cytokeratin pattern (CK8+,
CK18+, CK19–), and production of albumin (227). In the absence of a fibro-
blast feeder layer, oval cells cultured in this model system with defined
growth factors HGF or keratinocyte growth factor (KGF) produced ductal
structures, suggesting differentiation toward the biliary epithelial cell lin-
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eage (227). This study showed that cultured oval cells are bipotent, and that
their differentiation fate is influenced by soluble factors (growth factors and
others) produced by stromal cells.

6.2. Hepatocytic Differentiation by RLE-13 Rat Liver Epithelial
Cells in Culture

A number of different simple epithelial cell lines have been established in
culture from normal rat livers (reviewed in ref. 15), including RLE-13, which
was established from a normal adult Fischer 344 rat (228). Schroeder and
colleagues induced hepatocytic differentiation of RLE-13 cells by treatment
with 5-aza deoxycytidine, followed by culture in defined growth medium
containing FGF1/2, oncostatin M, HGF, and dexamethasone (229). Culture
of the RLE-13 cells under these conditions resulted in significant enlarge-
ment of cell size, increased organelle complexity, and decreased prolifera-
tion. Concurrent with the morphological alterations, differentiating RLE-13
cells expressed hepatocyte-specific markers, including tyrosine aminotrans-
ferase, and liver-enriched transcription factors, including HNF4 (229). These
results combine to suggest that RLE-13 cells acquire a hepatocytic pheno-
type when maintained in culture under defined conditions.

6.3. Hepatocytic Differentiation of WB-F344 Rat Liver Stem Cells
in Culture

Exposure to sodium butyrate in culture inhibits proliferation, alters nor-
mal cellular morphology (increased cell size and decreased nuclear/cyto-
plasmic ratio), and dramatically increases cellular protein synthesis in
WB-F344 rat liver epithelial cells (230). Ultrastructurally, WB-F344 cells
treated with sodium butyrate demonstrate complex cytoplasm with exten-
sive rough endoplasmic reticulum, numerous mitochondria, and large num-
bers of primary and secondary lysosomes. These cells also express
dexamethasone-inducible tyrosine aminotransferase enzyme activity (230),
which is a marker of hepatocyte differentiation (231,232). The dexametha-
sone-inducible tyrosine aminotransferase activity developing in these WB-
F344 cells treated with sodium butyrate responds to the modulating effects
of insulin and L-tyrosine in a manner that closely resembles that of cultured
hepatocytes and hepatoma cell lines (233,234). These studies demonstrated
that WB-F344 cells can be induced to express traits of differentiated hepato-
cytes in vitro.

Using a similar cell culture system, Couchie and colleagues evaluated the
ability of WB-F344 cells to differentiate into the biliary epithelial cell lin-
eage (235). WB-F344 cells cultured on dishes coated with laminin-rich
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Matrigel in the presence of growth medium containing sodium butyrate dem-
onstrated reduced proliferation and formed cordlike structures between islets
of cells (235). WB-F344 cells in the cordlike structures were elongated, and
expressed several biliary markers, including BDS7, CK19, and γ-glutamyl
transpeptidase (235). These results suggest that WB-F344 cells adopt a bil-
iary epithelial cell phenotype in response to specific factors/signals in cell
culture.

6.4. WB-F344 Cells Differentiate Into Cardiac Myocytes in Cell Culture

To examine the capacity for WB-F344 cells to differentiate into myocytes
in culture, a cardiac tissue microenvironment was established ex vivo using
primary cultures of neonatal rat cardiac myocytes. After 3–4 d, these cul-
tures were seeded with WB-F344 cells (carrying genes for E. coli β-
galactosidase and green fluorescent protein). The β-galactosidase-positive
or fluorescent WB-F344-derived myocytes were identified in these
cocultures 6–9 d later (236). WB-F344-derived myocytes were binucleated
and demonstrated nascent myofibrils, sarcomeres, and sarcoplasmic reti-
culum by electron microscopy. The cardiac phenotype of these cells was
verified by immunodetection of cardiac-specific proteins. These WB-F344-
derived myocytes demonstrated calcium transients and were electrically
coupled with the established neonatal-derived myocytes, as evidenced by
fluorescence recovery after photobleaching (FRAP) experiments (236). Evi-
dence of fusion between WB-F344 cells and cultured cardiac myocytes was
not found. These results suggest that WB-F344 cells can be induced to dif-
ferentiate into cardiac myocytes in culture, and that a myocyte lineage can
be modeled ex vivo, allowing for systematic investigation of the mechanis-
tic basis for this differentiation event.

7. STEM CELL POTENTIAL AND PLASTICITY

The molecular mechanisms that regulate the formation of differentiated
progeny from stem cells have not been well characterized, but are thought to
be driven by signals from tissue microenvironments (206,237). Of intense
current interest to stem cell biologists is the question of stem cell potential
and plasticity. Several literature reports suggested that bone marrow-
derived stem cells can give rise both to hematopoietic cell types and to a
number of other cell types (121–127), including hepatocytes (129–133). It
is not clear from the studies reported to date whether this reflects the ability
of one bone marrow-derived stem cell to give rise to multiple tissue types,
termed stem cell plasticity, or whether the bone marrow contains multiple
populations of cells with more restricted differentiation potential.
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In contrast to bone marrow-derived stem cells, the WB-F344 rat liver
stem cell is a clonal cell line (20) with demonstrated multipotentiality and
plasticity (178,206–208,218). The multipotentiality of this cell line is mani-
fest in its ability to produce both hepatocytes and biliary epithelial cells
under the appropriate conditions in vivo or in culture (178,206–208,230).
The plasticity of the WB-F344 cell line outside the liver is demonstrated by
their ability to give rise to cardiac myocytes, endocardial cells, and pericar-
dial cells in vivo (218) and cardiac myocytes in culture (236) and to cells of
the hematopoietic lineage in vivo (225). Given the clonal nature of this cell
line and its derivation from epithelial cells of the adult rat liver, we have
suggested that this line represents an adult (cloned) stem cell with multipo-
tential differentiation capacity.

It has been suggested that cells maintained in culture for long periods of
time undergo modifications (DNA methylation, mutations) that may affect
their differentiation potential, which may be explained by such culture-
acquired changes (19). However, the WB-F344 cell line has remained karyo-
typically and phenotypically stable throughout numerous passages.
Furthermore, if cell culture were an impermissible technique to apply to
stem cells, then embryonic stem cells would not have been developed or
applied to the generation of progeny expressing particular transgenes or lack-
ing particular deleted genes. If stem cells, including embryonic stem cells,
are to be used to replace injured tissues, for tissue engineering, or for gene
therapy, they must be propagated and manipulated in culture. It is unfortu-
nate that hematopoietic stem cells cannot be propagated in culture. Trans-
plantation of primary cells, such as hematopoietic stem cells, has so far been
demonstrated to replace depleted hematopoietic cells efficiently, but engraft-
ment into other tissues, including liver, has not yet been shown to be robust
(136). It has been suggested that the differentiation potential or plasticity of
some stem cells may be related to fusion of the genetically marked undiffer-
entiated progenitor cells with differentiated cells of interest (220,221). How-
ever, recent studies suggesting multipotentiality of adult tissue stem cells
have not addressed this issue directly.

In our own studies with WB-F344 cells, we have employed labeling dyes
(PHK26), genetic marking (β-galactosidase and neomycin resistance), trans-
plantation into mutant rat strains (DPPIV deficient and Nagase analbu-
minemic), and male–female transplant mismatch (Y chromosome in situ
hybridization) to enable identification of progeny of transplanted cells. All
of these methods facilitated lineage analysis of transplanted cells, but did
not eliminate the possibility that fusion could account for the observed
results. However, in our studies of WB-F344 cell transplantation into the
cardiac microenvironment, we were able to exploit genetic differences
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between the transplanted rat cells and the mouse hosts to show in prelimi-
nary studies that WB-F344 cell-derived cardiac myocytes were not genetic
rat–mouse chimeras and therefore were not formed by cell fusion. Addi-
tional studies are under way that will address this question in other WB-
F344 cell differentiation models in vivo, ex vivo, and in culture.

8. SHIFTING PARADIGMS IN LIVER STEM CELL BIOLOGY

Our review of the literature highlights numerous developments in liver
stem cell biology that result in several significant shifts in the stem cell para-
digm, including the general acceptance of the concept that liver stem cells
exist. This shifting paradigm is the result of an influx of new information
from experimental studies, as well as a new interpretation of historical data.
In addition, liver biologists have accepted the revision of some basic con-
cepts in liver stem cell biology, including the working definitions of stem
and progenitor cell.

Among the conclusions that can be drawn from this review include, (1)
the liver is not a typical stem cell-fed lineage renewal system, (2) multiple
liver cell types can serve as progenitor cells in response to liver injury or
deficit, (3) some stem/progenitor cells from extrahepatic tissues can serve
as progenitor cells for liver under certain pathophysiological conditions, and
(4) some liver stemlike progenitor cells express a broader (multipotential)
differentiation capacity and are able to give rise to cells of other tissue lin-
eages. It is now recognized that the differentiated hepatocytes and biliary
epithelial cells of the adult liver participate in lineage renewal during liver
regeneration, and that these cells represent unipotential liver progenitor cells
(15). In addition, the liver contains a population of undifferentiated, multi-
potential stem cells that can participate in lineage renewal under some cir-
cumstances through the oval cell response (15,21). Furthermore, cells from
extrahepatic tissues have been shown to produce hepatocytes in some model
systems; perhaps the most intriguing extrahepatic source of these cells is the
bone marrow (18).

Several investigators have suggested that the bone marrow-derived liver
stem cell is related to a circulating adult tissue stem cell that possesses broad
(perhaps pluripotent) differentiation potential. In fact, Petersen and col-
leagues suggested that oval cells originate from bone marrow-derived stem
cells of this type (128). However, from published studies, it is not yet clear
that bone marrow-derived progenitor cells give rise to all oval cells in rat
models of liver injury. The liver stem cell compartment may coexist with
hematopoietic stem cells in the adult organism that are retained from the
period of hepatic embryogenesis when the liver was the primary hema-
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topoietic organ. Likewise, the mechanisms through which the bone marrow-
derived stem cells may be recruited or the circulating hematopoietic stem
cells may home to the injured liver are not known.

Although the location of the stem cell niche in the normal adult liver has
not been unequivocally identified and cells possessing stemlike properties
have not been identified microscopically in the normal liver, a considerable
amount of evidence suggests that the stem cells responsible for oval cell
proliferation reside in the periportal regions of the liver lobule, probably in
or around the terminal bile ductules in portal tracts (reviewed in ref. 15).

Despite recent advances in stem cell biology, numerous questions remain
to be answered before complete understanding of the complexities of specific
stem cell lineage systems is achieved. When these questions are answered, addi-
tional modifications of the stem cell paradigm may be required. Several basic
questions remain that limit our ability to define the role of liver stem cells in
liver injury, repair, and regeneration. How many cell types (hepatic and
extrahepatic) represent liver stem cells? What are the ultimate sources of
these liver stem cells? Where is the liver stem cell niche, and how does it
protect undifferentiated stem cells? What factors or signals determine the
extent of involvement of liver stem cells in tissue repair and regeneration?
How are liver stem cells related to other stem cells? What is the extent of
phenotypic (differentiative) plasticity of liver stem cells? What factors or
signals determine liver stem cell lineage commitment? Successful investi-
gation of these and other questions in appropriate model systems will sig-
nificantly improve the understanding of liver stem cells and their potential
use in therapeutic applications (238).
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Takayuki Asahara and Jeffrey M. Isner

1. STEM AND PROGENITOR CELLS
FOR TISSUE REGENERATION

Tissue regeneration for organ recovery in the adult has two physiological
mechanisms. One is the replacement of differentiated cells by newly gener-
ated populations derived from residual cycling stem cells. Hematopoietic
cells are a typical example for this kind of regeneration. Whole hematopoi-
etic lineage cells are derived from a few self-renewing stem cells by regu-
lated differentiation under the influence of appropriate cytokines or growth
factors. The second mechanism is the self-repair of differentiated function-
ing cells, preserving their proliferative activity. Hepatocytes, endothelial
cells (ECs), smooth muscle cells (SMCs), keratinocytes, and fibroblasts are
considered to possess this ability. Following physiological stimulation or
injury, factors secreted from surrounding tissues stimulate cell replication
and replacement.

Although most cells in adult organs are composed of differentiated cells,
which express a variety of specific phenotypic genes adapted to each organ’s
environment, quiescent stem or progenitor cells are maintained locally or in
the systemic circulation and are activated by environmental stimuli for
physiological and pathological tissue regeneration. These reserved quies-
cent stem or progenitor cells are mobilized in response to environmental
stimuli when an emergent regenerative process is required; neighboring dif-
ferentiated cells are relied on during a minor event. In the past decade, the
stem or progenitor cells have been defined from various tissues, including
bone marrow, peripheral blood, brain, liver, and reproductive organs, in both
adult animals and humans.

Among these stem/progenitor cells, the endothelial progenitor cell (EPC)
has been identified recently and investigated to elucidate its biology for
therapeutic applications. As recent reports demonstrated that endothelial lin-
eage cells play a critical role in the early stage of liver or pancreatic differ-
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entiation, prior to the blood vessel (1,2), the significance of vascular devel-
opment in organogenesis has become a crucial issue in regenerative medi-
cine. In this review, the profiles of embryonic and postnatal EPCs and
therapeutic application designs are introduced.

2. EMBRYONIC ENDOTHELIAL PROGENITOR CELLS

Embryonic stem cell research has opened a novel door for vascular biol-
ogy, as for any medical field, to elucidate the history of vascular develop-
ment. Embryonic endothelial progenitor cells, so-called angioblasts, for
blood vessel development arise from migrating mesodermal cells. EPCs
have the capacity to proliferate, migrate, and differentiate into endothelial
lineage cells, but have not yet acquired characteristic mature endothelial
markers. Available evidence suggests that hematopoietic stem cells (HSCs)
and EPCs (3,4) are derived from a common precursor (hemangioblast)
(5–7). Growth and fusion of multiple blood islands in the yolk sac of the
embryo ultimately give rise to the yolk sac capillary network (8); after the
onset of blood circulation, this network differentiates into an arteriovenous
vascular system (4). The integral relationship between the elements that cir-
culate in the vascular system (the blood cells) and the cells principally
responsible for the vessels themselves (the ECs) is implied by the composi-
tion of the embryonic blood islands. The cells destined to generate hemato-
poietic cells are situated in the center of the blood island and are termed
HSCs. EPCs are located at the periphery of the blood islands.

The key molecular players determining the fate of the hemangioblast are
not fully elucidated. However, several factors have been identified that may
play a role in this early event. Studies in quail/chick chimeras have shown
that the fibroblast growth factor 2 (FGF-2) mediates the induction of EPCs
from the mesoderm (9). These embryonic EPCs express flk-1, the receptor 2
for vascular endothelial growth factor (VEGFR-2), and respond to a pleio-
tropic angiogenic factor, vascular endothelial growth factor (VEGF), for
proliferation and migration. Deletion of the flk-1 gene in mice results in
embryonic lethality because of a lack of both hematopoietic and endothelial
lineage development, supporting the critical importance of flk-1 at that
developmental stage, although not defining the steps regulating differentia-
tion into endothelial vs hematopoietic cells.

Mesodermal cells expressing flk-1 have also been defined as an embry-
onic common vascular progenitor that differentiates into endothelial and
SMCs (10). The vascular progenitors differentiated to ECs in response to
VEGF, whereas they developed into SMCs in response to PDGF-BB. It
remains to be determined whether embryonic EPCs or vascular progenitor
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cells persist with an equivalent capability during adult life and whether these
cells contribute to postnatal vessel growth (see below).

3. ADULT ENDOTHELIAL PROGENITOR CELLS

3.1. Identification of Adult Endothelial Progenitor Cells

The identification of putative HSCs in peripheral blood and bone marrow
and the demonstration of sustained hematopoietic reconstitution with these
HSC transplants have constituted inferential evidence for HSCs in adult tis-
sues (11–14). The related descendents (EPCs) have been isolated along with
HSCs in hematopoietic organs. Flk-1 and CD34 antigens were used to detect
putative EPCs from the mononuclear cell (MNC) fraction of peripheral
blood (15). This is supported by the former findings that embryonic HSCs
and EPCs share certain antigenic determinants, including Flk-1, Tie-2,
c-Kit, Sca-1, CD133, and CD34. These progenitor cells have consequently
been considered derived from a common precursor, putatively termed a
hemangioblast (5–7) (Fig. 1).

Fig. 1. Embryonic vs postnatal differentiation profiles of the endothelial lineage cell.
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In vitro, these cells differentiated into endothelial lineage cells and, in
animal models of ischemia, heterologous, homologous, and autologous
EPCs were shown to incorporate into sites of active neovascularization. This
finding was followed by diverse identifications of EPCs using equivalent or
different methodologies (16–20). EPCs were subsequently shown to express
VE-cadherin, a junctional molecule, and AC133, an orphan receptor spe-
cifically expressed on EPCs, but with expression that is lost once they dif-
ferentiate into more mature ECs (19). Their high proliferation rate
distinguishes circulating marrow-derived EPCs in the adult from mature ECs
shed from the vessel wall (18). Thus far, a bipotential common vascular
progenitor, giving rise to both ECs and SMCs, has not been documented in
the adult.

These findings have raised important questions regarding fundamental
concepts of blood vessel growth and development in adult subjects. Does
the differentiation of EPCs in situ (vasculogenesis) play an important role in
adult neovascularization, and would impairments in this process lead to
clinical diseases? There is now a strong body of evidence suggesting that
vasculogenesis does in fact make a significant contribution to postnatal
neovascularization. Recent studies with animal bone marrow transplanta-
tion models in which bone marrow (donor)-derived EPCs could be distin-
guished have shown that the contribution of EPCs to neovessel formation
may range from 5 to 25% in response to granulation tissue formation (21) or
growth factor-induced neovascularization (22).

3.2. Diverse Identifications of Human EPCs and Their Precursors

Since the initial report of EPCs (15), a number of groups have set out to
define this cell population better. Because EPCs and HSCs share many sur-
face markers and no simple definition of EPCs exists, various methods of
EPC isolation have been reported (15–20,23–33) (Table 1). The term EPC
may therefore encompass a group of cells that exist in a variety of stages,
ranging from hemangioblasts to fully differentiated ECs. Although the true
differentiation lineage of EPCs and their putative precursors remains to be
determined, there is overwhelming evidence in vivo that a population of
EPCs exists in humans.

Lin et al. (18) cultivated peripheral MNCs from patients receiving gen-
der-mismatched bone marrow transplantation and studied their growth in
vitro. This study identified a population of bone marrow (donor)-derived
ECs with high proliferative potential (late outgrowth); these bone marrow
cells likely represent EPCs. Gunsilius et al. (17) investigated a chronic my-
elogenous leukemia model and disclosed that bone marrow-derived EPCs
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Table 1
Methods of Endothelial Progenitor Cell Isolation

Reference

18 PB MNCs On type I collagen, 1 mo (outgrowth) acLDL, vWF, CD144, KDR, CD36
19 G-CSF-PB, CB Nonadherent bFGF, VEGF, heparin on collagen, 2 vWF, CD144

   CD34+ cells    wk

26 PB MNCs VEGF, bFGF, IGF-1, EGF, ascorbate acLDL, UEA-1, KDR, CD144, CD31
   on FN, 7–10 d

17 BM, Hydroxyurea/ MNCs BBE, VEGF, SCGF on FN, 10 d CD31, factor VIII, vWF, UEA-1,
   G-CSF-PB    acLDL

16 G-CSF-PB CD133+ cells Hydrocortisone, SCGF, VEGF on CD31, CD144, KDR, Tie-2, UEA-1,
   FN, 2 wk    vWF, Weibel-Palade body

24 PB CD14+ cells VEGF, bFGF, EGF, IGF-1, hydro- vWF, CD144, CD105, acLDL, CD36,
   cortisone, heparin, ascorbate on    flt-1, KDR, Weibel-Palade body
   FN, 1 wk

28 CB MNCs BBE, heparin on FN, 7 d CD31, CD144, KDR, eNOS, vWF,
   acLDL

32 PB CD34+ cells BBE on FN, 2 wk Tie-2, acLDL
33 PB Negative cells for VEGF, bFGF, IGF-1 on FN, 2–4 wk vWF, CD144, eNOS

   CD3, CD7, CD19,
   CD34, CD45RA,
   CD56, and IgE

27 CB MNCs PHA, 7 d KDR, CD31, CD144
25 PB CD34- cells BBE on FN, 10–12 d Tie-2, eNOS, CD144
30 BM CD133+ cells VEGF, bFGF, IGF-1 on FN, 3 wk, vWF, CD105, KDR, CD31, CD144

   then UEA-1 selection
31 BM CD45- and Insulin, transferrin, selenium, linoleic vWF, P1H12, Tie-2, CD144, KDR

   acid, glycophorin
   A- dexamethasone,
   ascorbate, VEGF
   on FN cells

Abbr: acLDL, acetylated low-density lipoprotein; BBE, bovine brain extract; BM, bone marrow; CB, cord blood; CM, conditioned media; eNOS, endot-
helial nitric oxide synthase; FN, fibronectin; G-CSF-PB, granulocyte colony-stimulating factor-mobilized PB; IgE, immunoglobulin E; MNCs, mono-
nuclear cells; PB, peripheral blood; SCGF, stem cell growth factor.
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contribute to postnatal neovascularization in humans. Multipotent adult pro-
genitor cells (MAPCs) were isolated from bone marrow MNCs (34), differ-
entiated into EPCs, and were proposed as the origin of EPCs (31). These
studies therefore provided evidence to support the presence of bone mar-
row-derived EPCs that take part in neovascularization.

3.3. Kinetics of Endothelial Progenitor Cells in the Adult Body

Given the result of common antigenicity, bone marrow has been consid-
ered the origin of EPCs as HSCs in adult. The bone marrow transplantation
experiments have demonstrated the incorporation of bone marrow-derived
EPCs into foci of physiological and pathological neovascularization (35).
Wild-type mice were lethally irradiated and transplanted with bone marrow
harvested from transgenic mice, in which constitutive LacZ expression is
regulated by an EC-specific promoter, Flk-1 or Tie-2. The tissues in grow-
ing tumor, healing wound, ischemic skeletal, and cardiac muscles and cor-
nea micropocket surgery have shown localization of Flk-1 or Tie-2
expressing endothelial lineage cells derived from bone marrow in blood ves-
sels and stroma around vasculatures. The similar incorporation was observed
in physiological neovascularization in uterus endometrial formation follow-
ing induced ovulation and estrogen administration (35).

Investigators have shown that wound trauma causes mobilization of
hematopoietic cells, including pluripotent stem or progenitor cells in spleen,
bone marrow, and peripheral blood. Consistent with EPC/HSC common
ancestry, recent data from our laboratory have shown that mobilization of
bone marrow-derived EPCs constitutes a natural response to tissue ischemia
(36). The murine bone marrow transplantation model presented direct evi-
dence of enhanced bone marrow-derived EPC incorporation into foci of cor-
neal neovascularization following the development of hind limb ischemia. Light
microscopic examination of corneas excised 6 d after micropocket injury
and concurrent surgery to establish hind limb ischemia demonstrated a sta-
tistically significant increase in cells expressing β-galactosidase in the cor-
neas of mice with an ischemic limb vs those without one (36). The finding
indicates that circulating EPCs are mobilized endogenously in response to
tissue ischemia, following which they may be incorporated into neovascular
foci to promote tissue repair. This was confirmed by clinical findings of
EPC mobilization in patients of coronary artery bypass grafting, burns (37),
and acute myocardial infarction (38).

Having demonstrated the potential for endogenous mobilization of bone
marrow-derived EPCs, we considered that iatrogenic expansion and mobi-
lization of this putative EC precursor population might represent an effec-
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tive means to augment the resident population of ECs competent to respond
to administered angiogenic cytokines. Such a program might thereby address
the issue of endothelial dysfunction or depletion, which may compromise
strategies of therapeutic neovascularization in older, diabetic, or hypercho-
lesterolemic animals and patients. Granulocyte macrophage colony-stimu-
lating factor (GM-CSF), which stimulates hematopoietic progenitor cells,
myeloid lineage cells, and nonhematopoietic cells, including bone marrow
stromal cells and ECs, has been shown to exert a potent stimulatory effect
on EPC kinetics (36). Such cytokine-induced EPC mobilization could
enhance neovascularization of severely ischemic tissues as well as de novo
corneal vascularization (36) (Fig. 2).

The mechanisms by which these EPCs are mobilized to the peripheral
circulation are in their early definitions. Among other growth factors, VEGF
is the most critical factor for vasculogenesis and angiogenesis (39–41).
Recent data indicate that VEGF is an important factor for the kinetics of
EPC as well. Our studies, performed first in mice (42) and subsequently in
patients undergoing VEGF gene transfer for critical limb ischemia (43) and
myocardial ischemia (44), established that a previously unappreciated

Fig. 2. Endothelial progenitor cell kinetics in the postnatal body.



156 Asahara and Isner

mechanism by which VEGF contributes to neovascularization is via mobili-
zation of bone marrow–derived EPCs. Similar EPC kinetics modulation has
been observed in response to other hematopoietic stimulators, such as granu-
locyte colony-stimulating factor (G-CSF) (16), angiopoietin 1 (45) and
stroma-derived factor 1 (SDF-1) (19).

This therapeutic strategy of EPC mobilization has been implicated not
only by natural hematopoietic or angiogenic stimulants, but also by recom-
binant pharmaceuticals. Statins, the 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase inhibitors, inhibit the activity of HMG-CoA
reductase, which catalyzes the synthesis of mevalonate, a rate-limiting step
in cholesterol biosynthesis. The statins rapidly activate Akt signaling in ECs,
and this stimulates EC bioactivity in vitro and enhances angiogenesis in vivo
(46). Our group and Dimmeler et al. demonstrated a novel function for
HMG-CoA reductase inhibitors that contributes to postnatal neovascular-
ization by augmented mobilization of bone marrow-derived EPCs through
stimulation of the Akt signaling pathway (47–49). Regarding its pharmaco-
logical safety and the effectiveness on hypercholesterolemia, one of the risk
factors for atherogenesis, the statin might be a potent medication against
atherosclerotic vascular diseases.

4. ENDOTHELIAL PROGENITOR CELLS FOR THERAPEUTIC
VASCULOGENESIS

4.1. Endothelial Progenitor Cell Transplantation

The regenerative potential of stem cells has been under intense investiga-
tion. In vitro, stem and progenitor cells possess the capability of self-renewal
and differentiation into organ-specific cell types. In vivo, transplantation of
these cells may reconstitute organ systems, as shown in animal models of
diseases (15,26,50–53). In contrast, differentiated cells do not exhibit such
characteristics. Human EPCs have been isolated from the peripheral blood
of adult individuals, expanded in vitro, and committed into an endothelial
lineage in culture (15). The transplantation of these human EPCs has facili-
tated the successful salvage of limb vasculature and perfusion in athymic
nude mice with severe hind limb ischemia; differentiated ECs (human
microvascular ECs) failed to accomplish limb-saving neovascularization
(26) (Fig. 2).

These experimental findings call into question certain fundamental con-
cepts regarding blood vessel growth and development in adult organisms.
Postnatal neovascularization has been considered synonymous with prolif-
eration and migration of preexisting, fully differentiated ECs resident in
parent vessels, that is, angiogenesis (54). The finding that circulating EPCs
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may home to sites of neovascularization and differentiate into ECs in situ is
consistent with “vasculogenesis” (4), a critical paradigm for the establish-
ment of the primordial vascular network in the embryo. Although the pro-
portional contributions of angiogenesis and vasculogenesis to postnatal
neovascularization remain to be clarified, our findings and the reports from
other investigators (20,55) suggest that growth and development of new
blood vessels in the adult are not restricted to angiogenesis, but encompass
both embryonic mechanisms. As a corollary, augmented or retarded
neovascularization—whether endogenous or iatrogenic—likely includes
enhancement or impairment of vasculogenesis.

We therefore considered a novel strategy of EPC transplantation to pro-
vide a source of robust ECs that might supplement fully differentiated ECs
thought to migrate and proliferate from preexisting blood vessels according
to the classic paradigm of angiogenesis developed by Folkman (56). Our
studies indicated that ex vivo cell therapy, consisting of culture-expanded
EPC transplantation, successfully promotes neovascularization of ischemic
tissues, even when administered as “sole therapy” (i.e., in the absence of
angiogenic growth factors).

Such a “supply side” version of therapeutic neovascularization in which
the substrate (ECs as EPCs) rather than ligand comprises the therapeutic
agent was first demonstrated, using donor cells from human volunteers, in
the hind limb ischemia model of immunodeficient mice (26). These findings
provided novel evidence that exogenously administered EPCs augment natu-
rally impaired neovascularization in an animal model of experimentally
induced critical limb ischemia. Not only did heterologous cell transplanta-
tion improve neovascularization and blood flow recovery, but also important
biological consequences—notably limb necrosis and autoamputation—were
reduced by 50% in comparison with mice receiving differentiated ECs or
control mice receiving media in which harvested cells were expanded ex
vivo prior to transplantation.

A similar strategy applied in a model of myocardial ischemia in the nude
rat demonstrated that transplanted human EPCs incorporated into rat myo-
cardial neovascularization differentiated into mature ECs in ischemic myo-
cardium, enhanced neovascularization, preserved left ventricular (LV)
function, and inhibited myocardial fibrosis (57).

Shatteman et al. locally injected freshly isolated human CD34+ MNCs
into diabetic nude mice with hind limb ischemia and showed an increase in
the restoration of limb flow (32). Kocher et al. attempted intravenous infu-
sion of freshly isolated (not cultured) human CD34+ MNCs (EPC-enriched
fraction) into nude rats with myocardial ischemia (58). This strategy resulted
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in preservation of LV function associated with inhibition of cardiomyocyte
apoptosis. These experimental findings using immunodeficient animals sug-
gest that both cultured and freshly isolated human EPCs have therapeutic
potential in peripheral and coronary artery diseases.

4.2. The Limitation of Primary EPC Transplantation

Despite promising potential for regenerative applications, the fundamen-
tal scarcity of EPC populations in the hematopoietic system, combined with
possible functional impairment of EPCs associated with a variety of pheno-
types, such as aging, diabetes, hypercholesterolemia, and homocysteinemia
(see Section 4.4.), constitute important limitations of primary EPC trans-
plantation. Ex vivo expansion of EPCs cultured from the peripheral blood of
healthy human volunteers typically yields approx 5.0 × 106 cells per 100 mL
of blood. Our animal studies (26) suggested that heterologous transplanta-
tion required 0.5–2.0 × 104 human EPCs/gram weight (of the recipient
mouse) to achieve satisfactory reperfusion of the ischemic hind limb. Rough
extrapolation of this experience to humans suggests that a volume of as much
as 12 L of peripheral blood may be necessary to harvest the EPCs required
to treat critical limb ischemia. Even with the integration of certain technical
improvements, the adjustment of species compatibility by autologous trans-
plantation, and adjunctive strategies (e.g., cytokine supplements) to promote
EPC mobilization (36,42), the primary scarcity of a viable and functional
EPC population constitutes a potential limitation of therapeutic vasculogen-
esis based on the use of ex vivo expansion alone.

4.3. Impact of Clinical Phenotype on EPCs

Preliminary clinical findings in patients with critical limb ischemia indi-
cated that the response to phVEGF gene transfer was most robust and expe-
ditious in young patients with premature atherosclerosis involving the lower
extremities, so-called Buerger’s disease (59). This clinical observation was
supported by experiments performed in live animal models, specifically
young (6 to 8 mo) vs old (4 to 5 yr) rabbits and young (8 wk) vs old (2 yr)
mice. In both cases, native neovascularization of the ischemic hind limb was
markedly retarded in old vs young animals. Retardation of neovascular-
ization in old animals appeared in part to result from reduced expression of
VEGF in tissue sections harvested from the ischemic limb (60).

Endogenous cytokine expression, however, is not the only factor contrib-
uting to impaired neovascularization. Older, diabetic, and hypercholester-
olemic animals—like human subjects (61–68)—also exhibit evidence of
age-related endothelial dysfunction. Although endothelial dysfunction does
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not necessarily preclude a favorable response to cytokine replacement
therapy, indices of limb perfusion fail to reach ultimate levels recorded in
wild-type animals, reflecting limitations imposed by a less-responsive EC
substrate (60,69–71).

It is then conceivable that unfavorable clinical situations (such as aging)
might be associated with dysfunctional EPCs, defective vasculogenesis, and
thus impaired neovascularization. Indeed, preliminary results from our labo-
ratory indicated that replacement of native bone marrow (including its com-
partment of progenitor cells) of young mice with bone marrow transplanted
from old animals led to marked reduction in neovascularization following
corneal micropocket injury in comparison to young mice transplanted with
young bone marrow (72). These studies thus established evidence of an age-
dependent impairment in vasculogenesis (as well as angiogenesis) and the
origin of progenitor cells as a critical parameter influencing neovas-
cularization. Moreover, analysis of clinical data from older patients at our
institution disclosed a significant reduction in the baseline levels and the
population of EPCs mobilized in response to VEGF165 gene transfer (73);
specifically, the number of EPCs in the systemic circulation of young
patients with critical limb ischemia was five times more than the number
circulating in old individuals. Impaired EPC mobilization or activity in
response to VEGF may thus contribute to the age-dependent defect in post-
natal neovascularization.

4.4. Gene Therapy of Endothelial Progenitor Cell

Given these findings and the limited quantity of EPCs available even
under healthy, physiological conditions, a strategy must be considered that
addresses this shortfall and mitigates the possibility of dysfunctional EPCs
for therapeutic vasculogenesis in ischemic disorders complicated by aging,
diabetes, hypercholesterolemia, or hyperhomocysteinemia. Genetic modifi-
cation of EPCs to overexpress angiogenic growth factors enhance the sig-
naling activity of the angiogenic response, and rejuvenating the bioactivity
or extending the lifespan of EPCs constitutes one potential strategy that
might address these limitations of EPC transplantation, thereby optimizing
therapeutic neovascularization (Fig. 2).

Our recent findings provide the first evidence that exogenously adminis-
tered gene-modified EPCs augment naturally impaired neovascularization
in an animal model of experimentally induced limb ischemia (74). Trans-
plantation of heterologous EPCs transduced with adenovirus encoding
VEGF not only improved neovascularization and blood flow recovery, but
also had meaningful biological consequences: Limb necrosis and



160 Asahara and Isner

autoamputation were reduced by 63.7% in comparison with controls. The
dose of EPCs used in the in vivo experiments was subtherapeutic; that is,
this dose of EPCs was 30 times less than that required in previous experi-
ments to improve the rate of limb salvage above that seen in untreated con-
trols. Adenoviral VEGF EPC–gene transfer, however, accomplished a
therapeutic effect, as evidenced by a functional outcome despite a
subtherapeutic dose of EPCs. Thus, VEGF EPC–gene transfer constitutes
one option to address the limited number of EPCs that can be isolated from
peripheral blood prior to ex vivo expansion and subsequent autologous
readministration.

5. ENDOTHELIAL PROGENITOR CELLS IN OTHER FIELDS

EPCs have been applied to the field of tissue engineering to improve
biocompatibility of vascular grafts. Artificial grafts first seeded with autolo-
gous CD34+ cells from canine bone marrow and then implanted into the
aortas had increased surface endothelialization and vascularization com-
pared with controls (75). Similarly, when cultured autologous bovine EPCs
were seeded onto carotid interposition grafts, the EPC-seeded grafts
achieved physiological motility and remained active for 130 d vs 15 d in
nonseeded grafts (76).

EPCs have also been investigated in the cerebrovascular field. Emboliza-
tion of the middle cerebral artery in Tie2/lacZ/bone marrow transplantation
mice disclosed that the formation of new blood vessels in the adult brain
after stroke involves vasculogenesis/EPCs (77). Similar data were reported
using gender-mismatched wild-type mice transplanted with bone marrow
from green fluorescent protein (GFP) transgenic mice (78). However,
whether autologous EPC transplantation would augment cerebral
revascularization has yet to be examined.

To date, the role of EPCs in tumor angiogenesis has been demonstrated
by several groups. Davidoff et al. showed that bone marrow-derived EPCs
contribute to tumor neovasculature, and that bone marrow cells transduced
with an antiangiogenic gene can restrict tumor growth in mice (79). Lyden
et al. recently used angiogenic defective, tumor-resistant Id-mutant mice
and showed the restoration of tumor angiogenesis with bone marrow
(donor)-derived EPCs throughout the neovessels following the transplanta-
tion of wild-type bone marrow into these mice (80).

These data demonstrate that EPCs are not only important, but also critical
to tumor neovascularization. Although it is not known whether local admin-
istration of exogenous EPCs may augment tumor neovascularization, this



Endothelial Progenitor Cells 161

issue should be carefully considered for the clinical application of EPC cell
therapy to treat cardiovascular diseases.
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Prostate Epithelial Stem Cells

Anne T. Collins and David E. Neal

1. INTRODUCTION

Prostate cancer is increasingly prevalent in our aging Western society.
Despite recent advances in the detection of early prostate cancer, there
remains little effective therapy for patients with locally advanced or meta-
static disease. The majority of patients with advanced disease respond ini-
tially to androgen ablation therapy; however, most go on to develop
androgen-independent tumors that are inevitably fatal. To seek a deeper
understanding of the cellular origins of cancer, the normal pathways of cel-
lular differentiation and tissue renewal must be understood.

Central to this understanding is an appreciation of the nature of stem cells
that must be present in each renewable tissue compartment. These are cells
that self-renew with each division and commit others of their progeny to
differentiate into one or more of the mature cell types that define each tis-
sue. Classically, stem cells have been studied in tissues that undergo rapid
cell turnover, such as bone marrow, skin, and the gastrointestinal tract (1–3).
Now, however, it has been recognized that stem cells are also present in
tissues that normally undergo very limited regeneration or turnover, such as
the prostate. The ultrastructural studies of Mao and Angrist (4), Dermer (5),
and Heatfield et al. (6) and the experimental evidence from androgen cycling
studies of Brandes (7) and Isaacs and Coffey (8) argue for the existence of
stem cells in prostate epithelium.

This review focuses on more recent data, on expression patterns of genes
in the proliferation compartment, and on recent attempts to characterize and
isolate the stem and transit-amplifying cells of the prostate epithelium. We
also discuss emerging evidence on the plasticity of adult stem cells and the
concept that stem cell biology could provide new insights into the biology
of prostate cancer.
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2. GENERAL FEATURES OF STEM CELLS

Although still a contentious issue, the prevailing view is that stem cells have
the capacity for unlimited or prolonged self-renewal and the ability to pro-
duce at least one type of highly differentiated descendent (9–12). It is also
generally accepted that, between the stem cell and its terminally differenti-
ated progeny, there is an intermediate population of committed progenitors
with limited proliferative capacity and restricted differentiation potential,
sometimes defined as transit-amplifying cells. The primary function of this
transit population is to increase the number of differentiated cells produced
by each stem cell division. Thus, a stem cell, which has high self-renewal
capacity, may actually divide relatively infrequently.

Stem cells are thought to undergo asymmetric division to yield one stem
cell daughter and one differentiated daughter (progenitor). This may be true
in certain situations, but the population of stem cells can still be self-main-
taining when some cell divisions yield two stem cell daughters and others
yield two differentiating daughters (10). Symmetric divisions allow the size
of the stem cell pool to be regulated by factors that control the probability of
self-renewing vs differentiative divisions (3).

Another characteristic attributed to stem cells is that they divide slowly
or rarely. This is thought to be true for stem cells in the skin (13) and bone
marrow (14). Other kinds of stem cells, however, divide more rapidly. Stem
cells in the mammalian intestinal crypt have been estimated to divide every
12 h (3).

3. THE ARCHITECTURE OF THE PROSTATE EPITHELIUM
AND ITS PATTERNING DURING DEVELOPMENT

The prostate is a complex tubulo-alveolar gland composed of an epithe-
lial parenchyma embedded in a connective tissue matrix. The epithelial cells
are arranged in glands composed of ducts that branch out from the urethra
and terminate into acini. From the 20th wk of gestation until puberty, the
immature prostatic acini and ducts are lined with multiple layers of imma-
ture cells with round nuclei and scant cytoplasm. In the immature epithe-
lium, cytokeratins of simple and stratified epithelium are expressed (primary
cytokeratins; numbers 8, 18, and 19 and the large molecular weight forms,
numbers 4 to 7, 10, 11, 14, 15) (15). During puberty, this immature, multi-
layered epithelium differentiates into a two-layer epithelium consisting of
peripheral flattened-to-cuboidal basal cells and inner secretory cylindrical
epithelium. This androgen-induced differentiation process is associated with
an alteration in the expression of several cytokeratins. Thus, the high
molecular weight cytokeratins are expressed in the basal cells, whereas
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cytokeratins 8 and 18 selectively occur in the secretory epithelium (15–17).
However, there are subpopulations of intermediate phenotypes (coex-
pressing simple and high molecular weight cytokeratins) present in the basal
and luminal layers in the mature prostate (see Section 5.2.).

4. CELLULAR COMPARTMENTS IN MATURE PROSTATIC
EPITHELIA

Three main cell types are discernible in normal, mature prostatic epithe-
lium: basal, secretory luminal, and neuroendocrine. The luminal or glandu-
lar cells constitute the exocrine compartment of the prostate, secreting
prostate-specific antigen (PSA) and prostatic acid phosphatase (PAP) into
the glandular lumina. They are terminally differentiated and represent the
major cell type in normal and hyperplastic epithelium. They express high
levels of the androgen receptor (AR) (18,19) and are dependent on andro-
gens for their survival (20).

In contrast, basal cells are relatively undifferentiated and without secre-
tory activity. As the name suggests, basal cells rest on the basement mem-
brane; morphologically, they range from small, flattened to cuboidal cells.
They express low or undetectable levels of AR (21) and are independent of
androgens for their survival (20). Basal cells focally express the estrogen
receptor and proliferate under estrogen therapy (22).

Significant populations of neuroendocrine cells also reside among the
more abundant secretory epithelium in the normal prostate gland. These cells
are found in the epithelium of the acini and in ducts of all parts of the gland.
The major type of neuroendocrine cell contains serotonin and thyroid-stimu-
lating hormone. Neuroendocrine cells are terminally differentiated,
postmitotic cell types that are androgen insensitive (23).

5. EVIDENCE FOR STEM CELLS IN PROSTATE EPITHELIA

5.1. Androgen Cycling Studies

The existence of stem cells in the prostate is probably best illustrated by
animal studies investigating the effect of androgen on the prostate. The
majority of prostatic epithelial cells in the adult gland are androgen depen-
dent for their survival (20). Thus, castration of male rats leads to rapid invo-
lution of the gland, with loss of up to 90% of the total epithelial cells (20).
The remaining epithelial cells do not require androgen for survival, yet some
of these androgen-independent cells are sensitive to androgen because sub-
sequent administration of exogenous androgen results in induction of prolif-
eration and regeneration of the prostate to its original size and function
(24,25). By cyclically inducing prostate involution and regeneration, it is
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possible to induce more than 60 population doublings in the rat ventral pros-
tate (26).

These results led Isaacs and Coffey (8) to propose a stem cell model for
prostate epithelia (Fig. 1) by which androgen-independent stem cells give
rise to a population of androgen-independent amplifying cells. Although
these cells are androgen independent, they can respond to androgens and
amplify the number of androgen-dependent, secretory luminal cells. This
point is emphasized by the fact that it is possible to castrate adult male rats
and allow an extended period (i.e., >3 yr) before replacing androgen and
still fully restore the gland (8).

However, this model for the prostate epithelium has not been universally
accepted. For example, cell kinetic and morphological investigation in the
prostate gland of the rat, in which involution is induced by castration, sug-
gest that basal and luminal secretory cells are self-replicating cell types
(27,28). Both groups observed that, in the presence of castrate levels of
androgen, the basal cells persist, as does a population of cuboidal glandular
cells. When androgen levels were restored, both populations proliferated
simultaneously, but the glandular cells proliferated at a higher rate com-
pared to the basal population; that is, the glandular and the basal compart-
ments were responsible for restoration of the gland.

Fig. 1. Stem cell model for the organization of the prostate epithelium. Stem
cells in the basal cell layer give rise to a population of transit-amplifying cells,
which in turn differentiate into the functional, secretory luminal cells. The survival
of the secretory luminal cells is dependent on androgens.
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Ki67 antigen, which is expressed in late G1, S, G2, and M phases of the
cell cycle (29), is expressed specifically in the basal cell compartment in the
normal prostate (30). However, Van der Kwast et al. (31) observed that,
under complete androgen blockade, luminal cells also express Ki67. Based
on the evidence, it was inferred that the two populations comprise indepen-
dent and separate lineages. However, this observation does not preclude
derivation of luminal cells from basal cells because the glandular cells that
persist postcastration are analogous to the androgen-independent amplify-
ing cells hypothesized in the stem cell model of Isaacs and Coffey (8).

5.2. Phenotypic Relationship Between Prostatic Epithelial Cell
Types

Of relevance to the determination of lineage(s) is the finding that cells
morphologically and phenotypically intermediate between basal and lumi-
nal cells have been identified in the normal prostatic epithelium. For
example, electron microscopic studies of the human prostate have identified
foci of cells with morphological features typical of basal and secretory cells
(4,5). Brandes (7) noted similar transitional forms of basal cells with simi-
larities to luminal cells following experimental castration and androgen
administration.

Patterns of cytokeratin expression serve as valuable markers for epithe-
lial phenotypes. Analysis of cytokeratins in normal, hyperplastic, and malig-
nant prostate has identified cell phenotypes intermediate between basal and
luminal cells (32–36). PSA-expressing cells have also been identified in the
basal layer (37). Bonkhoff and coworkers also reported simultaneous expres-
sion of neuroendocrine markers with PSA and neuroendocrine cells express-
ing basal-specific cytokeratins (37).

In primary cultures of human prostatic epithelia, the majority of cells in
the initial outgrowth have a phenotype intermediate between basal and
luminal (CK5+/CK14+/CK18+). After this initial period of proliferation, the
cell layer becomes confluent, and organization of cells is observed concur-
rent with multilayering and morphological differentiation (35,38,39). Glan-
dular buds appear on the uppermost layer and are typified by the presence of
numerous secretory vacuoles and increased expression of cytokeratins 18
and 19, the androgen receptor, and PSA (35,38). In organ cultures and three-
dimensional Matrigel cultures derived from human and rat ventral prostate,
the initial epithelial buds coexpress cytokeratins 5 and 14 as well as the
secretory cytokeratins 8 and 18. Under androgenic stimulation, the ducts
canalize, and basal and luminal cells become morphologically and pheno-
typically distinct (40,41).
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Although the above observations demonstrate that basal and luminal cells
are linked in a hierarchical pathway, they do not actually show that they are
derived from a common stem cell. Despite this, some investigators have
hypothesized the lineage of prostate epithelium based on such studies
(35,36). To resolve the issue of lineage, it will be necessary to track the
progeny and differentiation of a marked or isolated stem cell—either as a
clonal regeneration assay (regenerating a culture from a single cell) or using
a transfected marker.

5.3. Clonogenic Rapidly Adherent Basal Cells and Formation
of Fully Differentiated Glands In Vivo

Stem cells of different tissues show certain similarities in biological
behavior. For instance, stem cells are usually on the basement membrane
situated in a protected region, or niche, among supporting cells. Thus, cer-
tain tissue stem cells adhere to basement membrane proteins more than other
basal cells (mediated through differential expression of specific integrins);
this can be used to locate and isolate these cells (42,43). This is true for
prostate epithelial stem cells (44). Although there is no single definition for
a stem cell, there is general agreement that such a cell would exhibit
clonogenicity and, more important, the ability to regenerate the different
cell types that constitute the tissue in which it exists. Thus, transplanted cells
should be capable of self-renewal and produce progeny that differentiate
into a fully functional epithelium.

Basal cells directly isolated from prostatic tissue, on the basis of rapid
adherence to type I collagen, are clonogenic (39,44), whereas basal cells
that do not adhere rapidly to type I collagen do not form actively growing
colonies. The cells that found the actively growing colonies express basal-
specific markers (CK5+/CK14+) and not markers of differentiation, namely,
CK19, CK18, PSA, and AR (44). Moreover, this selected population is dis-
tinct from other basal cells by their potential to generate prostatelike glands
in vivo with morphologic and immunohistochemical evidence of prostate-
specific differentiation, properties consistent with a stem cell origin (44).

6. MAINTENANCE OF PROSTATIC STEM CELLS
AND REGULATION OF HOMEOSTASIS IN PROSTATE
EPITHELIUM

Continued tissue function during the lifetime of a multicellular organism
depends on the ability to turn over its cell population. This is accomplished
by a delicate balance between apoptosis, through cell removal, and replace-
ment via proliferation and differentiation. The current view is that every cell



Prostate Epithelial Stem Cells 173

in a multicellular organism is programmed to die unless it receives external
survival signals (45). In the prostate epithelium, the highest rate of cell death
is observed in the luminal cell layer, whereas the basal cell compartment under-
goes a much lower rate of apoptosis (46). Several molecular mechanisms appear
to protect stem cells from apoptosis, differentiation, and senescence, thereby
maintaining the genomic integrity of these cells.

6.1. Bcl-2 Expression in the Basal Cell Compartment

Expression of Bcl-2, an antiapoptotic protein (47) is restricted to the basal
cell compartment in normal prostate (48,49). In typical self-renewing epi-
thelial (gastrointestinal tract, skin) cells, the expression of Bcl-2 is restricted
to stem cells and proliferative zones (50). Downregulation of Bcl-2 in secretory
luminal cells, in the prostate, correlates with differentiation, reduced prolif-
erative capacity, and reduction in remaining lifespan. This suggests that,
after terminal differentiation, secretory luminal cells undergo program-
med cell death induced by androgen or the androgen receptor (51) and are
replaced by generative stem cells.

A corollary of Bcl-2 expression in the stem cell population is that protec-
tion against programmed cell death increases the susceptibility of epithelial
tissues to undergo carcinogenesis. For example, altered susceptibility to
apoptosis through differential expression of Bcl-2 is seen in different regions
of the gut. The maximum level of apoptosis in the small intestine occurs in
the stem cell region, yet the stem cells of the colon express Bcl-2. The impli-
cation of this is that stem cells that express Bcl-2 have a greater chance of
survival in a background of genomic damage and may progress to cancer.
Interestingly, Bcl-2, which is restricted to the androgen-independent basal
cells of the prostate, is associated with the development of androgen-inde-
pendent prostate carcinoma (52).

6.2. Telomerase Expression in the Basal Cell Compartment

Telomeres are noncoding repetitive deoxyribonucleic acid (DNA)
sequences localized at the ends of chromosomes and are required for chro-
mosomal stability and for faithful replication of DNA. Telomerase is the
enzyme responsible for the synthesis and maintenance of telomere repeats,
and its expression correlates with self-renewal potential in many cell types
(53). Telomerase is normally expressed in embryonic, germline cells and
certain adult stem cells (54) and is readily detectable in the majority of tumor
samples (55). In most somatic cells, however, telomerase expression is
repressed, and telomeres shorten after each cell division. This progressive
shortening, related to the inability of the lagging strand to replicate the 5'
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end of a linear DNA molecule, has been proposed as a major control mecha-
nism that determines cellular senescence (56,57). In the normal adult pros-
tate, telomerase is expressed throughout the basal cell compartment (58).

Other tissues capable of extensive renewal have been shown to express at
least low levels of telomerase, including human epidermis (59), intestinal
epithelium (60), and hematopoietic cells (61). In each of these tissues,
telomerase activity is restricted to topographic locations that harbor stem
cells. Unlike tumor cells, however, stem cells are mortal and show decreas-
ing telomere length with increasing age (62).

Thus, the function of telomerase in the stem cell or progenitor cell com-
partment may be to slow the rate of telomere shortening and thus permit
more doublings before the cells becomes senescent. For example, telomerase
expression is reinduced in several tissues as part of a normal physiological
response to hormonal stimulus (63,64) or in response to injury (65). There-
fore, in these tissues, telomerase activation may be a marker for cellular
survival rather than immortality (66). It would seem, in the prostate; for
example, that telomerase expression is more ubiquitously expressed than
would be expected for a stem cell population. Nevertheless, it may be that
the level of telomerase expression may be the factor that distinguishes stem
cells from other proliferating cells in these tissues.

6.3. Control of Stem Cell Survival and Expression of p27kip1

The persistence of stem cell populations throughout adulthood likely
depends on the survival of quiescent cells and on the ability of cycling cells
to self-renew. Immunohistochemical and radiolabeling experiments have
shown that the bulk of the proliferating pool in the normal human prostate is
restricted to the basal compartment (30,67,68), while the terminally differ-
entiated luminal cells and neuroendocrine cells are considered postmitotic
(23). In the basal compartment, however, there is evidence that a subgroup
of basal cells are quiescent or slow cycling as they express the cyclin-depen-
dent kinase (cdk) inhibitor p27kip1 (69).

The cdk inhibitor p27kip1 preferentially inactivates the cyclin E/cdk2 com-
plex, thereby preventing cell cycle progression from G1 to S phase. In con-
trast to p21, p27kip1 expression is highest in quiescent cells (70), and studies
have suggested an antiapoptotic role for p27kip1 (71,72). In the prostate of
castrated rats, p27kip1 (normally restricted to a subgroup of basal cells) is
upregulated in response to androgen deprivation. Waltregny et al. (72)
speculated that upregulation of p27kip1 may protect basal cells from andro-
gen deprivation-induced apoptosis.
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6.4. External Controls of Stem Cell Self-Fate: The Stem Cell Niche

It is now becoming increasingly clear that paracrine factors, cell–matrix
interactions, and intercellular interactions from neighboring cells also con-
trol stem cell function. The concept that the microenvironment or niche
might control stem cell function was first realized in the hematopoietic sys-
tem (73), in which the survival of stem cells depends on factors secreted by
other cell types. A wide range of secreted factors regulates stem cell prolif-
eration and fate, including tumor growth factor-β (TGF-β) (74), fibroblast
growth factors (FGFs), epidermal growth factors (EGFs) (75), and Wnts
(76). It is not known whether these families are involved in regulating stem
cell fate in the prostate, but they show remarkable functional conservation
between species and between tissues that self-renew. Moreover, they have
been implicated in the genesis of a number of malignancies, including pros-
tate cancer.

The histological structure of classical, self-renewing epithelia is clearly
composed of structural units in which the stem cells, transit cells, and
postmitotic differentiated cells are located in distinct regions (11). For
example, in the intestinal crypt, the stem cells are present near the crypt
base, the transit-amplifying cells occupy approximately two-thirds of the
height of the crypt, and the differentiated cells line the upper part of the
crypt and villi (3).

Similarly, in the epidermis, stem cells reside at the tips of the deep rete
ridges in the palm and can be located on the basal layer by their high surface
expression of integrins α2β1 and α3β1 (42). Adhesion to the extracellular
matrix is mediated by integrins, which hold cells in the right place in a tis-
sue, and loss or alteration of integrin expression ensures departure from the
stem cell niche through differentiation (77) or apoptosis (78).

A similar histological arrangement is proposed for the prostate; by this
arrangement, the stem cells can be distinguished from transit-amplifying
cells on the basal layer by their high surface expression of integrin α2β1
(44). This population of integrin-bright cells are not confined to tips of acini,
for example, but are randomly located throughout each acinus, with no more
than one bright cell found together (44). This is in contrast to the epidermis,
where the integrin-bright cells are arranged in clusters (42).

The Notch family of receptors and ligands plays a critical role in cell fate
determination in embryonic (79) and adult tissue (80) and is an excellent
example of local signaling that requires cell–cell contact. Notch signaling is
best known for its role in lateral inhibition (81) and boundary definition
(82), in which it acts to maintain a pool of stem cells. However, Notch can



176 Collins and Neal

work in the opposite way and promote differentiation of the receiving cell
(83). Thus, ligand expression in clusters of stem cells may be responsible
for blocking Notch activation, thereby preventing these cells from differen-
tiating. It is not known whether Notch is involved in the fate of prostate
stem cells; however, a study determined that Notch1 is expressed in prostate
epithelial cells during normal mouse development and is elevated in malig-
nant prostate cancer cells of primary and metastatic tumors (84).

7. OTHER PUTATIVE STEM/PROGENITOR CELL MARKERS
OF THE PROSTATE

Over the last decade, several putative stem cell markers have been identi-
fied in the prostate, including prostate stem cell antigen (PSCA), p63, and
pp32. Although their cellular location and function are still relatively
unclear, their involvement in tissue development and cancer suggests a role
in prostate stem cell biology.

7.1. Prostate Stem Cell Antigen

PSCA is a prostate-specific cell surface antigen with homology to stem
cell antigen 2 (Sca-2), a marker for early hematopoietic development (85).
PSCA was originally identified by its high expression in the LAPC-4 pros-
tatic cancer xenograft model (86). RNA in situ hybridization localized PSCA
to a subset of basal cells in normal prostate sections (86). However, further
work has demonstrated that it marks cells coexpressing basal and secretory
cytokeratins (87).

7.2. Homolog p63

The p53 homolog p63 encodes for different isotypes able either to
transactivate p53 reporter genes or TO act as p53-dominant negatives (88).
Homolog p63 is expressed in the basal cells of many epithelial organs (89),
including the prostate, and its germline inactivation in the mouse results in
agenesis of the prostate (90). Expression of p63 is restricted to the basal
compartment, but it is expressed throughout the basal layer, suggesting that
it is a marker for transit-amplifying cells as well as stem cells. Because of
the defect in prostate development in p63(–/–) mice and because the expres-
sion is restricted to the basal compartment, p63 may be essential either for
maintaining a stem cell population or for differentiation to a secretory phe-
notype. Interestingly, p63 is not expressed in prostatic intraepithelial neo-
plasia (PIN; a premalignant lesion of prostate cancer) or invasive prostatic
cancer (90), suggesting that it may have a role as a tumor suppresser.
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7.3. pp32 Nuclear Phosphoprotein

The pp32 nuclear phosphoprotein initially was discovered as a constitu-
tively expressed protein in neoplastic B cells (91) and subsequently in ana-
tomically defined stem cell compartments, such as intestinal crypts. In the
rat prostatic epithelium, pp32 is expressed exclusively in small acini at the
periphery of the gland (25), supporting morphological evidence that the stem
cells are situated at distal buds in rat prostate (92). In the human prostate,
pp32 is expressed throughout the basal layer and is heterogeneously
expressed in PIN and at high levels in poorly differentiated cancer (93).

8. STEM CELL PLASTICITY

Until recently, most researchers believed that somatic stem cells were
restricted in their potential to an individual organ system. However, reports
have founded an emerging concept that adult stem cells may exhibit extraor-
dinary plasticity in their differentiation repertoire, including the production
of cell types outside their organ system. This potential has been proposed
for stem cells found in the bone marrow, skeletal muscle, skin, adipose tis-
sue, and central nervous system (94). In one of the most definitive studies so
far, Lagasse and coworkers (95) rescued mice from an otherwise lethal liver
defect by transplantation of as few as 50 purified hematopoietic stem cells.

There are two possible mechanisms by which tissue stem cells may give
rise to differentiated cells characteristic of another organ. Stem cells
obtained from different sites might share properties and represent
multipotent cells set aside during development. Alternatively, tissue-
restricted stem cells may have the ability to become reprogrammed.

8.1. Inductive Effect of Mesenchyme on Prostate Morphology
and Cytodifferentiation

Prostate development occurs via mesenchymal–epithelial interactions in
which urogenital sinus mesenchyme induces epithelial morphogenesis (96).
Many studies using tissue recombinants have established that the mesen-
chyme is the target and mediator of androgenic effects on the developing
epithelium (97). However, the expression of androgen-dependent secretory
proteins is dependent on intraepithelial androgen receptor (98), as is the sur-
vival of the secretory luminal cells.

Tissue recombination experiments have been used to define further the
characteristics of mesenchymal–epithelial interactions. For example, when
mesenchyme is recombined with epithelium (adult or neonatal) from another
organ, an instructive induction may occur in which the developmental fate



178 Collins and Neal

of the epithelium is changed. In instructive inductions, the epithelium com-
monly takes on the characteristics of the epithelium normally associated with
the inducing mesenchyme.

However, instructive inductions of the urogenital tract depend on many
factors, including the degree to which the epithelium and mesenchyme share
a developmental history. For example, mesenchyme that normally interacts
with epithelium from one germ layer can alter the fate of other epithelia
from the same germ layer, but is not permissive with epithelia from another
germ layer For instance, epithelium from the bladder, urethra, and vagina
(derived from the endodermal urogenital sinus) can be instructively induced
by mesenchyme from the prostatic anlagen, another region of the urogenital
sinus, to form prostate if the tissue recombinant is grown in the intact male
host (99).

In contrast, seminal vesicle mesenchyme, normally associated with a
mesodermal epithelium, cannot induce bladder or urethral epithelium to
develop into seminal vesicle. Interestingly, this interaction results in the
development of prostate tissue, but only in the intact host (100).

These results indicate that there are restrictions in the developmental
potential of urogenital epithelium because a truly instructive induction
would have predicted seminal vesicle development from such an interac-
tion. Nevertheless, these results demonstrate that adult stem cells from the
urogenital tract, which have always been thought of as irreversibly deter-
mined, can be reprogrammed in the presence of mesenchyme. As proposed
above, either adult stem cells retain a developmental plasticity equivalent
to their embryonic counterparts or they are reprogrammed to express the
induced phenotype.

The role of stromal (adult connective tissue)–epithelial interactions has
received considerably less attention than that of mesenchymal–epithelial
interactions, probably because of the fact that stromal interactions in adult
prostate have more to do with homeostasis than development. Nonetheless,
there is evidence that stroma of nonurogenital origin can induce prostate
regeneration (101,102). These results imply that, in the adult prostate, epi-
thelial lineage is inherent and can only be re-reprogrammed in the presence
of an instructive, embryonic connective tissue.

As with all the reports demonstrating enhanced plasticity from some
somatic stem cells, uncertainty remains as to the possible mechanism. It is
clear that more work is required to determine which microenvironments can
induce stem cells to develop along different pathways.
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8.2. Are Somatic Stem Cells Pluripotent or Lineage Restricted?

Despite the overwhelming evidence that some adult stem cells have the
ability to generate cells of all the germ layers, there is still controversy
regarding the rigor of the experimental methods used to demonstrate lineage
heterogeneity (103). So far, most observations have been obtained with
populations of cells and, as such, have not demonstrated transdifferentiation
at a clonal level. One exception to this was the study by Bjornson and
coworkers (104) in which clonally derived neural stem cells were observed,
after extensive passaging in culture, to generate hematopoietic cells in mice
after lethal irradiation.

To investigate whether this was a consistent or unusual feature of neural
stem cells, Morshead et al. (105) attempted to reproduce these findings.
Despite numerous attempts, their experiments failed to show a single event
of hematopoietic reconstitution. Morshead and coworkers suggested that the
switch from a neural to blood fate was a rare event and was because of
genetic or epigenetic alterations in the neurosphere cultures.

Other possible mechanisms for hematopoietic competence of neural stem
cells include: (1) the existence of multiple varieties of multipotent neural
stem cells, only one of which has the capacity for hematopoietic fates; (2)
the epigenetic and genetic alterations that are known to occur in cells in
vitro may cause alterations in the differentiation potential of the cells; and
(3) apparent lineage heterologous behavior may be the result of host–
donor cell fusion (106).

To resolve the issue of stem cell plasticity, D’Amour and Gage (106)
suggested that future studies must strictly adhere to rigorous experimental
methods, such as (1) determining the absolute identity of a stem cell without
prior culturing periods; (2) demonstrating functional differentiation, not just
morphology or gene expression; and (3) sustaining the contribution to the
target tissue over time.

9. STEM CELLS AND CANCER: THE ORIGINS
OF PROSTATE CARCINOMAS

Pierce and coworkers (107,108) first proposed the concept that tumors
might arise from the transformation of normal stem cells. In this model,
carcinogenesis results in a block in the differentiation process, allowing
accumulation of cycling cells of varying phenotypes. Thus, the tumor retains
the basic phenotypic potential of the tissue from which it was derived, but
expresses this potential to varying degrees compared to normal tissue.

Although this model has been generally accepted for teratocarinomas
(107,108) and hematopoietic tumors (109,110), dedifferentiation is still
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widely accepted as the cellular mechanism for development of carcinomas.
This is particularly true for prostate cancer, for which it has long been pos-
tulated that these cancers arise from transformed secretory cells (16,111,112)
or progenitors with an intermediate phenotype (8,32,87). Dedifferentiation
has been generally accepted as the model of choice because the majority of
malignant prostate cells have a luminal phenotype (PSA+/CK18+), and the
minority of cells coexpress basal and luminal markers (32). Moreover, basal
cells are “absent” in high-grade PIN (113).

9.1. Stem Cells As Targets of Mutation

Although the number of mutations necessary to induce neoplastic change
is debatable, it is generally accepted that cancer development occupies a
significant time span in humans. Stem cells are the only cells maintained
throughout the lifetime of an individual. Mainly for this reason, stem cells
have been considered carcinogen target cells.

Many pathways that regulate stem cell maintenance are associated with
carcinogenesis. For example, bcl-2 and telomerase (normally restricted to
the basal cells in normal prostate) are overexpressed in prostate cancer
(52,58). Many other pathways, such as Notch, Sonic hedgehog, and Wnt
pathways that regulate stem cell self-renewal, are also associated with onco-
genesis (reviewed in ref. 114). The demonstration that genes associated with
stem cell maintenance can be detected in premalignant lesions and at high
levels in advanced cancers suggests that stem cell genes are not reexpressed
in tumors, but rather the stem cells are targeted in oncogenesis. Further-
more, the observation that the majority of prostate cancer cells express mark-
ers specific for the secretory cell compartment simply reflects the ability of
the cancer stem cell to give rise to progeny characteristic of the tissue from
which they were derived.

9.2. Evidence for Cancer Stem Cells

It has been shown for leukemia and some solid cancers that only a small
subset of cells is clonogenic in culture and in vivo (115–117). This led to the
hypothesis that only a few cancer cells are actually tumorigenic, and that
this subgroup could be considered as cancer stem cells (117). To prove this
possibility, subsets of uncultured cancer cells enriched for the ability to form
new tumors would have to be purified. This was accomplished by Bonnet
and Dick (118), who showed that a small subgroup of human acute myeloid
leukemic (AML) cells expressed the stem cell phenotype CD34+, and only
these cells were able to transfer AML to SCID mice.
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9.3. Stem Cells and Androgen-Independent Prostate Cancer

If a small population of cancer stem cells drives tumor growth and
metastasis, this may explain the failure of existing therapies to eradicate
solid tumors. Treatment for prostate cancer, for example, has been devel-
oped largely against the bulk population of tumor cells, which are largely
androgen dependent. While the majority of patients with advanced disease
respond initially to androgen ablation therapy, most develop androgen-inde-
pendent tumors that are inevitably fatal.

One possibility for the eventual failure of androgen ablation therapy is
that androgen-resistant tumor growth arises as a result of alterations in the
androgen receptor or its signaling pathway. This hypothesis is based on the
observation that most hormone-refractory tumors continue to express
androgen receptor and androgen-regulated genes, such as PSA (119). Thus,
the tumor cells may have adapted by increasing their sensitivity to androgen
through increased androgen receptor expression (120). Androgen receptor
amplifications (121) and mutations (122) have been reported in patients with
hormone-refractory cancer, and androgen receptor pathways can be acti-
vated by cross talk with other signaling pathways (123).

The other possibility is that androgen ablation fails to kill the tumor stem
cell, resulting in expansion of androgen-independent progenitor cells, driven
by the stem cells (Fig. 2). Their overproduction in the tumor as a conse-
quence of androgen ablation imparts an undifferentiated appearance to the
tumor.

10. CONCLUSIONS AND FUTURE DIRECTIONS

The understanding of prostate stem cells is likely to progress rapidly in
the next few years as these elusive cells are defined and isolated, and their
properties are identified. Progress will require further characterization of
molecular markers and the establishment of in vitro culture systems to main-
tain the cells. Stem cells can be transfected, and the effect of the transfected
gene on the regenerating tissue can be monitored. Ultimately, this technol-
ogy could be used to manipulate stem cells for clinical benefit; altering stem
cell kinetics, stem cell number, and sensitivity to apoptosis.

It is increasingly obvious that, in defining the identity of stem cells at the
molecular level, not only the ability of these cells to express different classes
of molecules should be considered, but also the relative levels of expres-
sion. Integrin α2β1 is a case in point. The properties of stem cells are also
likely to be influenced by their physical position in the context of the
three-dimensional structure of the gland. Thus, cell–cell and cell–matrix
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interactions become important in determining and maintaining stem cell
populations.

It was through the investigation of aberrant cell growth that many of the
genes involved in stem cell function were first identified. The antiapoptotic
gene bcl-2 and the enzyme telomerase are expressed in high-grade PIN and
are restricted to the basal compartment in normal prostate (48,58). Simi-
larly, altered expression of growth factors and their receptors, such as EGFs
and FGFs, have been implicated in the etiology of prostate cancer. It remains
to be seen which members of these families play a part in stem cell identity
and function in the prostate.

The cell fate decisions made by stem cells are likely to be controlled by
the Notch pathway. Notch is expressed during development of the mouse
and is elevated in prostate cancer (84). The phenotype of a conditional abla-
tion of the Notch gene in the prostate will provide answers as to the role of
Notch in prostate epithelial stem cell fate and cancer.

If the growth of solid cancers was driven by rare cancer stem cells, it
would have profound implications for cancer therapy. Therapies that are
specifically directed against cancer stem cells might result in more durable
responses and even cures for metastatic disease.

Fig. 2. Stem cell model of normal tissue renewal and prostate cancer. The malig-
nant stem cell arises from transformation of the normal stem cell. The tumor is
made up of cells that are arrested in their maturation and that do not die. The histol-
ogy of the tumor reflects the stage of differentiation arrest. Androgen ablation
results in overproduction of malignant stem cells and their progenitors, imparting
the undifferentiated, not dedifferentiated, appearance to the tumor.
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It also remains to be seen if the stem cells of the prostate epithelium, like
the neural stem cells (104), are capable of giving rise to differentiated cell
lineages in heterologous tissue.
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Mammary Epithelial Stem Cells

Elizabeth Anderson and Robert B. Clarke

1. INTRODUCTION

Mammary gland development and function would not be possible with-
out tissue-specific stem cells. The cycle of pregnancy-associated prolifera-
tion, differentiation, apoptosis, and remodeling, which may occur many
times during the mammalian reproductive lifespan, can only be explained
by the presence of a long-lived population of stem cells with a near-unlim-
ited capacity to generate functional cells. The aim of this chapter, therefore,
is to review the evidence for the presence of stem cells in the mammary
gland, to describe the progress in isolating and characterizing these stem
cells, to discuss the role of stem cells in mammary gland carcinogenesis,
and to speculate whether mammary stem cells share properties with stem
cells in other adult tissues.

2. STRUCTURE AND HISTOLOGY OF NORMAL
AND MALIGNANT HUMAN BREAST

2.1. Normal Breast Tissue

The human breast, in common with the mammary glands of other spe-
cies, contains both epithelial and mesenchymal components. The adult
human breast contains a number of “treelike” glandular structures derived
by dichotomous branching of each of several ducts arising from the nipple.
The major functional units of these glands are the lobular structures, situ-
ated at the end of the terminal ductules, which comprise several smaller
blind-ended ductules often referred to as terminal ductal lobulo-alveolar
units (TDLUs). The TDLUs are lined by a continuous layer of luminal epi-
thelial cells, which in turn are enmeshed by myoepithelial cells that contact
the basement membrane. The whole structure is then surrounded by delimit-
ing fibroblasts and embedded in a specialized intralobular stroma (1).

The luminal epithelial and myoepithelial populations are the two major
epithelial cell types in the mammary gland, but there is also a third, far less
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common, “intermediate” population. The characteristics of each of the cell
types as described in breast tissue from nonpregnant, nonlactating women
are detailed in Table 1. Fortunately, for studies on isolated breast epithelial
cells, there are antigens expressed exclusively on one cell type or another.

For example, only luminal epithelial cells express the sialomucin MUC1,
which is present on their apical membranes, whereas myoepithelial cells
express the common acute lymphoblastic leukemia antigen (CALLA) and
smooth muscle actin (2–4). Each of the cell types has a particular cytokeratin
profile: Luminal epithelial cells express cytokeratins 8 and 18 (CK8 and
CK18, respectively) whereas myoepithelial cells express CK14 (5). All cell
types express panepithelial markers such as that recognized by the Ber-EP4
antibody (6,7). It is interesting to note that the majority of proliferating cells
are found in the luminal population, whereas cell division or expression of anti-
gens associated with proliferation is exceedingly rare in the myoepithelial
cell type (8). In addition, receptors for estradiol and progesterone (ERα and
PR, respectively), key regulators of postnatal mammary gland development,
are found exclusively in the luminal compartment of the human breast (9,10).

2.2. Malignant Breast Tissue
Careful histological studies indicated that the majority of human breast

tumors arise in the TDLU, and that they have a luminal phenotype in terms
of appearance and specific protein expression (2,5,11). Therefore, interest

Table 1
Cell Surface and Cytoskeletal Markers Used to Characterize Epithelial
Cell Populations in the Human Mammary Gland

Luminal Intermediate
Antigen epithelium cells Myoepithelium Reference

ESA/Ber-EP4/Ep-CAM + + +/– 6, 7
CALLA – – + 3
MUC-1 (sialomucin) + – – 2
CK8 and CK18 + – – 5
CK14 – – + 5
CK19 + + – 5
α-Smooth muscle actin – – + 4
α6-Integrin +/– + + 32
ERα + + – 10, 40
Proliferation + ? – 8

Abbr: Ep-CAM, epithelial cell adhesion molecule; ESA, epithelial-specific antigen;
CALLA, common acute lymphoblastic leukemia antigen; CK, cytokeratin; ERα, estrogen
receptor α
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in mammary stem cells is not just academic; one implication of the “multihit
theory” of carcinogenesis is that cancer is a stem cell disease. As breast
cancer is the most common malignancy in Western women, understanding
mammary stem cells, their mechanisms of self-renewal, and the lineages
arising from them may provide new insights into the carcinogenic process.
In addition, improved understanding may also provide an explanation for
why the luminal phenotype is predominant in tumors and may eventually
lead to new targets for breast cancer prevention.

3. EMBRYONIC MAMMARY GLAND DEVELOPMENT
AND ESTABLISHMENT OF A STEM CELL POPULATION

3.1. Embryonic Development of the Mammary Gland

Most studies on mammary stem cells have used mouse models and, to a
lesser extent, human material. The development, morphology, and histol-
ogy of the mammary glands of the two species are surprisingly similar,
although there are important differences in the details; these are compared
and contrasted if appropriate. The mammary gland is an unusual organ in
that it is not fully formed at birth. Instead, rudimentary structures are estab-
lished during embryogenesis that develop fully only during pregnancy and
lactation in adulthood.

During embryonic development in mice, five pairs of lenticular struc-
tures called mammary buds form from localized thickenings or milk streaks
that form on both sides of the midventral line in the epidermis. These mam-
mary buds start to develop between embryonic d 10 and 11 (E10 and E11,
respectively), and their early enlargement appears to occur by addition of
cells migrating from the adjoining epidermis. At later embryonic stages,
enlargement results from proliferation of the cells in the mammary bud and
invasion into the underlying mammary fat pad precursor until, at birth, there
is a rudimentary ductal tree comprising up to 15 canalized branches arising
from a single duct attached to each nipple and that terminate in small clublike
ends that regress shortly after birth (12,13).

Development of the mammary mesenchyme occurs alongside that of the
epithelial or parenchymal component; it is becoming clear that epithelial–
mesenchymal interactions are essential for mammary gland development.
For example, it would appear that all the ectodermally derived cells in the
milk ridge have the capacity to become mammary epithelial cells, but the
signals that direct further development in a specific number and position of
locations appear to come from the mesenchyme. Some of these signals have
been elucidated, but it is still not clear how the mesenchyme “knows” where
to induce mammary epithelial development (14,15). It is clear that, by day
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E12.5, the cells in the mammary bud are already committed to a mammary
fate because they are capable of reconstituting a complete, functional gland
when transplanted into the cleared mammary fat pad of a syngeneic host
(14).

In humans, just two ectodermal buds toward the cranial end of the milk
ridge give rise to clusters of mammary epithelial cells, which, between wk 7
and 8 of gestation, begin to invade the underlying stroma (16,17). There is
further growth and invasion between wk 10 and 13, and the parenchyma
undergoes branching between wk 13 and 20 to form 15–20 cords of epithe-
lial cells that, in following weeks, canalize and eventually give rise to mul-
tiple openings at each nipple. In the remaining weeks of gestation, a small
number of alveolar buds may develop at the ends of terminal ducts to form
primitive TDLUs.

The development of the mesenchymal component of the human mam-
mary gland is not well described, but it is clear that there are important dif-
ferences between the human and the mouse; the result is that the TDLUs of
the human breast become embedded in a relatively loose intralobular stroma,
which in turn is surrounded by a more dense, collagen-rich interlobular
stroma. Unlike the mouse mammary gland, in which adipocytes are imme-
diately adjacent to epithelial cells, there appears to be no direct contact
between the human mammary parenchyma and the white adipose tissue of
the fat pad.

3.2. Establishment of a Stem Cell Population

The tissue-specific stem cells that allow multiple rounds of mammary
gland growth, differentiation, and involution to occur in later life are pre-
sumed to be laid down at the very earliest stages of embryonic development.
One suggestion is that all the ectodermally derived cells in the mammary
bud are potential primitive stem cells that subsequently divide both sym-
metrically, to maintain and enlarge the stem cell compartment, and asym-
metrically, to produce the mammary epithelial-specific cell lineages. It is
not clear how many stem cells might be present at the earliest stages of
mammary bud formation, but studies on chimeric mice generated by fusing
the blastomeres of two different strains suggest that it is at least two (18). The
exact fate of each of the stem cells may well be governed by a number of
factors, including interactions with surrounding epithelium, mesenchyme or
extracellular matrix, and any endocrine, paracrine, or autocrine hormones or
growth factors present.

The importance of the immediate environment in determining the fate of
the mammary parenchyma and its stem cells has been demonstrated in tis-
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sue recombination studies. For example, experiments on rabbit embryos
showed that nonmammary epidermis can form mammary buds when com-
bined with mammary mesenchyme. Conversely, mammary buds are not
formed when mammary epidermis is combined with non-mammary mesen-
chyme confirming that only mammary mesenchyme has the capacity to
induce mammary epithelial development (19). Other studies on embryonic
mice indicated that the mesenchyme dictates sexual dimorphism in mam-
mary development under the influence of testosterone (20). For obvious rea-
sons, tissue recombination studies of human embryonic tissue are not
possible, but given the similarities in mammary gland development between
placental animals, it seems likely that epithelial–mesenchymal interactions
are critically involved in the process.

4. POSTNATAL MAMMARY GLAND DEVELOPMENT

4.1. Pubertal Mammary Gland Development

Between birth and puberty, mammary gland growth is isometric in rela-
tion to the rest of the body, but at puberty and under the influence of both
ovarian and pituitary hormones, it undergoes a first phase of allometric
growth (21). In mice, this starts at about 21 d of age and is characterized by
enlargement of the duct termini to form bulbous terminal end buds (TEBs).
These TEBs are major sites of proliferation through which ductal elongation
and ramification into the mammary fat pad are achieved. At the microscopic
level, the outermost layer of the TEB is a single layer of pale-staining or cap
cells that are not polarized, are loosely adherent, and do not have an orga-
nized cytoskeleton. It has been proposed that these cells are a stem cell popu-
lation that gives rise to the different cell types of the mammary parenchyma
(21).

During duct extension, some of the cap cells seem to reposition along the
perimeter of the TEB to become myoepithelial cells, whereas others migrate
toward the lumen to become the ductal or luminal epithelium. In the body of
the TEB, there is a population of highly proliferative body cells that also
undergo extensive apoptosis, presumably to facilitate lumen formation. Duc-
tal elongation and branching by bifurcation continues throughout puberty
until the margins of the mammary fat pad have been reached.

The human mammary parenchyma undergoes a similar pattern of allom-
etric growth at puberty in that the primitive ducts undergo extensive elonga-
tion and branching. The site of active epithelial proliferation is also a
TEB-like structure, although this is not as bulbous as that of the mouse mam-
mary gland, and it does not seem to share the same histological features. It is
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not known, at present, where a stem cell population might reside in the human
TEB equivalents, although they clearly must contain stem cells because,
through a process of dichotomous and sympodial branching, they give rise
to new ductal branches and smaller ductules or alveolar buds (1).

The alveolar buds cluster around terminal ducts to form TDLUs, which
were classified by Russo and Russo according to the number of alveolar
buds or ductules they contain (17). The first to appear is the type 1 or vir-
ginal lobule, which contains about 11 alveolar buds. Once menstruation is
established, there is a cyclical increase in proliferation associated with the
luteal phase, and the TDLUs become more elaborate in terms of the num-
bers of alveoli they contain with each successive ovulatory cycle. Eventu-
ally, the breast epithelium comprises a mixture of types 1, 2, and 3 lobules,
which contain an average of 11, 47, and 80 ductules, respectively.

This progressive development of the epithelium continues until the age of
35 yr. However, intervening pregnancy influences the proportions of the
different types of TDLUs present, such that type 1 lobules are found more
frequently in breast tissue from nulliparous women, whereas types 2 and 3
are predominant in the glands of parous women. There is some evidence
that limited lobulo-alveolar (equivalent to the TDLU) development occurs
in mouse mammary glands during each estrous cycle (22). However, the
extent of this development appears to be strain dependent and, as regression
occurs at the end of the estrous cycle, the effect does not appear cumulative.
A further difference between mouse and human mammary glands is that, in
the human, the mammary fat pad also undergoes allometric enlargement at
puberty.

4.2. Mammary Gland Development During Pregnancy
and Lactation

The second phase of allometric growth in the mammary gland occurs
during pregnancy. In mice, there is an initial and enormous increase in duc-
tal proliferative activity and in the formation of alveolar buds (23). In the
second half of pregnancy, the alveolar buds differentiate into alveoli, which
ultimately become the milk-secreting lobules. By late pregnancy, the alveoli
fill most of the mammary fat pad; the luminal epithelial cells produce milk
proteins and are distended because of lipid accumulation. The surrounding
myoepithelial cells become discontinuous, which means that the luminal
epithelium may contact the basement membrane; it has been postulated that
this contact is essential for full differentiation and milk secretion (24).

Just before parturition, the luminal epithelial cells accumulate rough
endoplasmic reticulum and Golgi and secretory vesicles and begin secreting
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milk protein and lipids. The cells become flattened, intracellular milk
fat globules are clearly visible, and milk accumulates in the lumen. The dif-
ferentiated function of myoepithelial cells is to eject milk from the alveoli
into the ducts by contraction of their dendritic processes in response to oxy-
tocin. In mice, lactation continues in this way until weaning, a period of
about 3 wk.

The changes that occur in the human mammary gland during pregnancy
and lactation are not well described because there are few specimens of tis-
sue from these stages of development. However, examination of samples
obtained at surgery to remove cancers arising during pregnancy and lacta-
tion suggests that the changes are similar to those seen in rodent mammary
glands; that is, there is an increase in the number of lobules and a corre-
sponding decrease in the adipose component of the breast (1). However, the
human breast differs from the rodent mammary gland in its heterogeneity.
Whereas the fully developed mouse mammary gland fills the mammary fat
pad uniformly, it is not unusual to see completely quiescent TDLUs imme-
diately adjacent to those undergoing a florid proliferative response in breast
tissue taken from pregnant women (1).

4.3. Mammary Gland Involution

Once weaning has occurred, the mammary gland undergoes involution.
Milk stasis is the signal for the alveolar secretory epithelial cells to undergo
apoptosis and be removed by phagocytosis. Although the ducts remain
intact, the alveoli collapse until, by d 6 of involution, they have disinte-
grated completely, and both epithelial and stromal components are remod-
eled (23). After 3 wk, remodeling is complete, and the mammary gland
resembles the pre-pregnant state.

There is very little available information on the involution process in
human breast; again, it is thought to be similar to that seen in the rodent
mammary gland (1). Also, it seems that, once remodeling is complete, the
human gland does not revert to the virgin state, but appears more differenti-
ated in terms of the numbers of lobules in each TDLU (17). It is thought that
the reduction in breast cancer risk afforded by an early first full-term preg-
nancy may be related to the fact that the gland is left in a more “differenti-
ated” state following involution (25).

Uniquely, the human mammary gland undergoes a second involution at
the menopause. At this point, there is regression of ducts as well as lobules,
and adipose tissue replaces the glandular epithelium and interlobular stroma.
As a result, there is a sparse scattering of atrophic acini and ducts through
the tissue (1).
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Review of the postnatal development of the mammary gland emphasizes
the huge changes in the size and function of the epithelial compartment that
are possible and how often they can occur during reproductive life. In this
respect, the mammary gland is quite different from other stem cell systems,
such as the bone marrow or the intestinal epithelium, in which cell turnover
is constant and continuous unless the tissue has been damaged.

It has been suggested that there might not be tissue-specific stem cells in
the mammary epithelium, but it is difficult to explain how the gland can go
through multiple cycles of proliferation, differentiation, involution, and
remodeling without invoking the presence of a long-lived stem cell popula-
tion with an almost unlimited capacity to produce differentiated progeny
whenever the gland needs to expand and that persists during involution.
However, although for many years mammary gland-specific stem cells have
been presumed to exist, it is only now that the tools needed to isolate and
characterize them are becoming available.

Consequently, there are many questions about mammary gland-specific
stem cells that remain to be answered, especially with respect to the human
breast. These include fundamental questions such as whether there are stem
cells, and if so, what are they and where are they located in the mammary
epithelium. Is there a hierarchy of pluripotent stem cells that gives rise to
increasingly more restricted lineage progenitors similar to that existing in
the bone marrow? What are the lineages arising from the stem cells? Does
the size of the stem cell population change during periods of allometric
growth or, conversely, during involution? Finally, what factors, if any, con-
trol stem cell activity?

5. EVIDENCE FOR THE EXISTENCE OF MAMMARY
EPITHELIAL STEM CELLS

Although stem cells have yet to be identified directly, there is ample cir-
cumstantial evidence for their existence. It has been known for years that
fragments of mouse mammary epithelium can give rise to complete glands
when transplanted into the fat pads of syngeneic hosts cleared of their
endogenous epithelium (26). More recently, limiting dilution studies in
which clones derived from single cells could be identified on the basis of
their patterns of mouse mammary tumor virus (MMTV) viral integration
have shown that an entire fully functional mammary gland can be derived
from a single cell (27). Moreover, this single cell could give rise to both
luminal epithelial and myoepithelial cell types, suggesting the presence of a
self-renewing pluripotent stem cell in the mouse mammary gland. The study
also provided evidence for the presence of more lineage-restricted stem cells
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as instances of ductal development in the absence of lobules and vice versa
could be demonstrated in some transplants. Interestingly, even when only
ducts or lobules were formed, both luminal and myoepithelial cell types
were present. This implies that one lineage restriction might be at the level
of ductal or lobule formation.

There are, at present, no functional assays of the repopulating capacity of
human mammary epithelial cells in vivo. Attempts to transplant human
breast epithelial cells into the fat pads of immunodeficient animals have
been uniformly unsuccessful, probably because mouse mammary stroma is
very different from that of the human. However, elegant studies on the pat-
tern of X chromosome inactivation in microdissected human breast demon-
strated that there are contiguous patches of epithelium where the same X
chromosome has been inactivated, suggesting that all the cells in each of
these patches are derived from a single progenitor (28). Similarly, demon-
stration of specific patterns of loss of heterozygosity involving entire ducts
or lobules suggests the presence of a common precursor (29). Interestingly,
luminal and myoepithelial cells isolated from the same area share patterns
of genetic damage, suggesting that they have a common ancestor.

More progress has been made in developing tissue culture–based assays
of human mammary stem cell activity that use cells isolated from reduction
mammoplasty specimens. At low plating densities, three types of colony are
formed: luminal epithelial only, myoepithelial only, or colonies containing
both cell types (30,31). Further analysis as to the origin of the mixed colonies
found that they were derived from single cells (32). The conclusion from
these studies is that there are three types of progenitor present in the human
mammary gland: luminal restricted, myoepithelial restricted, and stem cells
that are bipotent because they can give rise to both cell types in culture.

Taken together, the results from these studies indicate that there are
indeed stem cells in the mammary epithelium, and there may be a hierarchy,
with a more primitive stem cell giving rise to lineage-committed progenitors.

6. LOCATION OF STEM CELLS IN THE MAMMARY GLAND

The next question is, where are these stem cells in the mammary epithe-
lium? It has been suggested that the cap cells of the TEBs in the mouse
mammary gland during pubertal development contain a population of
multipotent stem cells. This suggestion is based on the observation that these
cells have a high mitotic rate, and that they have two fates: They either enter
the body of the TEB and become luminal epithelial cells, or they can migrate
laterally along the outermost layer of the subtending duct to become myo-
epithelial cells (14).
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The suggestion that multipotent stem cells are in the TEB is supported by
studies that showed that fully functional mammary glands are obtained when
dissected TEBs are transplanted into cleared mammary fat pads of synge-
neic hosts (21). However, the TEBs and associated cap cells disappear once
pubertal ductal development is complete, and they never reappear during
the lifespan of the mouse. Moreover, all parts of the mammary ductal tree
can regenerate entire mammary glands when transplanted into fat pads, so
the best guess as to the location of stem cells is that they are distributed
throughout the entire gland and are present in the TEBs during pubertal
development (21).

Although the human mammary gland has a TEB-like structure during
pubertal development, it does not have a similar arrangement of cap and
body cells. So, it is unclear whether there is a population of stem cells in the
TEB-like structure, although it is thought that mammary gland-specific stem
cells are distributed throughout the ductal epithelium in the human breast.

Studies in which isolated breast epithelial cells were sorted according to
whether they expressed luminal- or myoepithelial-specific antigens and then
placed into culture indicated that bipotent progenitors reside in the luminal
population. Mixed colonies were only obtained when CK8- and CK18-posi-
tive cells were plated and never when CALLA-positive cells were used (31).
Thus, preliminary conclusions as to the position of stem cells in the mam-
mary epithelium from nonpregnant, nonlactating women are that they are
distributed throughout the epithelium, and that they are in the luminal and
not the myoepithelial population.

7. CHARACTERIZATION OF MAMMARY EPITHELIAL STEM
CELLS

Early searches for mammary-specific stem cell markers were based on
the observations of Smith and Medina that mammary epithelial explants
contained pale or light-staining cells, and that only these cells entered mito-
sis when placed into culture (33). Subsequent and painstaking electron
microscopic studies confirmed that these pale or undifferentiated cells
undergo mitosis occasionally, and that they exist in both small and large
forms (34). Other cells, which are darker in appearance because they con-
tain more organelles, are never seen to mitose, and they are assumed to be
terminally differentiated.

The small light cells (SLCs) fulfill the presumed criteria for stem cells in
that they are division competent and are in the luminal population, but do
not contact the lumen. In addition, SLCs can be found either side by side or
one above the other (in relation to the basement membrane) in heteroge-
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neous pairs or clustered with large light cells, implying that they have
divided asymmetrically. Cell counting at all stages of rodent mammary gland
development indicates that the proportion of SLCs remains relatively con-
stant and accounts for approx 3% of the total epithelial population (34). This
is higher than the proportion of stem cells calculated from the mammary fat
pad repopulation studies (approx 1 in 2500 cells) (27) and has been explained
by suggesting that SLCs comprise both multipotent and more lineage-
restricted stem cells (35). SLCs have been identified in the mammary epi-
thelium of all mammals examined so far, including humans (35). It is
assumed that they are stem cells, although this has yet to be shown defini-
tively.

Studies of other stem cell markers have built on the observations made on
the position of SLCs in the rodent epithelium. Specifically, it has been pos-
tulated that, because SLCs do not contact the lumen but are situated in a
suprabasal position between luminal and myoepithelial cells, they should
express a general epithelial marker, but not a luminal-specific, apical mem-
brane marker such as MUC1. Cells isolated using this strategy appear to be
multipotent because both luminal and myoepithelial cell types are produced
when they are placed into low-density culture. Further analysis of these cells
showed that they also express α6 integrin and CK19 (32).

Further characterization of mammary epithelial stem cells has been aided
greatly by cross fertilization from studies of other adult stem cell systems.
For example, examination of the patterns of deoxyribonucleic acid (DNA)
label retention in the study of stem cells in the skin and small intestine has
now been applied to the mammary epithelium (36,37). This technique
involves administration of a DNA label, usually tritiated thymidine (3H-dT)
or a halogenated thymidine analogue such as bromodeoxyuridine (BudR),
to the animal and then determination of which cells retain the label at subse-
quent time points. The label is taken up only by cells actively synthesizing
DNA at the time of treatment. In cells that continue to divide, the DNA label
will be progressively diluted such that, after a few divisions, levels are
reduced to below the level of detection. However, in cells that do not con-
tinue to divide, the label will be retained. As quiescence and longevity are
considered stem cell properties, these cells would be expected to retain label
over long periods of time.

Accordingly, two groups have used label retention as a means of defining
the stem cell population in the mouse mammary epithelium (38,39). The
first used a bolus of 3H-dT to label the mammary epithelial cells of fully
adult mice (10–12 wk old); the mice were then followed for 3 wk and showed
that label-retaining cells (LRCs) comprised 0.1 to 1% of the total epithelial
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population (38). Immunohistochemistry combined with histoautoradio-
graphy used to detect the tritium label indicated that a high proportion of the
LRCs (approx 95%) also expressed the ERα.

In the second study, BudR was administered continuously for 2 wk to
pubertal mice (3–5 wk old), and tissue was sampled until the mice reached
13 wk of age (39). In this study, a greater proportion of LRCs was detected,
probably because labeling was carried out over the period of pubertal mam-
mary gland development, when stem cells might be expected to be more
active. However, steroid receptor expression was transiently associated with
retention of the DNA label because the LRCs detected at the last time point
did not contain steroid receptors, although they did at earlier time points.
The very long lived LRCs also appeared to be undifferentiated in that they
expressed neither CK18 nor CK14, luminal and myoepithelial markers,
respectively.

The data from these two studies can be interpreted as evidence for the
existence of two stem cell populations in the mammary epithelium: The first
is a long-lived, primary, steroid receptor-negative stem cell, and the second
is a steroid receptor-positive stem cell that might be more short lived and be
the more active during the estrous cycle.

Again, and for obvious reasons, in vivo DNA label retention studies can-
not be carried out in women, but a method of implanting small pieces of
intact normal breast tissue into immunodeficient mice to track mammary
epithelial cells after administration of the label has been used (40). In this
study, tissue was labeled intensively with 3H-dT for a period covering two
S-phase durations and sampled at various time points afterward. The tissue
was taken from adult premenopausal, but nonpregnant and nonlactating,
women, so the study was analogous to that of Zeps et al., who used adult
mice (38). Accordingly, 2 wk after 3H-dT injection, a population of LRCs
was detectable that comprised less than 1% of the total population and
expressed steroid receptors in addition to the p27KIP1 cyclin-dependent
kinase inhibitor (CDKI), which is consistent with the conception of LRCs as
a quiescent population.

The second technique that has crossed over from use in the hematopoietic
system to use in the mammary gland is flow cytometric cell sorting based on
exclusion of the fluorescent DNA dye Hoechst 33342 (41). Hematopoietic
cells that efflux the dye are called the side population (SP) and are able to
reconstitute the bone marrow of lethally irradiated mice, suggesting that they
are enriched in stem cells. Combining SP sorting with analysis of label
retention indicated that, 9 wk after labeling, mammary epithelial LRCs
formed 8% of the SP (39).
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The mouse mammary SP population is also enriched for cells expressing
stem cell antigen (Sca-1, a hematopoietic stem cell marker), α6 integrin (a
skin stem cell marker), and telomerase. The technique has now been applied
to human breast epithelial cells isolated from reduction mammoplasty speci-
mens, and further characterization of these human SP cells is awaited (42).

It is unclear, at present, how useful SP sorting will be to the study of
mammary stem cells as the ability of mouse cells isolated using this method
to reconstitute mammary glands in cleared mammary fat pads is no greater
than that of non-SP cells (39,42). In this respect, Sca-1 appears to be a better
correlate of the ability to reconstitute mammary glands, although immuno-
histochemical studies showed that approx 20% of mouse mammary epithe-
lial cells express Sca-1 (39). As it is unlikely that they are all stem cells,
more work is needed to define exactly which cell types form the population
positive for Sca-1.

Unfortunately, Sca-1 is not detectable in human tissues, which means
that other mammary stem cell markers need to be found. In this respect,
specific cytokeratins may be useful. Gudjonsson and colleagues (30)
reported that the cells that give rise to mixed luminal and myoepithelial cells
in culture expressed CK19, whereas Bocker et al. (43) suggested that CK5
positivity defines a stem cell population. Equally, the absence of lineage-
specific markers could be used when defining stem cell populations. The
CK5-positive stem cell population proposed by Bocker et al. cannot be
stained by an anti-CK8/CK18/CK19 antibody or by one that recognizes
smooth muscle actin (43). The CK19-positive population identified by
Gudjonsson et al. does not express MUC1 (30). These findings illustrate
another difficulty in defining human mammary stem cell populations:
inconsistency between different research groups. This is probably because
of the fact that the study of mammary stem cells in human tissue is in its
infancy, and it is hoped that a consensus will be reached as investigations
progress.

8. STEM CELL HIERARCHIES

Hierarchies of division-competent cells have been demonstrated in other
adult tissues, such as blood and the small intestine (44,45). These hierar-
chies comprise a primary tissue-specific stem cell that can produce all the
cell types of the tissue, including new stem cells. Downstream of the pri-
mary stem cell are more restricted progenitors that give rise only to a subset
of cell types, and then there are lineage-committed progenitors that produce
only one particular cell type. The number of committed progenitors and the
number of divisions between them and the primary stem cells varies accord-
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ing to the tissue. For example, there are a large number of increasingly com-
mitted progenitors in the hematopoietic system because a correspondingly
large number of differentiated cell types need to be produced (44). In con-
trast, there appears to be only one type of progenitor downstream of the
primary keratinocyte stem cell in the skin (45).

It is still not clear how many and what type of committed progenitors may
be present in the mammary epithelium. However, the results of the studies
presented above suggest that there are at least two layers of commitment
downstream of the primary stem cell: The first is the commitment to pro-
duce either ducts or lobules, and the second is commitment to produce either
luminal or myoepithelial cells (see Fig. 1).

The data derived from studies on DNA label retention, Hoechst 33342
efflux, and Sca-1 expression in the mouse mammary gland labeled during
pubertal development support the suggestion that the stem cell population is
heterogeneous (39). The population positive for Sca-1 contains at least two
different cell types, SP-positive LRCs and those that are neither LRCs nor
SP cells. Welm and colleagues suggested that the Sca-1-positive popula-
tion, LRCs, and SP cells represent the most primitive population that may
contain the multipotent stem cells (39). The steroid receptor-positive LRCs
identified by Zeps and in our study in adult mouse and human mammary
epithelium could be more committed or lineage-restricted stem cells (38,40).

9. LIFESPAN, NUMBER, AND PROLIFERATIVE CAPACITY
OF MAMMARY EPITHELIAL STEM CELLS

Primary mammary epithelial stem cells persist throughout the reproduc-
tive lifespan of the animal, allowing the gland to develop and differentiate
with each pregnancy. However, serial transplantation studies indicated that
mouse mammary epithelial stem cells are not immortal. Mammary epithe-
lium can be transferred serially to host animals up to seven times before it
becomes incapable of repopulating the mammary fat pad, although more
than 75% of epithelial outgrowths lose their repopulating ability by the
fourth passage (46).

Experiments on the repopulating capacity of mammary epithelium iso-
lated from mice of different ages and reproductive histories suggested that
loss of capacity to self-renew is dictated not by chronological age, but by the
number of times a stem cell divides; it has been calculated that stem cells
become senescent after 40–50 divisions (47,48). Interestingly, this figure
agrees with the “Hayflick” number, which is the maximum number of divi-
sions a eukaryotic cell can undergo in culture before replicative senescence
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occurs (49). However, it is probable that no stem cell actually undergoes
40–50 divisions under normal circumstances.

In the experiments that showed that just one cell can reconstitute an entire
mammary gland, the stem cell was estimated to have undergone 11 self-
renewing symmetrical divisions (27). So, it would appear that no one stem

Fig. 1. A model of tissue-specific stem cells and their progeny postulated to
exist in the mammary epithelium. The putative stem cells occupy an intermediate
location in the epithelium in terms of their physical position and specific protein
expression and are defined by their appearance (small and pale staining), ability to
efflux Hoechst 33342, retention of DNA label, and in mice, expression of stem cell
antigen (Sca-1). We speculate that the stem cell pool includes primary, long-lived cells
with a genome that is extremely well protected against damage and a second popu-
lation of more committed stem cells with a shorter lifespan that contain steroid
receptors. The progeny of these stem cells may form a transit-amplifying popula-
tion before commitment to the ductal and lobular lineages and then final differen-
tiation into luminal and myoepithelial cells. We postulate that the genome of the
primary stem cell population is very highly protected, whereas that of the more
committed steroid receptor-containing stem cells is not. This means that the latter
population may be more susceptible to transforming events, leading to loss of nor-
mal growth constraints, proliferation in response to signals such as estrogen and
progesterone, and then progression to hyperplasia, to ductal carcinoma in situ, and
ultimately to invasive breast tumors.
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cell survives throughout the entire lifespan of the tissue, but that the popula-
tion turns over slowly by infrequent self-renewing symmetrical division.

It is still not clear whether the stem cell population size expands and con-
tracts in response to the cyclical developmental needs of the mammary
gland. Ultrastructural examination of rat mammary epithelium at all devel-
opmental stages indicated that, from nulliparity through to involution, the
proportion of SLCs remains constant at about 3% of the total epithelium
(34). This suggests that the stem cell population increases and decreases at
the same rate as the more differentiated epithelial cells. However, given what
is known about stem cell properties in other tissues, it might be expected
that absolute mammary stem cell numbers would remain constant; there-
fore, their proportion would decrease during epithelial cell growth and
increase during involution.

One explanation for this disparity is that SLCs are a heterogeneous popu-
lation that includes both primary mammary stem cells and lineage-commit-
ted progenitors; it is the latter population that alters in number during
mammary gland growth and involution. This is supported by the results of
the limiting dilution transplantation studies of Kordon and Smith, which
indicated a primary stem cell frequency of approx 1 in 2500 (0.04%) (27).
This is not only much lower than the proportion of SLCs, but is also lower
than the number of LRCs or SP cells detected in other studies (38,39)
and suggests that label retention and Hoechst 33342 efflux are properties
common to both primary stem cells and the more lineage-committed
progenitors.

Another assumption is that, given that stem cells appear to divide infre-
quently, it might be expected that all the stem cells present in the adult mam-
mary gland are direct descendants of those established during embryogenesis.
However, Wagner and colleagues suggested that a new “adjunct” epithelial
population arises during pregnancy, and that this could explain the physi-
ological differences between nulliparous and involuted parous mammary
glands in terms of sensitivity to hormones and carcinogenic agents (50).
Using genetic techniques to generate mammary epithelial-specific expres-
sion of the β-galactosidase gene, Wagner et al. show that this new popula-
tion of cells survives postlactational involution and tissue remodeling to give
rise to new alveolar cells in subsequent pregnancies. Moreover, the new
adjunct cells appear to be able to contribute to both ductal and alveolar epi-
thelial cell types when transplanted into cleared mammary fat pads. The
authors concluded that the adjunct epithelial population could represent a
new stem cell population derived from more differentiated cells; this popu-
lation contributes to the biological changes occurring in the mammary epi-
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thelium after pregnancy and lactation. As these changes result in a decreased
risk of breast cancer if they occur early enough in a woman’s reproductive
lifespan, it will be important to determine whether such an adjunct popula-
tion of cells exists in parous human breast and, if so, what their properties
are. The conclusions from these studies is that the mammary epithelial stem
cell population is not as fixed in either number or characteristics as first
thought.

10. MAMMARY STEM CELLS AND CANCER

As stem cells persist in the mammary gland throughout reproductive life,
they must be regarded as prime targets for oncogenic transformation because
they have the potential to accumulate genetic damage and to transmit it to
their progeny. In this respect, it is interesting to note that susceptibility to
carcinogens is greatest during pubertal breast development, when stem cells
should be active and there is proliferation of the epithelium, but no lacta-
tional differentiation. This has been shown extensively in rodents, for which
the gland is most sensitive to carcinogens when there are high concentra-
tions of developing TEBs and alveolar buds containing large numbers of
active stem cells (51). Similar structures are present in the human breast
during pubertal development, and it is not surprising that breast cancer rates
are highest in women who were prepubertal or adolescent when they were
irradiated as a consequence of the atomic detonations in Japan (52).

The studies of dynamics of repopulation after transplantation of small
numbers of mammary epithelial cells into cleared mammary fat pads may
force us to reconsider the nature of “oncogenic” transformation. If mam-
mary stem cells realize their full proliferative capacity and undergo 40–50
self-renewing symmetrical divisions, then just one cell could give rise to an
additional 1012–1013 multipotent progenitors in its lifetime, which is more
than enough to kill someone of breast cancer (27). However, under normal
circumstances, no stem cell in the mammary gland actually realizes this
potential in the lifespan of the mouse or woman, and it appears that the
signals that initiate proliferation are very tightly regulated, so stem cells
cannot divide uncontrollably.

These control mechanisms are poorly understood, but one possibility is
that stem cell proliferative activity is influenced by its position in relation to
more differentiated progeny, to the basement membrane, and to stromal
cells. The role of a stem cell’s immediate environment or niche is increas-
ingly recognized, and it has been suggested that the niche acts as an organiz-
ing center that maintains “stemness” (53).
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In studies of skin stem cell niches, it has been shown that differentiated
cells can show characteristics of stem cells if they are allowed to occupy
empty stem cell niches (54). The nature and location of mammary stem cell
niches are, at present, unknown. It is possible that the earliest steps in tum-
origenesis allow a stem cell to escape from its constraints and, once escape
has been achieved, to accumulate further genetic alterations that might, for
example, increase genomic instability and resistance to apoptosis, enhance
sensitivity to growth promoters such as estrogen, switch on production of
angiogenic factors, or confer metastatic potential.

Other questions that the study of mammary stem cells might help answer
are why most malignant tumors have a luminal phenotype in terms of mor-
phology and specific protein expression and why a large proportion
expresses steroid receptors. Results of studies presented above suggested
that the mammary stem cell population is heterogeneous and may comprise
very long-lived primary stem cells and multipotent, but more committed
and short-lived, stem cells that may express steroid receptors.

We speculate that the genome of the primary stem cells would be very
highly protected against damage to ensure their continued survival and abil-
ity to proliferate, as has been shown in the small intestine, where stem cells
protect their genome by a number of different mechanisms (55,56). How-
ever, the genome of the more committed stem cells may not be so well pro-
tected and therefore would be more susceptible to carcinogenic
transformation, with the result that one of them escapes its constraints and is
able to respond to the proliferative signals of estrogen and progesterone,
leading first to hyperplasia, then to ductal carcinoma in situ, and then to
invasive disease.

This postulation is supported by data that shows that increased steroid
receptor expression is one of the earliest changes associated with the carci-
nogenic process in the human breast (57). In addition, genetic analysis of
the proliferative lesions thought to be malignant precursors indicates that
they are clonal (58,59). Finally, Smith and Chepko demonstrated increased
numbers of SLCs in both mouse and human breast tumors (35).

The clinical implication of these findings is that successful breast cancer
treatment or prevention strategies must eradicate stem cells. Current chemo-
therapeutic and endocrine agents reduce proliferation and induce apoptosis,
but it is not clear whether mammary stem cells are susceptible to factors that
signal programmed cell death. Studies of the mouse small intestine sug-
gested that, in terms of resistance to apoptosis, there are two populations of
stem cells (56). One of these undergoes spontaneous apoptosis as part of the
homeostatic mechanism, restricting the number of stem cells present at any
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one time. The other smaller population is resistant to radiation-induced
apoptosis, undergoes DNA repair, and, presumably, is the primary stem cell
population. We believe that a similar arrangement exists in the mammary
epithelium, and if it does, new therapies need to be aimed at eliminating
both stem cell populations.

11. MAMMARY STEM CELL PLASTICITY

As is made clear throughout the rest of this book, there is considerable
interest in the concept of stem cell plasticity from the point of view of using
cells isolated from adult tissues for therapeutic purposes. Thus, hematopoi-
etic stem cells have been reported to give rise to differentiated liver paren-
chymal cells (60), mesenchymal stem cells isolated from the bone marrow
can give rise to chondrocytes and adipocytes (61), and skin stem cells have
been reported to be able to give rise to hematopoietic cells (62).

At present, it is not known whether mammary stem cells can give rise to
the differentiated cell types of other tissues, but as far as the mouse is con-
cerned, the necessary experimental models are available to find this out.
Until then, there can only be speculation. On one hand, the fact that mam-
mary stem cells have features in common with other types of tissue-specific
stem cells (e.g., the ability to efflux Hoechst 33342 and expression of Sca-1
in mice) suggests that they could be plastic. On the other hand, the trans-
plantation studies that used embryonic mammary tissue (14) suggested that
the decision to become mammary-specific stem cells is made at an early
stage of development, and that reprogramming might not be possible. If plas-
ticity was shown, the mammary gland could be a relatively accessible source
of stem cells for therapeutic intervention and even cosmetic purposes such
as breast reconstruction and augmentation.

12. CONCLUSIONS AND FUTURE WORK

It has been known for some time that there must be a population of self-
renewing, mammary-specific stem cells that give rise to all the differenti-
ated cell types of the epithelium and that allow the gland to undergo multiple
cycles of pregnancy-associated proliferation, differentiation, and apoptosis.
More recently, progress in understanding these cells has been aided by cross
fertilization of ideas from studies of other types of tissue-specific stem cells.
Taken together, the available data suggest that a hierarchical arrangement of
primary stem cells, lineage-committed progeny, and differentiated cells
exists in both human and mouse mammary epithelium (see Fig. 1). Tissue
transplantation studies indicated that the number of progeny any primary
stem cell can generate is prodigious. However, this capacity is never real-
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ized under normal circumstances, and it is believed that stem cell prolifera-
tion is highly restrained by positional cues from the immediate environment.
Very little is known about these signals, but it seems important to find out
what they are as they may represent therapeutic targets for breast cancer
prevention and treatment.

Mammary transplantation techniques that use embryonic or adult mouse
mammary epithelium are powerful tools for studying the effects of genetic
alterations on stem cell function in a tissue that is well-defined developmen-
tally. As mammary stem cells seem to have characteristics in common with
stem cells in other types of tissue, at least some of the results from these
studies should be more generally applicable. These common characteristics
also imply that mammary stem cells may be “plastic” in that they are able to
give rise to differentiated cell types of other tissues. This remains to be
determined, but it is interesting to note that one adult mammary epithelial
cell has shown the ultimate plasticity in that a complete cloned mammal,
Dolly the sheep, was generated from it (63).
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1. INTRODUCTION

All organisms originate from a single totipotent cell. During develop-
ment, the progeny of this cell become increasingly restricted in their differ-
entiation potential. Nevertheless, most cells retain an intact genome, and the
selective expression or repression of genes determines specific properties.
In recent years, it has become evident that adult cells can thus be repro-
grammed back to totipotency (1). Moreover, stem cells that reside in adult
tissues have the capacity to self-renew and to generate several types of dif-
ferentiated progeny. These stem cells do not appear to be restricted to gener-
ating only cells of their original tissue, but show remarkable plasticity when
exposed to an environment that they usually would not encounter. It has
thus been suggested that a stem cell is not necessarily a specific cellular
entity, but rather a function that can be assumed by numerous diverse cell
types (2).

One of the most intriguing examples of adult stem cell plasticity is the
recently discovered conversion of bone marrow cells to brain cells and vice
versa (3–7). Although some of the reported findings remain highly contro-
versial (8–10), the notion of transdifferentiation, the conversion of one dif-
ferentiated cell type to another, has challenged our concept of cell fate
determination. Moreover, the plasticity of adult stem cells has raised hopes
for future restorative treatment of debilitating disorders, particularly in the
central nervous system (CNS), which has a low regenerative capacity.

2. STEM CELLS IN THE BONE MARROW COMPARTMENT

Less than 0.1% of all nucleated cells in the bone marrow are stem cells.
Among these, hematopoietic stem cells (HSCs) provide a source of circulat-
ing erythrocytes, leukocytes, and platelets (Fig. 1). The HSC pool can be
subdivided into long-term reconstituting HSCs, which have the greatest self-
renewal capacity, and short-term HSCs, which generate hematopoietic lin-
eages only for several weeks (11). Mesenchymal (stromal) stem cells
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(MSCs) generate nonhematopoietic tissues, including adipocytes, tenocytes,
hematopoietic-supporting stroma, chondrocytes, and osteocytes (Fig. 1)
(12). The bone marrow cavity also contains endothelial progenitor cells
(EPCs), which can be mobilized into the peripheral blood and give rise to
mature endothelial cells in vessels (Fig. 1) (13).

Fig. 1. Schematic view of the bone marrow stem cell compartments. Hemato-
poietic stem cells (HSCs) and mesenchymal (stromal) stem cells (MSCs) become
gradually restricted in their differentiation potential by a succession of cell divi-
sions. Common lymphoid progenitors (CLP) arise from HSCs and differentiate into
T lymphocytes (TL) and B lymphocytes (BL). Common multipotent progenitors
(CMP) derive from HSCs and give rise to monocytes/macrophages (Mac), neutro-
phil granulocytes (Gr), eosinophil granulocytes (Eos), erythroblasts/erythrocytes
(E), and megakaryocytes/platelets (P). MSCs generate progenitor cells, which dif-
ferentiate into hematopoietic-supporting stroma (S), adipocytes (A), tenocytes (T),
chondrocytes (C), and osteocytes (O). Endothelial progenitor cells (EPCs) can be
mobilized into the blood and give rise to vascular endothelial cells (En).
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All bone marrow stem cells derive from mesoderm, but it is unclear at
present how HSCs arise and what their relationship to endothelial cells is
(14). Unfortunately, cell surface determinants provide only limited informa-
tion on the origin of particular stem cells, and even highly enriched bone
marrow stem cell populations remain heterogeneous. This has to be taken
into account when plasticity is attributed specifically to HSCs or MSCs.

The expression of CD34/Stem cell antigen 1 (Sca-1), c-Kit, and CD45
antigens in the absence of lineage markers helps to differentiate HSCs from
MSCs. Nevertheless, some HSCs are also found in the CD34– fraction (15).
HSCs also express the ABC transporter Bcrp1, which effluxes dyes such
as Hoechst-33342 and allows the selection of the so-called side population
of HSCs (16,17). MSCs can be enriched in vitro based on their adhesive
properties and the presence of CD44 (18). Finally, EPCs express CD34/Sca-
1, vascular endothelial growth factor receptor2 (Flk-1), and Tie-2 antigens
(13). They can be mobilized into the circulation by granulocyte-macroph-
age colony-stimulating factor, vascular endothelial growth factor, and 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors
(19–21). Selected by adherence to plastic, some of the EPCs may be of hema-
topoietic origin given that monocytes have been shown to give rise to endot-
helial-like cells in vitro (22).

3. TURNING BONE MARROW INTO BRAIN

Most of the studies addressing the contribution of bone marrow-derived
cells to the adult brain were performed in bone marrow chimeras, which
were generated by the transplantation of genetically marked bone marrow
cells into conditioned hosts (Fig. 2). Donor-derived cells were subsequently
detected in the host CNS based on the expression of a transgene, retroviral
tag, or the Y chromosome (when male bone marrow was transplanted into
female recipients).

To identify bone marrow cells that have turned into brain cells, tissue
sections were analyzed for cells showing colocalization of the bone mar-
row-label with tissue-specific markers and a distinctive morphology indica-
tive of cell fate change. Unless the boundaries determined by embryologic
trilaminar origin are not maintained in the adult, cells of mesodermal origin,
such as microglia, brain macrophages, and endothelial cells, are more likely
to be generated from the transplanted bone marrow than cells of ectodermal
origin, including neurons, astrocytes, and oligodendrocytes. However, the
signals regulating division and differentiation in the adult brain may be quite
distinct from those in the immature brain, and the acquisition of specific cell
phenotypes may therefore largely depend on local inductive signals.
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3.1. Microglia and Perivascular Cells

Microglia are resident immunological effector cells that sense pathologi-
cal events in the CNS (23). Their origin has been one of the most conten-
tious issues in glial research over the past decades, but it is now generally
accepted that microglia are ontogenetically related to cells of the mono-
nuclear phagocyte lineage. Resting microglia show a ramified morphology
with downregulated immunophenotype; other brain macrophages, such as
perivascular cells and leptomeningeal macrophages, express major histo-
compatibility complex (MHC) class II antigen and high levels of CD45
(24,25). Microglial activation occurs in response to even subtle changes in
the brain microenvironment, and activated microglia express macrophage-

Fig. 2. Schematic view of the generation of bone marrow (BM) chimeras. Bone
marrow cells are harvested from donor animals and injected into myeloblated (e.g.,
lethally irradiated) recipient animals. Reconstitution of hematopoiesis with donor-
derived peripheral blood cell progeny occurs within several weeks after transplan-
tation. Donor-derived cells can be identified by the presence of the Y chromosome
in female animals transplanted with male bone marrow cells. When donor bone
marrow is derived from a transgenic animal or is genetically marked by viral trans-
duction, donor-derived cells can be detected in the recipient animals based on the
expression of the transgene/viral-encoded protein (e.g., β-galactosidase or GFP).
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related antigens, such as the complement receptor 3, MHC class I and class
II antigens, and a number of cytokines and cell adhesion molecules (26).

In the developing brain, pial mesenchymal progenitor cells from the yolk
sac seed in the brain parenchyma before its vascularization; later, circulat-
ing monocytes contribute to the population of ameboid microglia that colo-
nize the embryonic brain (27). After extensive proliferation, these ameboid
microglia ultimately transform into the ramified microglia that can be found
in the postnatal brain (28,29). Some authors have challenged this view and
suggested that microglial cells derive from neuroectodermal glioblasts
(30,31). Moreover, studies using irradiated adult rats transplanted with
MHC-mismatched bone marrow cells strongly suggested that only perivas-
cular cells and leptomeningeal macrophages, but not parenchymal micro-
glia, were bone marrow derived (32). Even after severe inflammatory
conditions of the brain, resident microglia represented a very stable cell pool
(33).

In contrast, mice transplanted with bone marrow cells expressing the
green fluorescent protein (GFP) showed substantial microglial engraftment
up to 12 mo after bone marrow transplantation (BMT) (7,34,35). In these
chimeras, host perivascular cells were also completely substituted by donor-
derived macrophages within 4  mo after BMT (36). Although the appear-
ance of GFP-expressing cells in perivascular and leptomeningeal sites
occurred throughout the brain, preferential microglial engraftment was
observed in the olfactory bulb and later in the cerebellum.

From the data of Brazelton et al. (6), an estimated 5% of the microglia in
the olfactory bulb were generated from bone marrow cells 8–12 wk after
transplantation. By 15 wk post-BMT, up to a quarter of the cerebellar
microglial population was found to be donor derived (34). De Groot et al.
(37) reported that approx 10% of the white matter microglia arose from the
transplanted bone marrow, and studies using transplantation of murine bone
marrow cells transgenic for β-galactosidase (38) suggested that 20–30% of
all brain macrophages originated from the donor marrow at 4–12 mo after
transplantation. In mice homozygous for a mutation in the PU.1 gene and
transplanted with wild-type bone marrow cells at birth without irradiation,
all microglia and macrophages throughout the brain arose from the donor
bone marrow (5).

Thus, it can be concluded that microglia in the postnatal murine brain
may be generated in the bone marrow compartment. Because mature mono-
cytes traffic between the blood and the brain despite an intact blood–brain
barrier (39,40), these cells are likely to replace the perivascular and leptom-
eningeal macrophage cell pools continuously and to differentiate into resi-
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dent microglia. In vitro evidence suggests that microglial differentiation
of peripheral blood monocytes may result from an interaction with astro-
cytes (41).

Interestingly, microglial engraftment is significantly enhanced following
CNS damage. Thus, focal cerebral ischemia leads to a dramatic recruitment
of bone marrow-derived cells into the ischemic brain, and almost one-third
of these cells develop into microglia (Fig. 3) (34). Even remote lesion of the
CNS by facial nerve axotomy in rodents induced microglial engraftment in
proximity to the injured motoneurons (34,42). In a murine model of globoid
cell leukodystrophy, bone marrow-derived microglia were distributed dif-
fusely in both gray and white matter after 100 postnatal days (43). Donor-
derived cells of the macrophage lineage also infiltrated the CNS in a
regionally specific manner following BMT in mouse models of GM2 gan-
gliosidosis (44) and Gaucher disease (45). Finally, peripheral macrophages
were specifically recruited in cuprizone-induced CNS demyelination (46).
It has thus been suggested that microglia may be used therapeutically to
deliver genes of interest to the diseased brain (34).

Fig. 3. Central nervous system engraftment of bone marrow–derived cells. Chi-
meric mice were generated by the transplantation of GFP-marked bone marrow
cells into lethally irradiated wild-type mice (7,34). (A) Four weeks after transplan-
tation, the middle cerebral artery was occluded for 60 min, and after 14 d of
reperfusion, the ischemic hemisphere of a chimera was infiltrated by donor-derived
GFP-expressing microglia/macrophages. (B) Twelve months after transplantation,
a rare GFP-expressing Purkinje neuron is seen in the cerebellum of a bone marrow
chimera.
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3.2. Astrocytes

Astrocytes are the most numerous glial cells of the CNS. They seem to be
generated from the dorsal regions of the neural tube during development
(47) and throughout life are continuously replenished from multipotent neu-
roepithelial stem cells and glial-restricted precursors (48). The glial fibril-
lary acidic protein (GFAP) represents the major component of intermediate
filaments in mature astroglia, but astrocytes may also express S100β (49).
Extending processes to blood vessels, astrocytes participate in the formation
of the blood–brain barrier, and they contribute to tissue homeostasis (50).

Astrocytes have been shown to control neuronal life directly by regulat-
ing synaptogenesis and neurogenesis (51,52). Moreover, in the adult brain,
GFAP-expressing astrocytes have been suggested to represent neural stem
cells capable of generating macroglia and neurons (53–55). It is therefore
surprising that Eglitis and Mezey (3) found that 0.5–2% of the bone mar-
row-derived cells engrafting in the murine CNS after BMT expressed GFAP.
Marrow stromal cells injected into the lateral ventricle of neonatal mice also
differentiated into GFAP-immunoreactive astrocytes within 12 d (56).

On the other hand, none of the chimeric mice transplanted with bone
marrow cells expressing GFP revealed any astroglial differentiation of the
donor cells (6,10,34,35,57). Only when GFP-marked bone marrow cells
were injected directly into the brain did they develop into GFAP-expressing
astrocytes (35).

In vitro, bone marrow stromal cells were induced to differentiate into
astrocytes in the presence of growth factors or differentiation factors such as
Noggin (58,59). Multipotent adult progenitor cells (MAPCs) generated from
murine MSCs differentiated into GFAP-expressing astrocytes in vitro and
gave rise to astrocytes throughout the brain after injection into an early blas-
tocyst (60). However, these cells failed to generate astroglia after transplan-
tation into adult NOD/SCID mice. In the studies of Woodbury et al. (61) and
Deng et al. (62), human and rat bone marrow stromal cells developed into
neuronal phenotypes in vitro, but did not differentiate into GFAP- or S100β-
expressing astroglia.

Because astrocyte proliferation is dramatically enhanced after CNS injury
(63), the contribution of bone marrow-derived cells to the population of
reactive astroglia was studied after cerebral ischemia. In chimeric rats sub-
jected to middle cerebral artery occlusion (MCAO), Eglitis et al. (64)
observed that the number of bone marrow-derived astrocytes was twice as
high in the ischemic hemisphere compared to the contralateral side and
almost 10 times as high as in control rats within 48 h. MSCs grafted into the
ischemic brains of rodents (65,66) or injected into the peripheral circulation
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after transient MCAO in rats (67) were reported to differentiate into GFAP-
expressing astrocytes in high numbers. In contrast, Hess et al. (57) failed to
detect donor-derived astrocytes in chimeric mice subjected to MCAO after
transplantation of GFP-marked bone marrow cells. Moreover, MSCs trans-
planted into the rat spinal cord after contusion did not express GFAP up to 5
wk after lesion (68). In contrast, MSCs administered intravenously to rats 1
d after traumatic brain injury gave rise to GFAP-expressing cells in the brain
(69). Thus, differentiation of bone marrow cells into astroglia remains con-
troversial, and the switch of cell fate may depend on specific local signals.

3.3. Oligodendrocytes

In contrast to astrocytes, oligodendrocytes seem to originate more from
the embryonic ventral neural tube (70). Precursors of oligodendrocytes from
the ventricular zone migrate to extraventricular sites during CNS develop-
ment and continue to divide throughout life (71). Maturation of oligoden-
drocytes includes the expression of specific markers, such as O4 and
galactocerebroside, and the extension of endfeet toward axons, followed by
the process of myelination (72). In the adult, myelination is thought to occur
by the recruitment of quiescent oligodendrocyte precursor cells (73).
Recently, adult bone marrow cells enriched in c-Kit–positive hematopoietic
progenitor cells were found to differentiate into O4-immunoreactive oligo-
dendrocytes within 6 d after intracerebral transplantation into the neonatal
mouse brain (74). Similarly, GFP-expressing bone marrow cells grafted
directly into the adult murine brain differentiated into oligodendroglia-
expressing carbonic anhydrase II within 12 wk after injection (35).

In contrast, murine MAPCs transplanted into adult NOD/SCID mice did
not turn into galactocerebroside-expressing oligodendroglia, whereas MSCs
could be induced to adopt an oligodendroglial fate in vitro (59,60). Simi-
larly, GFP-marked bone marrow cells transplanted into myeloablated adult
mice failed to generate oligodendrocytes for up to 6 mo after BMT (35).

Experimental evidence suggested that GFP-expressing murine MSCs can
form functional myelin on injection into a focal demyelinated lesion in the
rat spinal cord (75). Within 3 wk after injection, bone marrow-derived cells
were found to express the myelin proteins myelin basic protein and P0.
Moreover, rat MSCs predifferentiated in vitro into a Schwann cell-like phe-
notype were found to myelinate the regenerating fibers of the axotomized
sciatic nerve 3 wk after transplantation (76). As for astrocytes, the differen-
tiation of bone marrow-derived cells into oligodendroglia therefore seems
to depend largely on specific local cues.
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3.4. Endothelial Cells

In the embryo, endothelial cells arise either from endothelial progenitors
(angioblasts) or from stem cells, giving rise to both endothelial and hemato-
poietic cells (hemangioblasts) (77). Even after birth, circulating EPCs gen-
erated in the adult bone marrow can be assembled into endothelial channels
after in situ differentiation (13). This vasculogenesis by EPCs has been
reported in connection with wound healing and tumor vascularization and in
response to ischemia (78).

Although the cerebral vascular system is primarily developed by angio-
genesis (sprouting), experiments in chimeric mice have recently revealed
that bone marrow-derived cells contribute substantially to neovascular-
ization after focal cerebral ischemia. Thus, mice transplanted with bone
marrow cells expressing β-galactosidase under the control of the endothelial
Tie2 promoter showed bone marrow-derived endothelia in vessels at the
border of the infarct, but not in intact parenchymal cerebral vessels (79). In
mice transplanted with GFP-expressing bone marrow cells, 42% of the en-
dothelial cells in the infarct were coexpressing GFP with endothelial mark-
ers, such as von Willebrand factor, CD31, and isolectin B4, at 3 d after
transient MCAO. This number decreased to 26% by 14 d after MCAO (57).
Finally, mobilization of EPCs by statin treatment enhanced endothelial re-
generation after carotid artery lesion (80).

3.5. Neurons

Undoubtedly, the most intriguing example of adult stem cell plasticity is
the conversion of bone marrow-derived cells into neuronal phenotypes.
During development, reinforced by signals from the mesoderm, ectoderm
from the dorsal side of the embryo forms neural tissue (81). Anterior–poste-
rior neural patterning occurs soon after neural induction, and signals from
the underlying mesoderm and the epidermis influence dorsal–ventral pat-
terning.

Neurogenesis occurs in defined regions of the patterned neural plate, and
the developmental fate of a neural crest cell depends critically on the signals
it receives from the environment through which it migrates. Neurogenesis
persists throughout the life of the organism, and small populations of hip-
pocampal, cortical, and olfactory bulb neurons continue to be born in the
adult dentate gyrus and the subventricular zone (53,82,83). Thus, the signals
required for the neuronal differentiation of stem cells are maintained at least
in some parts of the adult brain.

Interestingly, in mice transplanted with GFP–transgenic bone marrow
cells, up to 0.3% of all neurons in the olfactory bulb were found to express
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GFP within 4 mo after BMT (6). Bone marrow-derived cells in the brain
were characterized as neurons based on their expression of neuronal anti-
gens, such as neuronal nuclei (NeuN), neurofilament, and neural nuclei class
III β-tubulin. Although most of these cells did not display the morphologi-
cal charac-teristics of neurons, the presence of phosphorylated cyclic
adenosine *5'-monophosphate response element-binding protein suggested
that the donor-derived cells responded to cues in their environment in a
manner consistent with the surrounding neurons.

Similarly, rare immature bone marrow-derived cells in the mouse spinal
cord and in sensory ganglia expressed NeuN, neurofilament, and class III
β-tubulin at 3 mo after BMT (84). When female mice homozygous for a
mutation in the PU.1 gene were rescued by postnatal intraperitoneal injec-
tion of adult male bone marrow cells, 0.3–2.3% of all NeuN-immunoreac-
tive cells throughout the brain were found to be Y chromosome-positive
after 1–4 mo (5). There was no overall increase in the density of donor-
derived cells in the neurogenic regions.

In contrast, a subsequent study failed to detect any donor-derived neu-
rons in the brain within 4 mo after transplantation of bone marrow cells
expressing β-galactosidase into adult wild-type mice (9).

In the experiments of Nakano et al. (35), none of the GFP-marked bone
marrow cells transplanted by systemic infusion gave rise to cells expressing
neuron-specific enolase in the brain after 6 mo. However, GFP-marked bone
marrow cells injected directly into the brain were found to differentiate into
neuronal phenotypes within 4 mo. Marrow stromal cells injected into the
lateral ventricle of neonatal mice differentiated into neurofilament-immu-
noreactive cells in the brain stem (56).

MAPCs generated from murine MSCs gave rise to NeuN-expressing cells
throughout the brain after injection into an early blastocyst (60). However,
these cells failed to generate neuronal phenotypes 1–6 mo after transplanta-
tion into adult NOD/SCID mice.

Perhaps the most consistent finding is the appearance of rare GFP-
expressing Purkinje cells in the cerebellum several months after transplan-
tation of GFP-marked bone marrow cells (Fig. 3) (7,10,85). Based on
morphologic criteria and the expression of the γ-aminobutyric acid (GABA)-
synthesizing enzyme glutamic acid decarboxylase, these newly generated
neurons were considered fully developed and functionally integrated into
the cerebellar cytoarchitecture (7). Moreover, analysis of the brains of mice
transplanted with a single GFP-marked HSC revealed only one GFP-
positive nonhematopoietic cell, a Purkinje cell (10).
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It is thus conceivable that less than 0.1% of the Purkinje cells in the adult
may arise from hematopoietic stem cells by way of transdifferentiation.
Nevertheless, it has to be taken into account that intermediate stages of
development have not yet been described for the bone marrow-derived
Purkinje cells, and issues of potential cell fusion have to be addressed in the
light of in vitro findings on stem cell fusion (86). However, in the study of
Corti et al. (84), all the cells coexpressing GFP with neuronal markers were
mononucleate and diploid.

There is also ample in vitro evidence to suggest that clonal GFP-express-
ing MSCs can be induced to differentiate into mature neurons expressing
markers of dopamine synthesis, serotonin and GABA (60). Clones of rat
and murine MSCs produced by limiting dilution were found to adopt a neu-
ronal phenotype when exposed to combinations of specific growth factors
or differentiation factors (59,61). Human MSCs could also be induced to
differentiate into cells expressing neuronal antigens in vitro (58,62).

Several recent studies suggested that the injured CNS provides cues for
the engraftment and neural differentiation of bone marrow-derived cells.
Thus, MSCs grafted into the ischemic brains of rodents (65,66) or injected
into the peripheral circulation after transient MCAO in rats (67,87) were found
to differentiate into NeuN-, neurofilament-, class III β-tubulin-, or microtu-
bule-associated protein 2 (MAP2)–expressing cells within 2 wk. In chimeric
mice transplanted with GFP-expressing bone marrow cells, scattered donor-
derived cells were immunoreactive for NeuN in the ischemic striatum 1–7 d
after transient MCAO (57). Almost 1% of the murine MSCs grafted into the
striatum of mice treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) acquired a dopaminergic (tyrosine hydroxylase immunoreactive)
phenotype within 1 mo after transplantation (88). Finally, MSCs injected
into the rat spinal cord after contusion displayed NeuN immunoreactivity
after 5 wk, but failed to express neurofilament or MAP2 (68).

In chimeric mice transplanted with bone marrow cells expressing
β-galactosidase, no donor-derived neural cells were observed in the brain up
to 5 mo after stab injury (9). In contrast, MSCs administered intravenously
after traumatic brain injury in rats gave rise to NeuN-expressing cells in the
damaged CNS (69).

4. REGENERATIVE POTENTIAL OF BONE MARROW CELLS
IN THE BRAIN

Despite the controversy over the differentiative potential of adult bone
marrow stem cells, researchers have explored the possibilities of hastening
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recovery of neurological deficits by the transplantation of bone marrow cells.
In rodent models of stroke, Parkinson‘s disease, multiple sclerosis, trauma,
and neurodegeneration, direct intracerebral grafting or systemic administra-
tion of bone marrow cells helped promote functional recovery (Table 1).
Rats subjected to MCAO performed significantly better in motor and soma-
tosensory behavior tests when treated with intravenous or intracarotid
administration of MSCs 1 d or 7 d after ischemia (67,87). Similarly, direct
transplantation of MSCs into the ischemic hemispheres of mice or rats 1–7 d
after MCAO improved functional recovery from the rotarod, limb place-
ment, or modified neurologic severity score tests (65,66).

In the MPTP model of Parkinson’s disease, mice transplanted with MSCs
by intrastriatal injection at 1 wk after MPTP administration performed sig-
nificantly better on the rotarod test compared with controls (88). Delayed
injection of MSCs into the rat spinal cord 1 wk after contusion led to long-
term improvement of locomotor function (68), and MSCs injected intrave-
nously into rats after traumatic brain injury reduced motor and neurological
deficits by d 15 (69). Moreover, regeneration of the axotomized sciatic nerve
was accelerated by the local transplantation of MSCs predifferentiated into
a Schwann cell-like phenotype (76). MSCs were also found to remyelinate
the rat spinal cord after focal demyelination induced by irradiation/ethidium
bromide (75,89). Finally, survival of a knockout mouse model of Niemann–
Pick disease was enhanced after intracerebral transplantation of MSCs
genetically engineered to express acid sphingomyelinase (90). Thus, the use
of bone marrow stem cells holds great promise for the treatment of debilitat-
ing CNS disorders.

However, it should be quite clear from the presented evidence that the
differentiation of bone marrow stem cells into neurons and macroglia is a

Table 1
Recent Studies of Mesenchymal Stem Cell
Transplantation in Rodent Models of Neurological
Disorders

Lesion Reference

Cerebral ischemia 65–67, 87
MPTP 88
TBI/spinal contusion 68, 69
Spinal cord demyelination 75, 89
Acid sphingomyelinase deficiency 90
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rare biological event that can only partially account for the dramatic thera-
peutic effects observed with bone marrow transplantation in models of neu-
rological diseases. These effects are more likely mediated by the
concomitant increase in trophic factors (91). Nevertheless, as the signals
instructing stem cells to adopt a particular cell fate are elucidated, the bone
marrow compartment may turn out to be a valuable source of all kinds of
cells destined for the CNS. As secluded as the CNS may appear, we are now
beginning to realize that there may be a way from marrow to brain.
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Adult Retinal Stem Cells

Monica L. Vetter and Edward M. Levine

1. INTRODUCTION

Degenerative diseases of the retina result in the loss of specific popula-
tions of retinal neurons. For example, retinitis pigmentosa is characterized
by progressive loss of rod photoreceptors, macular degeneration is a com-
mon disease of the elderly in which rod and cone photoreceptors degener-
ate, and glaucoma is marked by a loss of retinal ganglion cells. Thus, there is
considerable interest in identifying retinal stem cells with the capacity to
repopulate the retina in response to disease or injury. Although this has not
yet been achieved in the mammalian eye, recent results hold promise for
future success in this area.

One source of evidence for a resident stem cell population in the retina is
the capacity of retinal tissue to regenerate in response to injury or damage.
There are considerable species differences in the potential for retinal regen-
eration. It has been known for some time that retinal stemlike cells exist in
the eyes of fish and amphibians because classic studies demonstrated a
capacity for retinal regeneration in these species (1–5). More recently, there
is evidence in chick and even mammals for cell populations that have poten-
tial to differentiate into retinal cells (4,5). There are a number of different
sources for cells that can undergo neural retinal differentiation; however,
one common feature found thus far is that all cells capable of giving rise to
retinal neurons originate from the neural ectoderm-derived structures of the
optic vesicle.

Here, we review the understanding of stem cells in the adult vertebrate
retina. We first describe the organization of the vertebrate retina, briefly
discuss how cells of the retina are generated during development, and then
present the evidence for stem cells both in the neural retina and in ocular
tissues outside the retina. Finally, we discuss the prospects for therapeutic
treatment of retinal disease using retinal stem cell technology.
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Fig. 1. Structures of the eye, neural retina, and developing optic vesicle. (A) The
main components of the mature vertebrate eye. Ocular tissues discussed in the text
and that contain cell populations with retinal stem cell properties are indicated with
bold labels. (B) The neural retina contains six major neuronal cell types (rod and
cone photoreceptors, horizontal cells, bipolar cells, amacrine cells, and ganglion
cells) and one major glial cell type (Müller glia). These cell types are organized
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2. ORGANIZATION OF THE VERTEBRATE OCULAR TISSUES

Several regions of the eye have been implicated in housing cell popula-
tions with stem cell properties or that have the potential to become retinal
stem cells. These include the neural retina itself, the retinal pigmented epi-
thelium (RPE), the pigmented ciliary epithelium, and the iris epithelium
(Fig. 1A). In this section, we briefly describe the basic cellular organization
of these tissues in the mammalian eye. For a comprehensive description of
visual system anatomy, physiology, and function, see the Webvision Web
site at http://webvision.med.utah.edu/index.html.

2.1. Neural Retina

The neural retina processes visual information and is subdivided into three
distinct cellular layers with cellular composition that is correlated with the
flow of visuosensory input (Fig. 1B). The outer nuclear layer (ONL) is com-
posed of the rod and cone photoreceptors; the inner nuclear layer (INL) is
composed of three classes of interneurons, horizontal cells, bipolar cells,
and amacrine cells; and the ganglion cell layer (GCL) is composed of retinal
ganglion cells and displaced amacrine cells. The Müller glia nuclei are resi-
dent in the INL, but the full extent of these cells traverses all layers and
terminates to form two membranes: the external limiting membrane and the
inner limiting membrane. Two synaptic layers are sandwiched between the
nuclear layers. Rod and cones synapse onto the dendrites of horizontal cells
and bipolar cells in the outer plexiform layer, and bipolar cells and amacrine
cells synapse onto the retinal ganglion cell dendrites in the inner plexiform
layer. Finally, the nerve fiber layer is composed of retinal ganglion cell axons
and astrocytes. Importantly, many of these major cell classes, most notably

into three distinct layers: the ganglion cell layer, the inner nuclear layer, and the
outer nuclear layer. The nonneural retinal pigment epithelium (RPE) is in close
contact with the outer segments of the rod and cone photoreceptors. (C) Eye devel-
opment begins when the optic vesicles evaginate from the walls of the forebrain at
very early stages of neural development. As development proceeds, the optic
vesicles invaginate to form an optic cup. The outer layer of the optic cup will
become the retinal pigment epithelium (RPE) and more distally will give rise to the
pigmented ciliary epithelium (PCE) and the pigmented iris epithelium (PIE). The
inner layer of the optic cup will differentiate into neural retina and more distally
will give rise to the nonpigmented ciliary epithelium (CE) and the nonpigmented
iris epithelium (IE). The optic stalk will become the optic nerve (ON). (Panels A
and B modified from Webvision, http://webvision.med.utah.edu/index.html, with
the expert assistance of Mary Scriven and kind permission of Dr. Helga Kolb.)

Fig. 1. (continued)
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the interneurons and ganglion cells, are further divided into many distinct
subtypes.

2.2. Retinal Pigmented Epithelium

The RPE is a monolayer of epithelial cells in close contact with the outer
segments of the rod and cone photoreceptors in the neural retina. RPE cells
are highly differentiated in that they have an apical (toward the photorecep-
tors) and basal polarity, and all of the RPE cells are joined near the apical
side by tight junctions (zonula occludens), which functions in part to form
the blood–brain barrier. RPE cells are important for maintaining the integrity
of photoreceptors by providing trophic support and by phagocytosing outer
segment disks shed by the photoreceptors. RPE cells are highly enriched in
the pigment melanin.

2.3. Ciliary Epithelium

The ciliary epithelium is a bilayered epithelium that extends from the
periphery of the neural retina and RPE. The monolayer that is continuous
with the neural retina is not pigmented, whereas the monolayer continuous
with the RPE is pigmented. This tissue is an important region for attachment
of several ocular structures, including the retina and lens. In addition, the
nonpigmented ciliary epithelial cells secrete aqueous fluid and maintain
intraocular pressure.

2.4. Iris Epithelium

The iris epithelium is similar in structure to the ciliary epithelium, and it
forms the outermost margin of tissue continuous with the neural retina, RPE,
and ciliary epithelium and forms the boundaries of the pupil. Like the ciliary
epithelium, the iris epithelium is home to several ocular muscles that are
interspersed through the epithelium.

3. DEVELOPMENT OF OCULAR TISSUES

3.1. Optic Vesicle Development

The neural ectoderm structures of the eye, including the neural retina,
RPE, ciliary epithelium, and iris epithelium, are derived from the optic
vesicles (Fig. 1C). These consist of bilateral evaginations from the walls of
the forebrain during early nervous system development. As development
proceeds, the optic vesicles expand toward the head ectoderm before invagi-
nating to form a bilayered optic cup. The outer layer of the optic cup (proxi-
mal) will give rise to the RPE, and the inner layer of the optic cup (distal)
thickens, undergoes a proliferative expansion, and will differentiate into the
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neural retina. The iris and ciliary epithelia arise primarily from the neu-
roepithelium.

3.2. Retinal Cell Fate Specification

Within the neural retina domain of the optic cup are proliferating retinal
progenitors that will give rise to six major neuronal cell types (rod and cone
photoreceptors, bipolar cells, amacrine cells, horizontal cells, ganglion
cells), as well as to Müller glia. These retinal cell types are born in an over-
lapping sequence that is largely conserved across species (6). Lineage analy-
sis in a number of species has demonstrated that retinal progenitors are
multipotent rather than dedicated to the generation of specific retinal cell
types (7–9). However, there is evidence that the competence of retinal pro-
genitors changes over developmental time, so that at any one time, they give
rise to a limited subset of retinal cell types (6). In addition, there is progres-
sive restriction in developmental potential of retinal progenitors. Thus, the
ultimate fate of differentiating retinal cells depends on the intrinsic compe-
tence of the retinal progenitors and extrinsic signals that provide specific
differentiation cues (6,10,11).

4. DEFINITION OF A RETINAL STEM CELL

As any reader of the stem cell literature can attest, it is essentially impos-
sible to assign a precise and all-inclusive definition of what constitutes a
stem cell or a stem cell population. A major reason for this is that the appli-
cation of the term stem cell has become context dependent. This has occurred
in large part because of the experimental interventions often used to identify
a stem cell, and because different tissues have distinct requirements in main-
taining cell numbers and cell-type diversity. Moreover, what is considered a
primary characteristic of a stem cell in one tissue may be considered a minor
characteristic in another. Thus, to evaluate the fast-growing field of stem
cell research critically, the context in which the term stem cell is applied
must be understood.

Potten and Loeffler (1990) proposed an adult stem cell lineage model that
is based on the robust and continuous renewal of the crypt epithelium in the
small intestine (12). Primary characteristics of the adult stem cell are that
they are undifferentiated, have a long cell cycle time, and are self-renewing.
A subset of stem cell progeny rapidly proliferate (transit-amplifying cells)
and produce all of the differentiated progeny that make up the complement
of cell types in a given structure. Although the transit-amplifying cell can
generate many progeny, it is not capable of long-term self-renewal under
normal conditions. Finally, with appropriate stimuli such as tissue damage,
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an adult stem cell population may have the propensity to regenerate the dam-
aged tissue. The remainder of this chapter considers putative sources of adult
retinal stem cells with these characteristics in mind.

In the vertebrate neural retina, two predominant precursor cell popula-
tions are recognized: stem cells and progenitor cells (2,4,5). During embry-
onic development, as yet there is no evidence for a self-renewing retinal
stem cell population. Rather, the cells of the mature retina born during the
developmental period are derived from multipotent progenitors. These pro-
genitors are essentially a transit-amplifying cell population because they
proliferate rapidly, give rise to the complement of neural cell types, and are
ultimately depleted. As described in the following sections, there are now
several putative sources of adult retinal stem cells, some originating in the
neural retina and some originating from other ocular tissues. These candi-
date stem cell populations were discovered in vivo as well as by in vitro
approaches.

5. SOURCES OF STEM CELLS IN THE RETINA

There are several cell populations in the neural retina that have the poten-
tial to contribute to retinal regeneration, although considerable species dif-
ferences exist. Fish, amphibians, and chicks have a population of stem cells
at the margins of the retina that contribute to the normal growth of the eye
and can repopulate cells in response to damage or injury (4,5). In adult fish,
there is also a more specialized progenitor population in the retina that gen-
erates rod photoreceptors selectively (2). Evidence also suggests that, in
response to neurotoxic damage, Müller glia in the chick retina can reenter
the cell cycle and give rise to subsets of retinal neurons (13). These different
cell populations are reviewed below.

5.1. Ciliary Marginal Zone of the Retina

In fish and amphibians, growth of the retina and RPE after the initial
embryonic period is achieved by the addition of cells from a proliferative
zone at the retinal margins known as the ciliary marginal zone (CMZ). This
was demonstrated by showing that a pulse of [3H]-thymidine in the postem-
bryonic period labels cells at the margins of the retina, and these labeled
cells ultimately differentiate into retinal neurons and glia (14–17). Thus,
new cells are added in rings as the retina grows. In the CMZ, the most
peripheral cells are slowly dividing and only become labeled with prolonged
[3H]-thymidine labeling (2). This is consistent with the low rate of prolifera-
tion characteristic of stem cells. Cells that are more centrally located divide
more rapidly and can be labeled with short pulses of [3H]-thymidine, sug-
gesting that these are rapidly cycling progenitors.
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Injury or damage to the retina can stimulate proliferation of cells in the
CMZ. Elegant experiments showed that selective ablation of amacrine and
bipolar cells by intraocular injections of kainate in Rana pipiens tadpoles
can stimulate increased cell production from the margins, which results in
selective replacement of the ablated cells (18). Thus, the cells of the CMZ
not only contribute to the normal growth of the retina, but also can be a
source for regeneration of retinal cells.

To determine whether cells in the CMZ are multipotent or instead repre-
sent committed precursors of specific retinal cell types, the lineage tracer
rhodamine dextran was injected into individual precursor cells at the mar-
gins of the Xenopus laevis retina (19). It was shown that cells in the CMZ
are multipotent and can give rise to all major retinal cell types as well as to
nonneural pigment epithelial cells. Analysis of clone size suggested that, in
the margins, there are both self-renewing stem cells and progenitors with
more limited proliferative potential (19). This has been confirmed by in situ
analysis of gene expression at the margins of fish and Xenopus retinas (20–
24). These studies showed that there is a peripheral-to-central sequence of
gene expression that recapitulates the temporal sequence of gene expression
during retinal histogenesis (25). In fish, the cells of the CMZ give rise to all
retinal cell types except rods, which are instead derived from a dedicated
rod precursor population distributed throughout the INL of the retina (see
Section 5.2.).

Until recently, it was believed that the CMZ was a feature unique to fish
and amphibians. However, it has now been shown that in chicks a prolifera-
tive population of cells exists at the margins of the retina for up to 3 wk after
hatching (26). These dividing cells differentiate and give rise to amacrine,
bipolar, and Müller cells, but were not found to differentiate into ganglion
cells, horizontal cells, or photoreceptors. However, injection of insulin and
fibroblast growth factor 2 (FGF-2) into the vitreous chamber of posthatch
chickens could stimulate the production of retinal ganglion cells, suggesting
that it is either the absence of appropriate signals or the presence of inhibi-
tory signals that normally prevents these cells from differentiating into all
retinal cell types (27). Additional experiments will be required to determine
whether cells in the CMZ of the chick are fully multipotent. Interestingly,
unlike fish and amphibians, neurotoxic lesions to the retina do not provoke
an increase in proliferation of cells in the chicken CMZ (26).

There is no evidence yet for CMZ-like cells in the mammalian retina,
although it has been suggested that cells in the ciliary body of the eye are
analogous to cells of the CMZ found in other vertebrates (see Section 6.1.). It
will be interesting to determine why there are such intriguing species differ-
ences in the development and maintenance of a CMZ in the vertebrate retina.
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5.2. Rod Precursor Lineage of Fish

In addition to the CMZ, another adult neurogenic progenitor cell popula-
tion was initially discovered in retinas of teleost fish over 20 yr ago (28–30).
These cells were termed rod precursor cells because they were observed to
give rise exclusively to rod photoreceptors. In contrast to the CMZ cells, rod
precursors are distributed along the entire central-to-peripheral plane of
the mature retina and are found in the ONL interspersed with mature photo-
receptors.

Several characteristics of the rod precursor cell suggest that it is a transit-
amplifying cell rather than a true stem cell. First, its rate of cell division is
quite rapid. Second, pulse labeling with BrdU or [3H]-thymidine followed
by long survival times showed that the rod precursor cells do not self-renew,
but rather differentiate into rods. Third, the cell output appears lineage
restricted. Thus, even by minimal criteria, rod precursor cells do not qualify
as bona fide adult stem cells. However, because this cell population persists
throughout most of the life of the fish, it has been postulated that, in the
retina, a stem cell population exists with an output that is the rod precursor
population.

The identification of the putative rod precursor stem cell population has
been elusive (1). For some time, the location of the rod precursor stem cell
has been postulated to reside in the INL. This was demonstrated by [3H]-
thymidine injections followed by successively longer survival times to trace
the fate of the labeled cells. These proliferative INL cells divide and form
clusters of labeled cells termed neurogenic clusters. Subsequently, indi-
vidual cells migrate into the ONL, where they give rise to the rod precursor
cell population.

A study by Otteson and colleagues (31) suggests that the neurogenic clus-
ters may be maintained by yet another population of INL cells, and they
propose that this population may be the stem cells. As opposed to a rela-
tively short pulse of BrdU or [3H]-thymidine, goldfish were exposed to BrdU
continuously for 9 d. This long labeling period would allow for the detection
of a slow-dividing cell population. Using this approach, they observed two
morphologically and spatially distinct populations of BrdU cells in the INL.
One population had cell bodies of a fusiform morphology and was posi-
tioned toward the outer portion of the INL; this population is most likely the
neurogenic clusters. The other population had a spherical morphology, was
much fewer in number, and was positioned immediately adjacent to the neu-
rogenic cluster at the inner boundary of the INL. In experiments in which
the fish were allowed to survive for varying periods following BrdU treat-
ment, it was observed that the BrdU-labeled spherical cells were maintained,
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the BrdU-labeled fusiform cells decreased, and the BrdU-labeled cells in the
ONL increased. These observations suggest that the spherical cells self-
renew and give rise to the neurogenic clusters, which in turn give rise to the
rod precursor cells. Consistent with this, these different cell populations were
organized into radial arrays.

Several issues still need to be resolved, however, before it can be con-
cluded that the spherical cells are stem cells. First, it needs to be determined
that the neurogenic clusters are lineal descendants of the spherical cells.
Second, can the spherical cells repopulate neurogenic clusters in a manner
similar to that shown in depletion–replacement experiments done in the
hematopoietic lineage and more recently in the subventricular zone of adult
rodent brains?

Another interesting feature of the rod precursor lineage is its potential to
become multipotent following injury to the retina. On physical ablation or
severe neurotoxic damage, retinal neurons and glia are replaced, and it is
well established that the source of new cells arises from the mature retina
(1–3). Interestingly, it is suggested that the rod precursors in the ONL and
the neurogenic clusters and spherical cells in the INL all contribute to the
regenerative process (31). Thus, it appears that the healthy retinal environ-
ment restricts the rod precursor lineage.

5.3. Müller Glia

It is now well established that adult neurogenesis occurs in the
subventricular zones lining the lateral ventricles in the cerebrum (32). Two
cell populations have been suggested as the neural stem cell: the astrocytes
of the subependyma and the ependymal cells that line the ventricles (33,34).
Although the precise identity of the stem cell is still controversial (35,36), in
either case, the candidate populations are both glial cells. This is intriguing
because it suggests that adult neural stem cells may be glia that dedifferenti-
ate and then transdifferentiate into neurons.

As described in Section 2.1., the Müller glia are derived from the retinal
progenitor population (7). Because they are lineally related to retinal neu-
rons, it is tempting to speculate that the Müller glia may have the potential
to behave as retinal stem cells. To date, there is no evidence that Müller glia
are an intrinsic source of retinal neurons under normal conditions.

A study by Fischer and Reh (13), however, suggested that, in response to
neurotoxic damage, Müller glia reenter the cell cycle, and new neurons are
generated in the avian retina. N-Methyl-D-aspartate was administered to the
retinas of juvenile chicks at a dose sufficient to kill amacrine cells and pos-
sibly other retinal cell types. After 2 d, a robust induction of proliferation
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was observed by BrdU incorporation in the INL. This proliferative response
was transient, however, suggesting that the proliferating cells may have
exited the cell cycle and differentiated.

To address this possibility, the fate of the BrdU-labeled cells were fol-
lowed by examining expression of cell class-restricted proteins over a period
of days to weeks. Initially, the overwhelming majority of BrdU-labeled cells
expressed glutamine synthetase (GS), a marker of Müller glia. In days, how-
ever, many of the BrdU-labeled cells were GS negative, but expressed the
homeodomain proteins Pax6, Chx10, and the basic helix-loop-helix protein
CASH1, all of which are transcription factors coexpressed exclusively in
retinal progenitors. Furthermore, some BrdU-positive cells also expressed
Hu, a marker of differentiated ganglion cells and amacrine cells, or cellular
retinoic acid binding protein (CRABP), a marker of differentiated amacrine
and bipolar cells. These observations suggest that, given the appropriate
stimulus, Müller glia have the potential to dedifferentiate into a progenitor-
like state and then differentiate into retinal neurons.

Although the above study is certainly provocative, several unanswered
questions still remain and warrant consideration. For instance, because
clonal analysis of the damaged-induced proliferative cells was not done, it
remains to be demonstrated that the BrdU-positive retinal neurons arose from
dedifferentiated Müller glia. Second, the authors did not observe expres-
sion of neurotransmitters or of a photoreceptor phenotype in the BrdU-
positive neurons. It is therefore important to determine whether these neurons
have the capacity to mature fully or adopt a photoreceptor fate and what the
signals are that can promote these fates. Finally, it is not yet known whether
adult avian Müller glia retain this neurogenic potential, or whether mammalian
Müller glia have the propensity to dedifferentiate into a progenitor-like cell
that can generate retinal neurons.

6. SOURCES OF STEM CELLS OUTSIDE THE RETINA

Outside the neural retina itself, there exist cell populations that have
the potential to contribute to regeneration of retinal neurons. In a number
of species, including chicks and amphibians, the nonneural RPE can
transdifferentiate into retinal tissue (37). In mammals, there are cells from
both the pigmented epithelium of the ciliary body and the iris epithelium
that, under certain conditions, can differentiate into retinal neurons in culture
(38–40).
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6.1. Pigmented Ciliary Epithelium in Mammals

In mammals, neither the neural retina nor the RPE show any evidence for
regenerative potential in adults. This raises the question of whether there are
any cells in the adult eye with retinal stem cell-like properties. Long-term
labeling of 4-wk-old rats with BrdU revealed a small population of prolif-
erative cells in the pigmented ciliary body (38). The number of cells that
incorporated BrdU could be stimulated in explant culture by treatment with
FGF-2, a known mitogen for neural stem cells. Under no conditions was
BrdU incorporation detected in the retina, RPE, or nonpigmented ciliary
body. The presence of proliferative cells in the ciliary body and the fact that
this structure shares embryological origins with the neural retina raised the
possibility that these proliferative cells could represent stemlike cells in the adult
mammalian eye. In addition, the ciliary body may be related to the ciliary
marginal zone of the fish, amphibian, and chick neural retina, which con-
tains resident retinal stem cells that contribute to retinal growth.

Dissociated cells from the pigmented ciliary epithelium of both mouse
and rat could be grown in culture, in which, at very low frequency, they
formed neurospheres, a proliferative colony of neural stemlike cells (38,39).
Proliferative cells in the neurospheres were positive for nestin, a marker
expressed by neural stem cells. The neurospheres had the capacity for self-
renewal because a subset of single pigmented cells from dissociated
neurospheres gave rise to new neurosphere colonies when recultured
(38,39), and this could be repeated for at least six generations (39). Treat-
ment with FGF-2 in serum-free culture enhanced neurosphere formation;
however, there appeared to be production of endogenous FGF-2, permitting
neurospheres to grow in the absence of exogenous FGF-2 (39). Neurosphere
colonies did not arise from cultures of adult neural retina, RPE, iris epithe-
lium, or ciliary muscle or from nonpigmented ciliary process cells. Pigmen-
tation was not required for neurosphere formation because colonies could
be generated from albino tissue. Neurospheres could not be cultured from
adult neural retina or from adult RPE. Even neurospheres derived from
E14 neural retina did not show a capacity for self-renewal. Thus, cells
derived from the ciliary epithelium were unique in having stem cell-
like properties. Interestingly, the ability of ciliary margin tissue to give
rise to neurospheres is conserved across species because colonies could
also be derived from postmortem adult bovine and human ciliary margin
tissue (39).

Neurospheres appeared to arise from single pigmented ciliary body cells
that proliferated in culture and gave rise to mixtures of pigmented and non-
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pigmented cells. Nonpigmented cells in the neurosphere expressed markers
of retinal progenitors such as the homeodomain transcription factor
Chx10. This suggests that pigmented cells of the ciliary body may be
transdifferentiating into nonpigmented neural retinal progenitors (38,39).

To determine whether neurosphere colonies could differentiate into reti-
nal neurons or glia, the cells were grown under conditions that promote dif-
ferentiation. Cells from both primary and secondary neurosphere colonies
differentiated and expressed markers for rods, bipolar cells, and Müller glia;
however, markers for retinal ganglion cells, horizontal cells, and amacrine
cells were either not detected or were extremely rare (38,39). This may be
because of the culture conditions under which the assay was performed
because amacrine cell differentiation could be enhanced by high-density
pellet culture conditions (39). Thus, neurospheres derived from the pig-
mented ciliary epithelium not only self-renew, but are multipotential and
give rise to cells with retinal progenitorlike properties that can differentiate
into neurons and glia that express markers of differentiated retinal cells.

This work has obviously generated real excitement over the promise for
regenerating retinal neurons lost to disease or injury; however, a number of
questions remain. For example, can the retinal stemlike cells from the pig-
mented ciliary epithelium give rise to all classes of retinal neurons? Will
these cells (or progenitors derived from these cells) survive and differentiate
when transplanted in vivo? And, can we define conditions to promote the
differentiation of selected retinal cell types for replacement of retinal neu-
rons lost to diseases such as retinitis pigmentosa or glaucoma? In addition,
the role of these stemlike cells in vivo is not yet clear. Will it be possible
to stimulate these cells in vivo to transdifferentiate to retinal progenitors
and differentiate into retinal neurons in reponse to disease or injury? Much
work remains to be done before the therapeutic potential of this work can be
realized.

6.2. Iris Epithelium

The iris epithelium is contiguous with the pigmented ciliary epithelium,
raising the possibility that it may share some of the stem cell-like properties
of its neighbor (see Chapter 13). Traditionally, the iris epithelium has been
associated with lens regeneration, but the potential for these cells to gener-
ate retinal tissue had not been carefully examined. Iris tissue does not give
rise to neurosphere colonies (38,39); however, iris cells grown in monolayer
culture in the presence of FGF proliferate and could be stimulated to differ-
entiate into neurofilament 200-positive cells (40). However, unlike differ-
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entiated cells derived from pigmented ciliary epithelium, the differentiated
cells derived from the iris epithelium did not express rhodopsin, a marker of
differentiated rod photoreceptors. No other retinal markers were examined
in these experiments.

To determine whether iris-derived cells could be induced to differentiate
into rodlike cells, the photoreceptor-specific homeobox gene Crx was
overexpressed. Differentiated cells expressing Crx expressed rhodopsin as
well as recoverin, another gene expressed in photoreceptors and a subset of
bipolar neurons, suggesting that Crx expression in iris-derived cells was suf-
ficient to promote photoreceptor differentiation (40). Similar results were
obtained by overexpression of Crx in pigmented ciliary epithelium cells
grown in monolayer culture (which does not normally result in photorecep-
tor differentiation). Interestingly, overexpression of Crx in a neural stem
cell line derived from the adult rat hippocampus did not promote expression
of photoreceptor-specific markers, suggesting that tissues derived from the
optic vesicle may have a unique ability to differentiate into neurons with
retinal properties.

In summary, these experiments demonstrated that cells derived from the
iris epithelium have the potential to differentiate into photoreceptors, but
only when Crx is expressed. However, because the self-renewing potential
of these cells was not examined and their multipotential properties were not
tested, there is no evidence yet that true retinal stemlike cells exist in the iris
epithelium.

6.3. RPE Transdifferentiation

Urodele amphibians (newts and salamanders) have a remarkable capacity
for adult regeneration, and this is also true in the eye. Removal of the neural
retina results in complete retinal regeneration from cells of the RPE. After
removal of the retina, the cells of the RPE proliferate, dedifferentiate, and
lose their pigmentation, then form a second layer of cells that differentiates
into neural retina (37). Similar transdifferentiation of RPE to neural retina is
possible in anuran amphibians until metamorphosis, but does not occur in
adults. In other vertebrate species, such as chicks and rodents, RPE
transdifferentiation is restricted to embryonic periods (up to E4.5 in chick
and E13 in rats) and diminishes as development proceeds (41,42).

Fibroblast growth factors, such as FGF-1, FGF-2, or FGF-8, can stimu-
late transdifferentiation of embryonic RPE to neural retina in vitro in mul-
tiple species (43–47). In addition, RPE transdifferentiation can also be
promoted by overexpression of cell intrinsic factors. For example, expres-
sion of the basic helix–loop–helix transcription factor NeuroD in chick RPE
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cells isolated at E6 promoted neuronal differentiation and expression of the
photoreceptor markers, including visinin (48,49). Similarly, adult human
RPE cells expressing the oncogenic form of the ras signaling molecule
adopted a neuronal phenotype and expressed several neuronal markers,
including neurofilament and neuron-specific enolase, although retinal-
specific markers were not examined (50). Thus, RPE cells in homeothermic
vertebrates may retain some capacity to transdifferentiate beyond the
embryonic period, but the full potential of these cells remains to be
examined. Again, clues may lie with the intriguing species differences in
the ability of RPE cells to transdifferentiate to neural retina.

7. CONCLUSIONS AND FUTURE PROSPECTS

Tissues derived from the optic vesicle have a unique ability to generate
retinal neurons. This neurogenic capacity, however, diminishes in most ver-
tebrate organisms as they reach adulthood, with the exception of teleost
fishes and urodele amphibians. The continued neurogenic capacity found in
these organisms is due in large part to the presence of active adult stem
cells. Interestingly, recent studies demonstrated that most, if not all, verte-
brate classes have cell populations in the eye that retain neurogenic poten-
tial and, if given the appropriate stimulus, can actively differentiate into
retinal neurons. Whether these cell populations can be coaxed into becom-
ing productive retinal stem cells and used for therapeutic purposes is still an
open question.

To utilize a stem cell therapy to replace dying retinal neurons, many sig-
nificant hurdles need to be overcome. With respect to the findings presented
in this chapter, it has not been demonstrated that the newly identified neuro-
genic cell populations produce fully differentiated and functional neurons.
Thus, further studies are needed to determine how these cell populations can
be manipulated into producing sufficient progeny without introducing del-
eterious changes in their genomes and then differentiating into functional
neurons of the cell class desired (i.e., photoreceptors for retinitis pigmentosa
and macular degeneration, ganglion cells for glaucoma). An important
approach in this regard is to continue to identify and understand the regula-
tory pathways that promote retinal development and regeneration and
develop strategies to activate these pathways in cell populations with neuro-
genic potential.
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1. INTRODUCTION

The discovery of adult stem cells indicated a previously unrecognized
degree of plasticity in stem cell function (1–3). Recent extensive studies
have suggested that mammalian stem cells residing in one tissue may have
the capacity to produce differentiated cell types for other tissues and organs
(4–6). However, more recent reports raised questions about some of the ear-
lier results, proposing that transdifferentiation consequent to cell fusion
could underlie many observations otherwise attributed to an intrinsic plas-
ticity of tissue stem cells (7,8). Thus, cell transdifferentiation is of great
interest, albeit a poorly understood process invoked to explain how tissue-
specific adult stem cells can lose their properties and generate new cells of
other tissues.

The fact that differentiated adult cells can change their fate has been
known for over a century. The phenomenon of Wolffian lens regeneration in
newts (9) has attracted the interest of developmental biologists for long time
because it is the clearest and most representative example of trans-
differentiation naturally occurring in adult vertebrates: Melanin-producing
iris pigment epithelial (PE) cells become crystallin-producing lens cells. A
number of studies on the phenomenon of newt lens regeneration were pub-
lished (10–17), but the molecular basis of this switch in the phenotype of PE
cells is mostly unknown. At present, revisiting and rethinking the old phe-
nomenon of Wolffian lens regeneration in adult newts could provide a use-
ful opportunity for obtaining a real idea of somatic cell plasticity in
vertebrates.

In this chapter, the historical background of the studies on trans-
differentiation using PE cells is briefly reviewed. Current knowledge about
the differentiation potency of iris PE cells in postnatal and adult vertebrates,
including mammals, is summarized.



254 Kosaka et al.

2. TRANSDIFFERENTIATION INTO LENS CELLS

2.1. Lens Regeneration in Urodeles
The newt has a strong ability to regenerate lost parts of the body through-

out its lifetime. In addition to the regeneration of limbs, remarkable
examples are found in the eye. When the lens is surgically removed from an

Fig. 1. Regeneration of lens and neural retina in the newt. The newt has a strong
ability to regenerate lost parts of the body even after the individual has grown into
an adult. In addition to the regeneration of limbs, remarkable examples are found in
the eye. When the lens is surgically removed through an opening in the cornea,
cells of the pigmented epithelium of the iris become depigmented and proliferate to
make a new lens, which grows into the size of an adult lens with a morphology
indistinguishable from the normal one. When the neural retina is removed, the reti-
nal PE cells proliferate and regenerate a complete retina.
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adult newt eye, a structurally and functionally complete lens always regen-
erates from the PE of the dorsal papillary margin of the iris (Fig. 1). This
case clearly demonstrates that fully differentiated cells can switch their
type of differentiation and be reprogrammed into another differentiative
pathway.

Cell culture studies showed that both dorsal and ventral dissociated newt
iris PE cells can transdifferentiate into lens cells in vitro (18,19). In addition
to iris PE cells, it was found that retinal PE cells of adult newt can
transdifferentiate into lens cells in vitro (20).

Through studies to clarify the cellular origin of lens regeneration in the
newt, the retinal PE cells of many vertebrate species have been shown to
possess a dormant potency to transdifferentiation into the lens (13,14).
Recent observations proposed that retinal PE cells isolated even from adult
human cells could also transdifferentiate into lenslike cells in vitro (21).

2.2. A Model System of Lens Transdifferentiation
Using Chick Retinal PE Cells

Cell culture of PE cells was attempted as a modern approach to establish
an experimental system and to analyze transdifferentiation at the cellular
and molecular levels. The introduction of phenylthiourea (PTU) and hyalu-
ronidase (HUase) in PE cell cultures has permitted exact control of lens
transdifferentiation of PE cells (22). When retinal PE cells from chick
embryos (E9) were dissociated and cultured in standard medium containing
dialyzed FCS, PTU, and testicular HUase, they dedifferentiated rapidly and
grew vigorously. By frequent passage before reaching confluence, it is pos-
sible to maintain the undifferentiated state in which cells express neither PE
type- nor lens type-specific cell markers. Interestingly, the dedifferentiated
PE cells can rapidly reexpress the differentiated PE cell phenotype after
withdrawal of PTU and HUase. Furthermore, when seeded at high cell den-
sity in medium with dialyzed FBS, PTU, HUase, and ascorbic acid, the dedif-
ferentiated PE cells transdifferentiated into lens cells.

Using this unique system of retinal PE cells, the biochemical and molecu-
lar studies have been extensively demonstrated and the results summarized
(13,14,23). It was shown that the effect of crude HUase on transdif-
ferentiation was because of fetal growth factor 2 (FGF-2) contamination in
the commercial preparations of the enzyme, and that FGF-2 promoted
growth and lens transdifferentiation of retinal PE cells. In addition, the cell–
cell contact and cell–substratum interactions were suggested to be impor-
tant for the stabilization of retinal PE cells.
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Although valuable observations were obtained from the culture system of
embryonic retinal PE cells, the attempts to elucidate the molecular mecha-
nisms of transdifferentiation in vitro have met with limited success. During
long-term experience with their cell cultures, it was revealed that retinal PE
cells from chick embryos were sensitive to culture conditions. In addition,
utilization of the chemical agent PTU, an inhibitor of melanin synthesis that
modifies cell surface properties (22,24), has made it difficult to analyze lens
transdifferentiation systematically. It remains unclear whether the PE cells
can be induced to dedifferentiate without PTU. Moreover, it is still obscure
whether the undifferentiated state is necessary for lens transdifferentiation
to occur in vitro. So, trials for the establishment of an improved culture
system led to the use of newt eye iris PE cells, in which lens transdif-
ferentiation naturally occurs.

It has been difficult to prepare a pure culture of the iris PE cells of the
chick embryo because of the tight adhesion of the epithelium with the stroma
of the iris; therefore, transdifferentiation of the iris PE cells has scarcely
been studied. A simple method was established to prepare pure iris PE cells
from postnatal chick (25). Interestingly, the iris PE cells isolated from post-
natal chicks were much more stably maintained than the retinal PE cells,
and their cells transdifferentiated and dedifferentiated efficiently and repro-
ducibly through methods similar to those utilized for the chick retinal PE
cells (25).

2.3. Analysis for Lens Transdifferentiation Using Iris PE Cells
of Postnatal Chick

In an effort to delineate regulatory factors in lens trandifferentiation of
iris PE cells, the effects of known growth factors on iris PE cells were tested.
FGF-2 was shown to promote cell proliferation and transdifferentiation of
iris PE cells similar to retinal PE cells (25). Further analysis showed epider-
mal growth factor (EGF) also had a significant effect on iris PE cells, just
like FGF-2; the addition of EGF and FGF-2 to pure cell cultures of the iris
PE cells synergistically induced the phenotypic change of lens trans-
differentiation (26). This finding contributes greatly to the simplification of
the humoral requirements for the induction of lens transdifferentiation and
provides a powerful system for the molecular analysis of lens trans-
differentiation. Furthermore, it was found that the addition of EGF alone as
well as FGF-2 alone could also induce in vitro lens transdifferentiation of
embryonic retinal PE cells from early chick embryos (E5) (Fig. 2).

Mitogen-activated protein (MAP) kinase is the central component of a
signal transduction pathway that is activated by growth factors interacting
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Fig. 2. Lens transdifferentiation induced with FGF-2 or EGF in embryonic retinal PE cells (25 d in vitro): (A) without added
growth factors; (B) grown in the presence of EGF; (C) grown in the presence of FGF-2; (D) grown in the presence of EGF plus
FGF-2; (E) with PD098059 for 1 h before the addition of EGF plus FGF-2. Scale bar, 200 µm.
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with receptors that have protein tyrosine kinase activity. To evaluate the
specific role of the MEK (MAP kinase kinase)–MAP kinase pathway in the
transdifferentiative action of EGF and FGF-2, PD098059, a specific inhibi-
tor of MEK, was used in culture. The compound completely blocked the
dedifferentiation, rather than the transdifferentiation, of PE cells, providing
the first evidence of the requirement of MAP kinase pathway activated by
EGF and FGF-2 in the early process of lens transdifferentiation (Fig. 2).

2.4. Lens Regeneration and Lens Development

Eye development in vertebrates has been an excellent model system to
investigate fundamental processes in developmental biology, from tissue
induction to the formation of highly specialized structures such as the lens
and the retina. This complex system develops primarily from three embry-
onic parts: the optic vesicle (OV), which is a lateral evagination from the
wall of the diencephalons; the surrounding mesenchyme; and the overlaying
surface ectoderm (SE). The OV contacts the SE and triggers a response that
leads to a thickening of the SE and triggers a response that leads to a thick-
ening of the ectoderm, the lens placode, which later develops into the mature
lens. The lens placode internalizes to form the lens vesicle; the distal OV
invaginates to form the optic cup, with the inner layer developing into the
neuroretina, and the outer layer forming the retinal PE.

The expression and function of numerous genes have been correlated with
defined cell types and stages of eye development. In particular, the study of
the transcription factor Pax6 promoted understanding of eye development.
Pax6 is a member of the Pax family of transcription factors. It contains two
DNA-binding motifs: the paired domain and paired-type homeodomain (27).

Reports have described the temporal and spatial functions of the tran-
scription factor Pax6 in the developing vertebrate eye. Pax6 is shown to play
essential roles in successive steps triggering lens differentiation, and in the
retina, it junctions to maintain multipotency and proliferation of retinal pro-
genitor cells (28,29).

It was tested whether the regulatory genes in eye development similarly
perform an important function during the lens regeneration process through
trandifferentiation of iris PE cells. RNA blot analysis has shown that the tran-
scription of the pax6 gene was rapidly activated on induction of lens
transdifferentiation of chick iris PE cells after the addition of EGF and
FGF-2 in vitro (26). Furthermore, other regulatory genes in lens develop-
ment, such as six3 (30) and l-maf (31), were also induced during lens trans-
differentiation of iris PE cells in vitro (26). Our data led to the suggestion
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that these genes could be master regulators in lens regeneration and normal
lens development in vivo, although the developmental origins of cells form-
ing the lens were clearly distinct from each other (Fig. 3).

Fig. 3. Lens “development” and “regeneration.” During early development of
the vertebrate eye, when the optic vesicle appears near the surface ectoderm, the
ectoderm cells begin to differentiate from the lens. When mesenchymal cells
derived from the neural crest cover the optic cup, cells in the posterior pole of the
outer layer of the optic cup begin to synthesize melanosomes and differentiate from
the PE cells. When the lens is surgically removed from an adult newt eye, a struc-
turally and functionally complete lens always regenerates from the PE of the dorsal
papillary margin of the iris.
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2.5. Gene Expressions During Lens Transdifferentiation
of Iris PE Cells In Vitro

In the process of lens transdifferentiation, expression of PE-specific or
lens-specific genes for differentiation markers is strictly regulated at the tran-
scriptional level (26,32). When iris PE cells could give rise to additional PE
cells in control growth medium with serum, the transcripts of PE-specific
genes were easily detected, and those of lens-specific genes were absent. In
contrast, when the cells were maintained for about 3 wk in conditions per-
missive for lens transdifferentiation, the transcripts of PE-specific marker
genes were not detected; however, the expression of lens-specific crystallin
genes were observed (Fig. 4).

Fig. 4. Transcriptional activities of pax6, PE-specific, and lens-specific genes in
the process of transdifferentiation. Total RNA was isolated and examined by North-
ern blot analysis. Change of relative mRNA levels of each gene was shown at each
step during the lens transdifferentiation of iris PE cells from postnatal chick.
Morphological changes of the cells were illustrated and observed in culture condi-
tions permissive for lens transdifferentiation (bottom). The cells gradually lost their
PE phenotype, continued to proliferate through the loss of contact growth inhibi-
tion, and formed multicellular layers. Typical lentoid bodies developed in the multi-
layered portion.
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The transcript of the pax6 gene was detected at a low level in iris PE cells
in control growth medium. After the addition of EGF and FGF-2 in condi-
tions permissive for lens trandifferentiation, the expression of the pax6 gene
was rapidly upregulated. Expression of the pax6 gene in the process of lens
transdifferentiation was analyzed by RNA blot. The elevated expression of
the pax6 gene and the induction of δ-crystallin gene expression were simi-
larly observed in the early stage of lens transdifferentiation, when the levels
of other differentiation marker genes hardly changed (Fig. 4). This result
suggests that the state of dedifferentiated PE cells expressing no differentia-
tion markers is not necessary for the transdifferentiation process.

δ-Crystallin is the major lens protein in the chick and appears first in the
lens placode in chick embryos. Recent findings showed that Pax6 binds
cooperatively with another transcriptional factor, Sox2, to the δ-crystallin
enhancer, forming a ternary complex that mediates δ-crystallin expression
in the lens placode (33). During the lens transdifferentiation process in cul-
ture, similar interactions may occur in the iris PE cells as in the lens placode
during development. This culture system could provide a model system for
further functional studies to determine the roles of various important genes
in triggering lens differentiation regulatory interactions.

3. TRANSDIFFERENTIATION INTO NEURONAL CELLS

3.1. Transdifferentiation of Retinal PE Cells Into Neuronal Cells

In the newt, the retinal PE has retained the capacity to form a new and
complete neural retina, including a new optic nerve (Fig. 1). In anuran spe-
cies, retinal regeneration after complete retinectomy has not been observed
(34,35). It is known, however, that transplantation of retinal PE sheets into
the posterior eye chamber of Rana or Xenopus leads to the production of a
new retina through the transdifferentiation of the retinal PE. Furthermore,
the embryonic retinal PE of many species of vertebrate can also be induced
to dedifferentiate and transdifferentiate by altering its environment. In birds
and mammals, this retinal transdifferentiation of the retinal PE can occur
(only over a narrow period during early eye development) in fetal or embry-
onic stages, but this capacity is lost during development (36). Thus, it has
been thought that the ability of retinal PE cells to produce retinal neurons
decreases as embryonic development proceeds.

3.2. Multipotentiality in the Iris PE Cells of Postnatal Chicks

As mentioned, dissociated iris PE cells from the postnatal chick can be
expanded and transdifferentiate into lens cells in culture. It is unknown
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whether the iris PE cells can transdifferentiate into neuronal cell types just
as embryonic retinal PE cells can. Our observations have shown that the iris
PE isolated from postnatal chick cells can be induced into neuronal cells
expressing panneural, glial, and specific retinal neuron markers under cer-
tain culture conditions (G. W. Sun and M. Kosaka, unpublished data). These
results raise the possibility that some iris PE cells from the postnatal chick
have the capacity to transdifferentiate into multiple cell types (not only lens,
but also retinal neurons) in vitro. Furthermore, our preliminary observations
suggested that the postnatal chick iris PE cells retain a population of neural
stem cells similar to that found in the embryonic eye (G. W. Sun and M. Kosaka,
unpublished data). Taken together, it can be concluded that fully differentiated
iris PE cells from the postnatal chick have the ability to transdifferentiate
into multiple cell types, which was classically observed in newts.

3.3. Transdifferentiation Into Neuronal Cells
in Mammalian Iris PE Cells

In contrast to the data on neuronal transdifferentiation of retinal PE in
amphibians, fish, and birds, very few studies have been carried out with
mammalian PE. The embryonic rat retinal PE could transdifferentiate into
neuronal cells, but this could occur only during a narrow period of develop-
ment (E12–E13) (36,37).

To know whether the fully differentiated adult mammalian iris PE cells
possess any ability to transdifferentiate into neuronal cell types, we purified
and cultured iris tissue cells from adult rats. The results demonstrated that
adult iris-derived cells generate neuronal cells expressing panneural marker
proteins, but not specific markers for retinal neurons as in response to treat-
ment with FGF-2 (38).

As mentioned, it is proposed that regulatory factors in the developmental
process may also play an important role for the transdifferentiation of other
cell types. Crx is the homeobox gene specifically expressed in the photore-
ceptors of the mature retina and is crucial in photoreceptor differentiation.
Crx binds to and transactivates genes for several photoreceptor cell-specific
proteins (39,40).

In an attempt to obtain photoreceptor cells from adult iris cells, it was
examined whether iris-derived cells from adult rats could acquire photore-
ceptor-specific phenotypes as a result of the ectopic expression of Crx using
replication-defective recombinant virus vectors. The iris-derived cells
infected with Crx became small and round, characteristic of the rod photore-
ceptors in monolayer culture, and most of the cells expressed rhodopsin pro-
tein, a specific marker of photoreceptors (Fig. 5). In addition, preliminary
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Fig. 5. Induction of rhodopsin expression from adult iris tissue cells. Iris tissue
cells were isolated from adult rat eye and were infected by the recombinant
retroviruses CLIG and CLIG-Crx. The CLIG virus-infected cells (enhanced green
fluorescent protein [EGFP] positive) were flat and large, and none of them ex-
pressed rhodopsin. The CLIG-Crx virus-infected cells (EGFP positive) were small
and round, and most expressed rhodopsin. Nuclei in cells stained with 4'–6-
diamidino-2-phenylindole DAPI; scale bar, 50 µm.
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results showed some of the iris PE cells purely isolated from adult rat eyes
were capable of proliferation under certain culture conditions. The results
suggest that iris PE cells from adult mammalian eyes possess higher flex-
ibility than retinal PE cells and may have the potential to transdifferentiate
into neuronal cells similar to PE cells of the ciliary body (see Section 3.4.).

3.4. Source for Neural Retina Generation

Several sources of neural regeneration are also known in the eyes of ver-
tebrates in addition to the newts. They include neural stem cells in the cili-
ary marginal zone (CMZ) of fish, frogs, and salamanders (41,42); Müller
glia of fish and birds (43,44); and rod progenitors of fish (45) in addition to
the retinal PE of frogs, salamanders, embryonic chicks, and embryonic
rodents (46–48).

Although retinal regeneration has never been observed in adult mammals,
reports indicate the presence of retinal stem cells in adult mammals (49,50).
Single pigmented ciliary margin (PCM) cells can proliferate in vitro to form
spherical colonies of cells that can differentiate into rod photoreceptors. Its
extreme peripheral position makes it topologically analogous to the CMZ of
amphibians and fish. It is not known whether the fact that mammalian stem
cells are localized in PCM, the most peripheral part of the CMZ, is related to
the ability of the iris PE cells to transdifferentiate. The iris and the ciliary
body contain PE cells, which are commonly derived from the ventral
diencephalons during embryonic development, similar to neural retina.

Preliminary results also suggest that iris PE cells isolated from adult rat
and expanded in culture express molecular markers for undifferentiated reti-
nal progenitor cells (M. Kosaka, unpublished). It raises a possibility that the
dissociated PE cells derived from iris and ciliary body might have stem cell
characteristics similar to the ones found in the PCM of mammals. We are
currently testing this possibility using adult mammalian iris PE cells.

By transfecting primary cell cultures with E1A (viral deoxyribonucleic
acid [DNA]) as well as H-ras and c-myc (proto-oncogenes), cell lines were
established from adult human retinal PE (51). The cell lines derived from
H-ras transfection contained cells with a neuronal phenotype. Recently estab-
lished clonal cell lines of dedifferentiated PE cells from retinal PE cells of
an 80-yr-old man were reported. In some cell lines, neuronlike cells
expressing neuron-specific neurofilament protein subunits appeared in cul-
ture (G. Eguchi, unpublished). These observations suggest that adult
mammalian PE cells, including human cells, have the capacity for trans-
differentiation into neuronal cells.
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4. SUMMARY AND FUTURE PERSPECTIVES

Iris PE cells are entirely postmitotic and stably maintained in the adult
vertebrate eye. Once dissociated from eye tissue, however, some of the iris
PE cells of vertebrate species, including adult mammals, can efficiently
expand and show remarkable plasticity to transdifferentiate into multiple
cell types in vitro. When exposed to growth factors such as FGF-2, these
cells were induced to proliferate and lose their PE phenotype, such as the
case for embryonic retinal PE cells. It remains unclear whether the dediffer-
entiated cells from iris PE could be retinal stem cells with the same potential
as the ciliary body-derived cells in adult mammals and whether these iris-
derived cells could transdifferentiate into any other lineage except for the
eye. Further information derived from the analysis of the transdifferentiation
in iris PE cells may deepen the understanding of the mechanisms of stabili-
zation and destabilization of the cell phenotype in differentiated tissues.

In spite of the plasticity of iris PE cells in vitro, lens or retinal trans-
differentiation of iris PE cells was never observed in postnatal chick or adult
mammals. This inconsistency is likely because of an inhibitory environment
in the eye of such animals. Once freed from inhibition (or if inhibitory fac-
tors can be overcome) in the eye, regeneration of the lens or retina may
occur though the transdifferentiation of PE cells, even in adult mammals.
Our analysis suggested that dissociated iris PE cells isolated from fully dif-
ferentiated tissue may be almost as plastic as embryonic cells, at least in
vitro, and that these cells could be a source of lens or neural regeneration
under appropriate conditions.

In addition to basic approaches, it should also be possible and useful for
future clinical applications to attempt to reconstruct functional lens or reti-
nal neurons. A remarkable clinical advantage of using dissociated iris PE
cells is that iris tissues can be easily and safely obtained by the peripheral
iridectomy, unlike the PE cells in the ciliary body and retina. The multipotent
cells in iris PE cells may provide a potential source for autologous retinal
transplantation.
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1. INTRODUCTION

The mammalian inner ear is composed of two sensory receptor areas: the
cochlea, responsible for translating auditory stimuli, and the vestibule,
responsible for a sense of balance. The bilateral inner ears of mammals
develop from a pair of thickened branchial ectodermal placodes that invagi-
nate for sequential formation of otic pits, otocysts, and then complete mem-
branous labyrinths (1). During development of inner ear sensory epithelium,
several phenotypes of sensory and nonsensory cells differentiate (i.e., hair
cells, support cells, glia, and neurons).

All of these cellular phenotypes are derived from the otic placode epithe-
lium through a series of cell fate decisions and segregation into specialized
sensory areas (i.e., sensory receptors and the statoacoustic ganglion com-
plex of the cochlea and vestibule) (2–4) (Fig. 1). However, the lineage rela-
tionships among the cellular phenotypes in inner ear sensory receptors (i.e.,
hair cells, support cells, neurons, and glia) are not completely understood.

In contrast to the inner ear sensory receptors, neural stem cells that gener-
ate neurons or glia have been isolated in vitro from neural crest and central
nervous system (CNS) tissues of either developing or mature mammals
(5–7), and the potential of stem cell therapy for the treatment of neurologi-
cal diseases has been raised (see reviews in refs. 8 and 9). In the inner ear, it
has not been determined whether adult mammalian inner ear sensory organs
possess multipotent stem cells that generate all the major cellular pheno-
types in the tissues that compose the inner ear sensory receptors.

Dissociated cell cultures of adult inner ear sensory organs are difficult to
establish because of the small size of the tissue samples that can be isolated
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and the complications to surgical approaches that the protective bony laby-
rinth presents as it encases and protects the membranous labyrinth of the
inner ear. To overcome these major experimental limitations imposed both

Fig. 1. Schematic of cell fate decisions that underlie the pattern of cell specifica-
tion in the developing inner ear of mammals. (Modified from ref. 4.) Abbr: AG,
auditory ganglion neurons; CE, cephalic ectoderm; CrE, crista epithelium; DC,
Deiters’ cells; HC, hair cell; HCI, type I hair cell; HCII, type II hair cell; IHC, inner
hair cell; ME, macular epithelium; NB, neuroblasts; NL, neural lineage; NS,
nonsensory cells; OCE, organ of Corti epithelium; OE, otic placode epithelium;
OHC, outer hair cell; PC, pillar cell; PI, pars inferior; PS, pars superior; S, sensory
cells; SC, support cell; SCD, semicircular duct epithelium; SL, sensory lineage;
SV, stria vascularis; VG, vestibular ganglion neurons.
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by the inaccessible nature of mammalian mechanosensory epithelium in
adult animals and by the small number of sensory cells available, dissociated
culture systems of mammalian sensory epithelial cells have been established
using growth factors (10) or immortalizing oncogenes (11–16). Immor-
talized cell lines that have been established using oncogenes have most likely
undergone some genetic alterations during the immortalization process (9).
However, cells transformed with oncogenes should be able to proliferate
continuously through an unlimited number of mitotic divisions and to retain
a potential to express several characteristics of differentiated cells that derive
from the tissue of their original origin (17).

2. CELL CULTURE EXPERIMENTS

Four research groups have established immortalized cell lines from sen-
sory epithelia of the rodent inner ear using the temperature-sensitive simian
virus 40 tumor antigen tsA58, which codes for a thermolabile variant of the
large T antigen (Tag) (18,19). Expression of Tag is controlled by the H2kb
promoter, which is normally active in most cell types and can be upregulated
in the presence of γ-interferon (γIF). The thermolabile Tag epitope is
expressed stably in transformed cells incubated at the permissive tempera-
ture of 33°C in the presence of γIF, but Tag degenerates rapidly when the
transformed cells are incubated at 37°C. When the transformed cells with
H2kb–tsA58 are cultured at 33°C in the presence of γIF (proliferative cul-
ture condition [PC condition]), the cells maintain the ability to proliferate in
vitro. However, after removal of γIF from the culture media and an increase
in temperature of incubation to 39°C (differentiation culture condition [DC
condition]), the cells cease proliferation and begin to differentiate. Cell cul-
ture studies using transgenes regulated conditionally by a shift of tempera-
ture and removal of γIF can provide insights into mechanisms of cell
differentiation and the lineage relationships of inner ear sensory cells of
mammals.

Immortalized cell lines that express features of hair cell progenitors were
established from cochlea sensory epithelium by Rivolta and colleagues (13)
and from vestibular sensory epithelia by Zheng and colleagues (14). Zheng
et al. established the clonal cell line utricalar epithelium cell line four (UEC-
4) by transfection of primary cell cultures derived from postnatal days 3 and
4 (P3 and P4) rat utricular epithelia with a retrovirus encoding the tsA58/
U19T antigen. Under the PC condition, clone UEC-4 generated epithelial
cell phenotypes that expressed polygonal cell shapes and epithelial cell
marker epitopes (i.e., tight junction protein zona occludens protein one
(ZO1) and a lectin molecule convacalin A (ConA) that binds selectively to
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epithelial cells) (20). When the clonal cell line UEC-4 was incubated under
a DC condition in the presence of basic fibroblast growth factor (bFGF),
most of cells derived from this clone differentiated into hair cell-like pheno-
types (i.e., expressed two kinds of calcium-binding proteins, calretinin and
calmodulin). Inner ear hair cells express these calcium-binding proteins, but
not the other epithelial cells of the inner ear (21). The results from this study
indicate that the clone UEC-4 may contain hair cell progenitor.

Rivolta et al. (13) established clonal cell lines University of Bristol organ
of Corti cell line out (UB/OC-1) and UB/OC-2 from presumptive organ of
Corti epithelium of an embryonic d 13 (E13) H-2Kb–tsA58 transgenic
mouse (immortomouse). Under the PC condition, these two cell lines
expressed an epithelial cell marker protein (cytokeratin), and hair cell marker
epitopes were absent or present only at a low level (13). Under the DC con-
dition, UB/OC1 and UB/OC-2 expressed higher levels of hair cell marker
epitopes and transcripts, that is, fibrin, α9 subunit of the nicotinic acetyl-
choline receptor (α9-AchR), Brn3c, myo7a, and myo6 (Figs. 2 and 3).

Fig. 2. Immortomouse clone UB/OC-1 cultures increased their expression of
hair cell-related genes under the differentiation culture (DC) condition. Phase con-
trast images of clonal cell line UB/OC-1 derived from E13 auditory sensory epithe-
lia under (A) PC and (B) DC conditions and immunofluorescence images of the
cells labeled with an antibody to Brn3c under (C) PC and (D) DC conditions. Most
nuclei in UB/OC-1 were unlabeled for Brn3c under PC conditions (C), and all nuclei
were labeled after 14 d under DC conditions (D). Scale bar is 100 µm. (E) Reverse
transcriptase polymerase chain reaction analysis showed that UB/OC-1 expressed
low levels of transcripts of Brn3c, α9AchR, and myos7a under PC conditions when
compared with cultures after 14 d in vitro under DC conditions.
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Fimbrin is an actin cross-linking protein that occurs only in the hair cell
stereocilia in the cochlea (21). The POU domain transcription factor Brn3c
is: (1) expressed specifically by differentiating hair cells in the inner ear from
about stage E14; (2) essential for hair cell differentiation; and (3) able to
generate hearing impairments in humans when mutated (22,23). Transcripts
for α9AChR are expressed specifically by the hair cells of the inner ear and
are believed to be involved in synaptic transmission between efferent nerves
and hair cells (24). Myosin VI and myosin VIIa epitopes are expressed in
hair cells of the inner ear and are involved in the organization and matura-
tion of stereocilia and participate in the functioning of hair cells (25).

These results indicate that the immortalized cell lines UB/OC-1 and UB/
OC-2 contain hair cell progenitors. To investigate the origin of clone UB/
OC-1, Rivolta et al. (13) profiled the pattern of gene expression by the cells
of the UB/OC-1 cultures. UB/OC-1 cell cultures express the transcription
factor GATA3, which is also expressed in sensory and nonsensory epithelial
cells of the developing mouse cochlear duct (26).

This cell line also expresses a negative basic helix–loop–helix (bHLH)
transcription factor Hes1 and a glycoprotein of the extracellular matrix of
the tectorial membrane β-tectorin. Transcripts of Hes1 are expressed mainly
in the cells of the greater epithelial ridge (GER), which represents the medial

Fig. 3. The DC condition induced cells in clone UB/OC-2 cultures to express
fimbrin. Immunofluorescence images of cell line UB/OC-2 derived from E13 audi-
tory sensory epithelia. (A,B) Cultured cells were labeled with anticytokeratin
rhodamine isothiocyanate (TRITC) and anticadherin fluorescein isothiocyanate
(FITC) antibodies. The nuclei stained blue with DAPI. Both epithelial makers are
detected under (A) PC conditions as well as under (B) DC conditions. However,
cell boundaries are more evident under DC conditions. Note the reorganization of
cytokeratin filaments under DC conditions. (C) After 14 d in vitro under DC condi-
tions, UB/OC-2 expressed fimbrin epitopes (FITC) localizing primarily to focal
contacts. Nuclei were stained blue with 4', 6-diamino-2-phenylindole DAPI. Scale
bar is 25 µm. (See color plate 6 in the insert following p. 82.)
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Fig. 4. The DC condition induced cells in clonal cell line UB/UE-1 to differen-
tiate into either hair cell or support cell phenotypes. (A–H) Expression of
cytoskeletal proteins in the cell line UB/UE-1, A, C, E, and G under PC and B, D,
F, and H under DC conditions. The cultured cells were labeled with antibodies to
cytokeratin (A, B), vimentin (C, D), or tublin (E, F), or with rhodamine-phalloidin
(G, H) to label actin. Most cells expressed vimentin, so the antibody to this protein
was used to identify cells that did not express cytokeratin. Thus, A and C (PC con-
dition) and B and D (DC condition) show the same cells double labeled for
cytokeratin and vimentin. Up to 10% of cells were unlabeled for cyto-keratin under
the PC condition, shown by the arrowhead in A and C, but up to 60% were labeled
under DC conditions, as shown by the arrowheads in B and D. Although vimentin
was expressed in most cells at both culture conditions, the labeling was less intense
under DC conditions. The changes in cell morphology under DC conditions are
clearly illustrated in cells labeled for microtubules and actin filaments. The distri-
bution of microtubules was more even and symmetrical in cells under DC condi-
tions, as seen in E and F. The more intensely labeled filaments may be flagellar
axonemes, as shown at the arrowhead in F. Under DC condition, cells possessed
strong, punctate labeling for actin (arrowhead in H) and numerous well-developed
structures resembling stress fibers (arrow in H). Scale bar, shown in B for A–H, is
100 µm. (I) Reverse transcriptase polymerase chain reaction showing the relative
levels of expression of different hair cell markers between cells under PC and DC
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aspect of the developing organ of Corti, and the lesser epithelial ridge (LER),
which represents the lateral aspect of the developing organ of Corti (27,28).
The expression of β-tectorin messenger RNA (mRNA) is present only in the
cells of the GER and the pillar cells during development (29). On the other
hand, UB/OC-1 does not express transcripts of another inhibitory bHLH
gene, Hes5, which is normally expressed in the cells of the LER, under either
PC or DC conditions in vitro.

Transcripts of a neural bHLH transcription factor, Math1, are expressed
in the differentiating hair cells at early embryonic stages, but absent in the
other cells of the GER (30). Organotypic cultures of organ of Corti explants
from an E13 immortomouse under the PC condition demonstrated that
incorporation of BrdU and expression of large T antigen could be detected
in GER cells, but not in developing sensory epithelial cells. Rivolta et al.
(13) concluded that the cell line UB/OC-1 was derived from a GER cell of
the developing immortomouse cochlea.

Some of the GER cells can be induced to differentiate into hair cells by
overexpression of Math1 (31). Histological studies have shown that inner
hair cells derive from progenitor cells located in the GER, and that outer
hair cells are derived from progenitor cells located in the LER (32). The
results of UB/OC-1 cell culture studies support the concept that inner hair
cell progenitors derive from GER cells during development of the mamma-
lian inner ear.

Lawlor et al. derived clonal cell line UB/UE1 from support cells of P2
immortomouse utricular macula sensory epithelium isolated by treatment
with thermolysin so only epithelial cells were present (15). Under the PC
condition, over 90% of the progeny of this clone expressed the support cell
marker, cytokeratin. However, under the DC condition, there was a decrease
in the percentage of support cell phenotypes expressing cytokeratin to 40%
in the clone UB/UE-1, and these cultures generated hair cell phenotypes that
express fimbrin epitopes and transcripts of myo7a and α9AchR (Fig. 4A–J).

In a subsequent study of clonal cell line UB/UE-1, Rivolta et al. showed
that the DC condition induced this cell line to differentiate into hair cell and
support cell phenotypes through asymmetrical cell divisions detected by the
tracing of mitochondrial localization (33) (Fig. 4K). Mammalian stem cell
populations may undergo either symmetric or asymmetric cell divisions,

Fig. 4. (continued) conditions. (J) Immunoblots of UB/UE-1 using anti-Brn3c and
fimbrin antibodies. A slight decrease in both mRNA and protein was observed for
Brn3c under DC conditions. Fimbrin was upregulated under DC conditions. (K)
BrdU labeling of a UB/UE-1 cell dividing asymmetrically after 1 d under DC con-
ditions. BrdU is green; mitochondria are red. Scale bar is 25 µm. (See color plate 7
in the insert following p. 82.)
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depending on their developmental stage and regional environmental cues.
Symmetric cell divisions promote expansion of the progenitor pool, whereas
asymmetric cell divisions allow the subsequent elaboration of neurons and
glia (34,35). These results suggest that the vestibular sensory epithelial cell
line UB/UE-1 is a progenitor that has the potential to differentiate into both
support cell and hair cell phenotypes through the process of asymmetric cell
division.

Malgrange et al. established dissociated cell cultures from a newborn (P0)
rat cochlea without resorting to the use of oncogenes. They utilized epider-
mal growth factor (EGF), bFGF, or a combination of both to stimulate
nestin-positive cells isolated from P0 organ of Corti sensory epithelial cells
to proliferate in vitro and to form otospheres (10). Previous reports described
that both of these growth factors possess the ability to induce sensory epi-
thelial cells to proliferate in organotypic cultures of the inner ear (36,37).
After 2 d in culture, most of cells that formed the otospheres showed imma-
ture cell features (i.e., incorporation of BrdU and expression of the neural
stem cell marker nestin) (Fig. 5A,B).

After 2 wk in vitro, the cell colonies obtained from multiple cell passages
of the original otosphere colony cells began to express a hair cell marker
epitope (myosin VIIa) or a support cell marker epitope (p27kip1) (Fig. 5C, D).
In the mature inner ear sensory organs, support cells express a cyclin-depen-
dent kinase inhibitor p27kip1, which inhibits G1-S cell cycle progression (38).
After 2 wk in vitro, these cultured cells underwent cellular differentiation,
and the cells derived from P0 rat sensory epithelia differentiated into hair
cell phenotypes with morphological features similar to those of mature hair
cells (i.e., cuticular plate and stereociliary bundles), and their nuclei became
polarized (Fig. 6).

This study is the first report of a progenitor cell culture obtained using
low-density dissociated cell cultures without the additional requirement of
an immortalizing oncogene, indicating that common progenitors of hair cells
and support cells exist in the developing mammalian inner ear sensory epi-
thelium of the organ of Corti of the newborn rat (10). Additional cell culture
studies using oncogenes or growth factors for the generation of clonal popu-
lations have demonstrated that hair cells and support cells have common
cell lineages in the mammalian inner ear, as described in studies using
retroviruses in the chick inner ear (39,40).

Barald et al. (11) generated five clonal cell lines from otocysts obtained
from E9 immortomouse embryos. One of the five clonal cell lines, IMO-6,
differentiated into neuronal phenotypes under DC conditions when brain-
derived neurotrophic factor (BDNF) was added to the medium. Under this
DC condition with BDNF supplementation, most of cultured cells in the
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clone expressed neurofilaments and glutamylated tubulin epitopes. In mice,
the statoacoustic ganglion complex of the inner ear begins to form at E9 by
delamination of neuronal progenitors from several sites in the otic cup neu-
roepithelium and then separates to form both the auditory (spiral) and vesti-
bular (Scarpa’s) ganglia of the inner ear’s VIIIth nerve ganglion complex.
This result indicates that clone IMO-6 originated from a neural progenitor
cell lineage area in the otic epithelium.

Fig. 5. Nestin (+) cells isolated from the P0 rat organ of Corti (1) proliferate, (2)
form otospheres, (3) generate hair cell and support cell phenotypes in response to
EGF. (A) Confocal laser scanning images of double immunostaining for BrdU (red)
and nestin (green). After 2 d in vitro (DIV) in the presence of EGF, a large number
of cells proliferated to form otospheres with incorporation of BrdU in the nuclei
and expressed nestin epitopes in their cytoplasm. (B) Double immunofluorescence
staining for BrdU (red) and myoin VIIa (green). After 2 DIV in the presence of
EGF, a small number of cells expressed myosin VIIa epitopes in otospheres. (C)
After 14 DIV in the presence of EGF, cells isolated from P0 rat organ of Corti
generated cells expressing epitopes of either p27kip1 (red) or myosin VIIa (green) in
otospheres. (D) Counts of the number of hair cells (i.e., expressed myosin VIIa
epitopes) and support cell phenotypes (i.e., expressed epitopes of p27kip1) per
otosphere at 2 and 14 DIV in the presence of EGF. Scale bar is 15 µm in (A–C).
(See color plate 8 in the insert following p. 82.)



278 Van De Water et al.

Fig. 6. Developing hair cells that differentiated in the otosphere cell cultures
contained cuticular plate material and stereocilia. (A) A developing hair cell in an
otosphere after 2 d in vitro (DIV) in the presence of epidermal growth factor. The
nucleus is polarized. Cuticular platelike material is present (*). No stereocilia can
be observed. (B) A hair cell that developed in a 14-d, EGF-stimulated otosphere. In
the hair cell, the nucleus shows polarity, and an organized cuticular plate structure
is present (*). There are many cell-to-cell contacts with a clearly defined apical
junctional complex (arrowhead) between this hair cell and a joining cell that has
abundant surface microvilli. (C) The cuticular plate area (*) of a developing hair
cell from a 14-d, EGF-stimulated otosphere showing the organization of a
stereociliary bundle with several stereociliary rootlets (arrow) projecting into the
matrix of the cuticular plate. Scale bar is 1.6 µm in A and B and 0.6 µm in C.
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It has been suggested from the results of chick/quail chimeric tissue
explants in the avian inner ear that most glial cells in the statoacoustic gan-
glion complex of the chick inner ear ganglia originate from nearby cephalic
neural crest cells (41). However, Barald et al. (11) showed that polyclonal
cell cultures derived from fetal otic epithelia of an immortomouse embryo
can generate glial cell-like phenotypes possessing morphological features
similar to glia. Kalinec et al. (16) derived a clonal cell line Kalinec organ of
Corti cell line one (OCK-1) from the mature sensory epithelia of a 2-wk-old
immortomouse organ of Corti. Under the PC condition, most of the OCK-1
cells expressed nestin and did not express either neuronal or glial cell marker
epitopes. However, under the DC condition, this clonal cell line exhibited
the potential to differentiate into cells expressing sensory epithelial cell
(OCP2), neuronal (neurofilament 200 kD), and glial (glial fibrillary acidic
protein [GFAP] and 2’,3’-cyclic nucleotide-3’-phosphodiesterase [CNPase])
cell marker epitopes. Hair cell and support cell progenitors of the mouse
inner ear proliferate and differentiate in the areas of presumptive sensory
receptor epithelium with peak terminal mitoses occurring between E13 and
E18 (42). Kalinec et al. established clonal cell lines from the organ of Corti
of a 2-wk-old immortomouse. There is a possibility that quiescent bipotential
neuronal/glial progenitor cells exist in the sensory epithelium after terminal
mitosis, as well as the additional possibility that, after cell cycle exit,
oncogene-induced mature sensory epithelial cells possess the capacity to
dedifferentiate into an immature cellular phenotype.

Long-term cultures of auditory sensory epithelial cells were established
from adult guinea pigs using EGF to stimulate proliferation in vitro. These
cells expressed a hair cell marker Brn3c and epithelial cell markers cyto-
keratin and ZO-1 (43). It has been assumed that, after terminal cell cycle
arrest, cells in mammalian sensory epithelium do not proliferate (42). However,
Kuntz and Oesterle demonstrated that transforming growth factor-α (TGF-
α) combined with insulin can induce adult rat vestibular sensory epithelial
cells to proliferate and differentiate, forming new support cells and hair cells
as shown by their incorporation of radiolabeled (3H)-thymidine (44).

Lefebvre and colleagues performed an in vitro study that suggests retinoic
acid combined with TGF-α and insulinlike growth factor type I stimulate
ototoxin-treated auditory sensory epithelium to generate replacement audi-
tory hair cells in organ of Corti explants derived from immature, 1-d-old rat
pups (45). The hair cells generated in the ototoxin-damaged organ of Corti
explants during the course of this study could be blocked by cytosine arabi-
noside, suggesting renewed cell division may be required for the generation
of replacement auditory hair cells in this system. The results from
organotypic and dissociated cell cultures of inner ear sensory organs sug-
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gest that hair cell progenitor cells may be present in immature sensory organs
of the mammalian inner ear. However, the abilities of hair cell progenitors
to proliferate and differentiate into mature sensory phenotypes (i.e., hair cells
and support cells) may be suppressed by signals (e.g., p27kip1) in the imma-
ture mammalian inner ear sensory organs.

The results obtained from studies using organotypic and dissociated cell
cultures of the mammalian inner ear obtained with or without the use of
oncogenes demonstrated that the developing and mature inner ear sensory
organs possess both sensory epithelial progenitors (i.e., have the potential to
generate both hair cells and support cells) and inner ear ganglion neural
progenitors (i.e., have the potential to generate both neurons and glia). How-
ever, these studies have not shown the presence of multipotent progenitor
cells with the capacity to differentiate directly into both a sensory epithelial
cell lineage (i.e., hair cells and support cells) and a neural cell lineage (i.e.,
neurons and glia). The sensory epithelial cells and neurons are thought to
derive from the otic placode during inner ear development of mammals.
Furthermore, clonal analyses of insect sense organs in which all types of
sensory cells are homologous to those of the mammalian inner ear (i.e.,
neurons, glial, hair cells, and support cells) clearly demonstrated that multipotent
progenitor cells do indeed exist (46). In the near future, there is anticipation
that stem cells that have the capacity to differentiate into sensory epithelial
cells and the different neural cell subtypes will be identified in the sensory
epithelial tissues of developing and mature mammalian inner ears.

3. GROWTH FACTOR THERAPY

Hair cell death caused by aging, ototoxins, or excessive sound exposure
results in an irreversible loss of sensory cells and sensorineural hearing loss
because spontaneous regeneration of auditory hair cells has not been dem-
onstrated in the mammalian inner ear (47,48). However, Kopke and col-
leagues have shown that retinoic acid in combination with growth factors
can stimulate ototoxin-treated vestibular sensory epithelia to produce replace-
ment and repaired vestibular hair cells with a recovery of function in the macu-
lae and cristae of adult guinea pigs (i.e., vestibulo-ocular reflex [VOR]) (49).

These results indicate that existing support cells may have the capability
to act as hair cell progenitors within adult vestibular sense organs, but that
any residual progenitor cells will need to be stimulated by specific regional
environmental cues, such as retinoic acid, to express their innate potential to
differentiate into new hair cell phenotypes. Several experimental reports
have described attempts to induce hair cell regeneration or replacement of
lost hair cells by treating with growth factors, transfection of genes (e.g.,
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Math1), and the transplantation of neural stem cells into injured auditory
receptors.

4. POTENTIAL THERAPIES

Ito and colleagues proposed three strategies for neural repair of inner ear
sensory epithelia after hair cell loss caused by ototoxic or additional insults
that initiate cell death programs in oxidative stress-injured hair cells (50).
The first strategy is the induction of transformation from inner ear
nonsensory epithelial cells to hair cell phenotypes. Kelley and colleagues
showed that support cells participate in the replacement of damaged hair
cells lost after laser microbeam irradiation in vitro (51). Zheng and Gao
demonstrated that overexpression of Math1 induced some of the cells in the
GER to differentiate into juvenile hair cells in vitro (31).

The second strategy is the induction of hair cell progenitors to differenti-
ate into hair cell phenotypes following cell proliferation. The results of in
vitro experiments by Lefebvre and colleagues indicated that treatment with
retinoic acid can induce organ of Corti explants derived from immature (P0)
mammalian inner ears to differentiate and thus supply replacement hair cells
(45), and the in vivo results of Kopke and colleagues showed that growth
factor treatment of adult animals with vestibular deficits can result in a return
of function (49).

The third strategy is to attempt the transplantation of stem cells with the
capacity to undergo self-renewal, and for these transplanted stem cells to
undergo differentiation into hair cells. Next, we demonstrate and discuss the
feasibility of this third approach, that is, transplantation therapy using
multipotent neural stem cells to facilitate stem cell repair of damaged inner
ears.

Undifferentiated cells that exhibit multipotency (e.g., embryonic stem
cells and neural stem cells) are candidates for donor material to be trans-
planted into injured inner ears to replace damaged hair cells. These specific
cell types were selected because of their known potential to differentiate
into a range of appropriate mature recipient cell phenotypes (e.g., neural
stem cells have been shown to have the potential to differentiate into not
only neural lineages, but also blood cell lineages, when introduced into the
bone marrow microenvironment) (52).

To examine whether the developing mammalian inner ear has the requi-
site recipient environmental potential to induce transplanted neural stem
cells to differentiate into sensory epithelial cells, Ito and colleagues grafted
neural stem cell lines derived from an adult rat hippocampus into the devel-
oping inner ears of neonatal rats (53). This clonal neural stem cell line was
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labeled with a β-Gal gene to identify the grafted (donor) cells from the other
cells (recipient) in the transplanted donor inner ears. Four weeks after trans-
plantation, the recipient animals were sacrificed, and immunohistochemical
analysis was performed to localize the transplanted cells in the recipient’s
inner ear tissues. The immunolocalization of the transplanted donor cells in
this study demonstrated that neural stem cells could survive in the inner ear
tissues of the recipient ear for at least 1 mo; that is, β-galactosidase-positive
cells migrated on top of or into the hair cell layer of the transplanted inner
ears. The grafted donor cells that survived in the hair cell layer of the recipi-
ent inner ear strongly expressed actin filament structures, identified by stain-
ing with rhodamine-labeled phalloidin and with a staining pattern similar to
that of normal inner ear hair cells.

Nishida and colleagues demonstrated that a larger number of transplanted
neural stem cells could survive in a damaged retina as opposed to an unin-
jured retina, indicating that the microenvironment created by tissue damage
contains both trophic and tropic signals that permit transplanted neural stem
cells to migrate and integrate in the sensory epithelia of the eye (54).

Tateya and colleagues transplanted neural stem cells derived from the
forebrains of E11.5-enhanced transgenic mice expressing green fluorescent
protein (GFP) into the damaged inner ears of adult mice (Fig. 7) (55). The
neural stem cells (donor) were transplanted into the inner ears of adult mice
(8 wk old; recipient); the inner ears were damaged by an injection of neomy-
cin into the posterior semicircular canal. Three days after the injection of
neomycin, suspensions of neural stem cells were introduced into the middle
turn of the cochleae of the recipient mice.

Twenty five days after the transplantation, neural stem cells migrated into
and integrated in the organ of Corti at the level of the outer hair cells. In
addition, a subset of the transplanted neural stem cells also migrated and
survived in the hair cell layer of the utricle in the vestibule of the recipient
mouse (Fig. 8). The integrated donor neural stem cells could be stained with
rhodamine-labeled phalloidin, indicating that these transplanted neural stem
cells had migrated into the hair cell layers of the inner ear sensory epithelia
damaged by the injected ototoxin and had differentiated into hair cell
phenotypes.

These results demonstrate that neural stem cells have the potential to dif-
ferentiate into inner ear sensory cell lineages. These results support the
hypothesis that the microenvironment in the area of damaged inner ear sen-
sory epithelia possesses instructive cues that can induce donor multipotent
stem cell (e.g., neural stem cell) to begin to differentiate into hair cell phe-
notypes. With further study and functional testing, stem cell transplantation
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therapy may become an essential candidate therapy for the restoration of
both auditory and vestibular function in newly damaged inner ears. Thus,
the composite experimental observations obtained from in vivo transplanta-
tion studies and from in vitro stem cell culture studies may soon lead to
future success in the functional neural repair of the inner ear.

Studies have shown that neural stem cells are present in multiple regions
of the adult mammalian central nervous system, although ongoing
neurogenesis has been documented in only a small subset of these brain
regions (9,56). In addition, constitutive adult neurogenesis appears to affect
local circuit neurons preferentially rather than the long-relay projection neu-
rons that are often damaged in neurodegenerative diseases (57–58). How-
ever, recent reports suggested that the scope of ongoing neurogenesis during
adult life may have been seriously underestimated, in part because of the
absence of sensitive measures of neural stem cell activation and expansion
over extended time frames (60,61).

Further, recent studies have shown that a variety of neural parenchymal
insults may significantly potentiate this endogenous stem cell response,

Fig. 7. Donor embryonic neural stem cells can be transplanted into the scala
media of ototoxic-damaged cochleae of neonatal rats. Ten µL of neomycin were
injected into the posterior semicircular canal. Three d after the injection of neomy-
cin, a cell suspension of neural stem cells forming spheres was injected into the
scala media of the cochlea. The neural stem cell spheres were obtained from fore-
brain tissues of embryonic d 11.5 transgenic mice with GFP gene controlled by
actin promotor using serum-free medium containing basic fibroblast growth factor
and epidermal growth factor. (See color plate 9 in the insert following p. 82.)
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extend the spectrum of responsive stem/progenitor cell domains, and
enhance the variety of differentiated neural cell types elaborated in response
to pathological stimuli (62–64). More important, this regenerative response
to neural cell injury may be profoundly augmented using various classes of
cytokines and additional agents that block the receptor for myelin compo-
nents involved in inhibiting neuroregenerative responses (65–69). These
multidisciplinary approaches have resulted in the reestablishment of appro-
priate neural network connections that exhibit signal integration, synaptic
plasticity, and behavioral recoveries, including the formation of new
memory traces (70,71).

These cumulative observations suggest that similar approaches directed
toward the reactivation of endogenous quiescent stem cells in the “otic”
microenvironment may represent an attractive therapeutic option for future
repair of components of the inner ear damaged by a variety of neurotoxic
insults.
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1. INTRODUCTION

Stem cells have generated a great deal of excitement as a potential source
of cells for transplantation because of their ability to self-renew and differ-
entiate into functional cells of various tissues (1–3). Stem cells can be
derived from multiple stages of development as well as numerous adult tis-
sues. Adult tissues are an attractive and readily accepted source of stem
cells because such cells have demonstrated efficacy in multiple types of cel-
lular therapeutics (4,5) and can be directly obtained from individual patients,
thereby eliminating the difficulties associated with tissue rejection. Despite
this enormous potential, the use of adult stem cells has been limited, prima-
rily because of the inability to identify these rare cells from the heteroge-
neous tissue populations (6) and to expand populations of cells that retain
stem cell properties in vitro.

Historically, many adult tissues were thought incapable of regeneration.
However, cells with regenerative capability have been detected in most adult
tissues, including liver (7–9), intestine (10), retina (11), skin (12), muscle
(13), neural (14), mammary glands (15), and others. Although extensive
documentation of the properties of many of these cells with respect to their
stem cell characteristics (i.e., individual cells with the capacity for extended
self-renewal and multilineage differentiation) is under way, taken together,
it is clear that adult tissues may provide an untapped source of cells for
cellular therapies.

Numerous studies suggest that the proliferative and differentiative
potential of tissue-specific stem cells changes during ontogeny (16–18) and
is dependent on intrinsic factors such as telomere shortening (19) and genetic
stability (20). The ability to measure changes in the developmental potential
of stem cells is limited by the inability to fingerprint such cells genetically
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(21) and by the properties of the assays used to detect them (such as tissue
homing [22]). Despite these limitations, it is well recognized that adult stem
cells in vivo have a proliferative potential much beyond the lifespan of the
organism. For example, a single hematopoietic stem cell (HSC) not only can
reconstitute hematopoiesis in primary recipients by contributing to both lym-
phoid and myeloid cells (23,24), but also can reconstitute secondary and
tertiary hosts (25–27). Although less-rigorously analyzed (to a large extent
because of the lack of transplantation assays based on tissue repopulation),
adult stem cells from other tissues also have extensive regenerative capaci-
ties (10,12,13). Despite the apparent intrinsic capability of adult stem cells
for extensive self-renewal, efforts to grow these cells in culture have failed
to recapitulate their in vivo potential.

The interest in adult stem cells has been elevated by recent reports that
some adult stem cells, or stem cell populations, may be capable of crossing
lineage boundaries by differentiating into cells with unexpected devel-
opmental properties. For example, bone marrow-derived cells have been
reported to give rise to different types of muscle cells, such as from
unfractionated bone marrow (28–30) or enriched HSC-like cells (31,32);
liver cells, such as from unfractionated rodent (33,34) and human bone mar-
row (35,36), or enriched HSC-like cells (34,37); lung (38) and neuronal
cells, including neurons detected in vivo (39,40) and in vitro (41,42); and
astroglia and microglia (43,44). Strong evidence of the multiorgan generat-
ing capability of bone marrow-derived stem cells has been demonstrated in
the ability of a single cell to reconstitute hematopoiesis in primary and sec-
ondary recipients as well as to differentiate into apparently functional epi-
thelial cells of the liver, lung, intestine, and skin (45).

Stem cells not derived from bone marrow may also have developmental
capacities outside their tissue of origin (46,47), although recent reports have
led investigators to question many of these early results (48–51). Even with
the uncertainties regarding the intrinsic potential of adult stem cells, the abil-
ity of cells of one tissue to give rise to differentiated cells of another tissue
(either because of broader differentiation capacity or because the tissue in
question contains multiple types of stem cells) may be of great therapeutic
potential and could provide alternative adult stem cell sources that are
readily accessible (i.e., peripheral blood, skin, or fat-derived stem cells).

This chapter highlights some of the main bioengineering challenges in
the development of adult stem cell-based therapies also; methods to control
the self-renewal and differentiation of adult stem cells and to create clini-
cally relevant bioprocesses are discussed. Particular emphasis is given to
analyzing these techniques in the context of well-established adult stem cell
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systems and the effect of the cellular microenvironment on the responses of
such cells.

2. STEM CELL MICROENVIRONMENT

In vivo, stem cells reside in a complex microenvironment characterized
by their local geometry (structural and physicochemical), by specific types
of surrounding tissue cells, and by soluble and extracellular matrix (ECM)
components (52,53). The properties of this microenvironment are dynamic,
depend on the specific tissue, and are affected by factors such as vascular-
ization and loading (Fig. 1). Importantly, the analysis and understanding of
the role of the microenvironment on stem cell responses should be moti-
vated by more than the desire simply to mimic the in vivo milieu. The in
vivo microenvironment dynamically exposes cells to positive and negative
regulators of specific stem cell responses; the selective application of these
regulatory mechanisms during in vitro culture will ultimately depend on
the type of cell response to be elicited and the ability to control dominant
(i.e., response-determining) culture parameters.

2.1. Cytokines and Growth Factors

Cytokines and growth factors are important regulators of the tissue
microenvironment. They are produced by stem cells or their neighboring
cells in an autocrine or paracrine manner and often combine with other

Fig. 1. Adult stem cell niche. The microenvironment of adult stem cells is regu-
lated through a complex network of paracrine and autocrine soluble signals as well
as cell–cell and cell–ECM bound signals. Physicochemical parameters such as pH,
temperature, oxygen, perfusion, and mechanical stimuli can also influence cell fate
decisions.
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microenvironmental components to elicit nonlinear responses, for instance,
threshold-based (54) or synergistic responses. Due in part to difficulties in
the quantitative identification of most tissue-specific stem cells and their
immediate derivatives, defining cytokine networks that allow for controlled
self-renewal and differentiation of these cells has been challenging. So far,
most experiments have studied the response of putative stem cells to indi-
vidual or limited numbers of combinations of cytokines. Few studies have
rigorously analyzed and optimized the effect of multiple cytokines, as well
as interactions between these cytokines, on stem cell responses.

Factorial experiments are one approach to overcome some of these limi-
tations and quantitatively analyze the effect of cytokine interactions on stem
cell responses (18,54–58). By analyzing complex interactions between vari-
ous cytokines, relationships commonly missed by conventional dose–
response approaches are detectable. For example, with respect to HSCs, this
type of analysis has been helpful in defining self-renewal and differentiation
factors (59), a threshold cytokine concentration effect on self-renewal and
differentiation (54), and changes in cell’s cytokine responsiveness with
ontogeny (18).

These and other results (see ref. 60 for a review) have led to the identifi-
cation of molecules thought important for the regulation of HSC fate and
have led to the development of feeder-free (and serum-free) culture sys-
tems. Feeder-free cultures provide more control in studying the effects of
specific signals and are desirable in clinical applications. Briefly, these stud-
ies have identified a “cocktail” of cytokines containing stem cell factor
(SCF), flt-3 ligand (FL), and interleukin 11 (IL-11) family of cytokines (61)
(with or without the addition of thrombopoietin, TPO) (62) and revealed
much about the mechanisms of cytokine action on stem cells.

For example, even though SCF has been shown to be critical for the main-
tenance and expansion of HSCs (63), it cannot by itself maintain HSCs in
vitro (64). SCF acts synergistically with various growth factors, including
TPO, FL, and IL-11, to induce proliferation and maintenance of myeloid
and lymphoid progenitors (65). FL has also been shown to synergize with a
wide variety of hematopoietic cytokines (in particular, SCF and the IL-11
family of cytokines) to stimulate the proliferation, self-renewal, and differ-
entiation of HSCs (66).

Despite these results, a definitive cocktail that leads to reproducible
expansion of HSCs has not yet been developed; illustrating the underlying
complexity in cytokine networks (60) and pointing to the need to develop
more effective in vitro culture technologies.
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Significant progress has recently been made with respect to growing other
types of adult stem cells in cytokine-supplemented media. For example, cells
with characteristics of neural stem cells (NSCs) have been expanded as
neurospheres in well-defined culture conditions (67). Typically, epithelial
growth factor (EGF) (68,69) and fibroblast growth factor 2 (FGF-2) (70–72)
are used to propagate the early tissue dissociates containing NSCs. The pres-
ence of these growth factors seems to prevent the differentiation of NSCs
and allows their continual proliferation. These properties have allowed the
creation of bioreactors, which have been used to expand neurosphere-
forming cells (73).

Multipotential adult stem cells have been isolated from human and murine
skin (74). Cultures derived from these cells plated clonally and maintained
for many passages at low cell densities generated both neuroectodermal
(neurons and glia cells) and mesodermal (smooth muscle and adipocytes)
tissues. Interestingly, the propagation of these cells seems to depend, among
other things, on the addition of EGF and FGF to the culture, conditions simi-
lar to those defined for NSCs (68,75). It remains to be seen whether these
so-called multipotent adult progenitor cells can be isolated directly from
specific tissues or arise as a product of in vitro culture.

In addition to identifying the types of growth factors and cytokines
important in the control of adult stem cell growth and differentiation, it is
becoming well recognized that their (relative) concentrations (56), mode of
presentation (76), and order of application (77) also play an important role
in eliciting particular responses from stem cells. The significant increase in
the complexity of experiments investigating these parameters clearly indi-
cates the need for quantitative, systems biology approaches as a tool in ana-
lyzing such interactions. These types of approaches have been used to
analyze the cross-talk between two independent ligand-activated signaling
pathways (78) and may one day be useful for the analysis of individual can-
didate stem cells (79,80).

To study the “effective concentration” of growth factors present in the
microenvironment of an individual cell, it is necessary to understand impor-
tant mediating steps, such as the transport properties of the ligand in the
cellular vicinity, the complexities of ligand–receptor binding interactions,
the role of ECM binding on ligand availability and ligand–receptor complex
internalization (81), and the downstream consequences of signaling activa-
tion (82). Clearly, to signal through a receptor, a ligand must reach its recep-
tor on the cell membrane. This step could provide a significant barrier to
signaling and is dependent on a number of parameters, such as the degrada-
tion and diffusion rates of the soluble ligand, ligand interactions with the
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ECM molecules, mixing and turbulence of the surrounding fluid, and other
parameters in the microenvironment. Bioengineering approaches can be
used to engineer proteins with modified stability and diffusive properties
(83,84) to optimize transport to the cells. Protein engineering approaches
have also been used to design and select for (85) proteins with modified
affinity for their particular receptor (81,86).

Significant deviations in supplemented growth factor concentrations can
occur throughout the culture period as a result of receptor–ligand complex
internalization and degradation by cells (54,81,87). For example, a cell-
associated depletion of growth factors and cytokines in both hematopoietic
(54) and embryonic stem (ES) cell (88) cultures has been observed. Signifi-
cant progress has been made in understanding and manipulating the mecha-
nisms that underlie ligand possession by cells (89). This information has
been applied to optimize biological responses of T cells to engineered and
mutant IL-2 proteins (87,90). These strategies, along with protein engineer-
ing techniques (91,92), can also be used to develop receptor–ligand com-
plexes that dissociate in the acidic environment of the endosome, thus
allowing for higher ligand recycling rates (93), an approach that has been
shown to enhance the “effective” concentration of the ligand in the vicinity
of the cell greatly (89,93) and may lead to decreased exogenous require-
ments of cytokines and growth factors.

Another approach to growth factor supplementation that holds significant
promise for the modulation of stem cell responses is the design of ligand–
receptor complexes that cannot be internalized and thus may allow the
delivery of controlled and sustained stimulation to the cells. This can be
achieved by immobilizing proteins to various surfaces and scaffolds. To
achieve this goal, techniques ranging from direct protein adsorption to covalent
linkage of aldehyde-containing surface groups to amine base side chains, as
utilized in protein–protein interaction arrays (94), can be used. These simple
strategies, however, may be limited because nonspecific adsorption of serum
proteins may “mask” the immobilized proteins. To overcome this potential
limitation, a linking molecule (such as polyethylene oxide, PEO) may be
used to tether the growth factor to a surface or ECM. This approach has been
successful in covalently binding EGF to PEO (95), for which the tethered
EGF elicited the deoxyribonucleic acid (DNA) synthesis of hepatocytes at
rates similar to that of its soluble counterpart and significantly greater than
that of adsorbed EGF at comparable surface concentrations. Significant chal-
lenges exist in the implementation of these technologies, both in terms of
the biomaterial design strategies and in terms of the underlying biological
mechanisms that need to be mimicked (96–101).
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2.2. Cell–Cell and Cell–Extracellular Matrix Interactions

In vivo cells are typically in direct contact with surrounding cells and
ECM. ECM is a dynamic assembly of interacting molecules that recognizes
and regulates cell function in response to endogenous and exogenous stimuli
(102). ECM is produced by cells and consists of collagens, proteoglycans,
adhesive glycoproteins, and glycoasaminoglycans and associated bound pro-
tein modulators of cell function. Along with providing a framework in which
cells form tissues, ECM directly modulates cell attachment, shape, morphol-
ogy, migration, orientation, and proliferation. ECM also serves as a reser-
voir for various growth factors. It has been proposed that the existence of
matrix is essential for the activity of many growth factors (such as hepato-
cyte growth factor [HGF], transforming growth factor-β [TGF-β], and acidic
and basic FGF) (103). The complex combination of signals provided by the
ECM to adult stem cells likely provides the cell with information unique to
the tissue of origin and is important for the regulation of stem cell self-
renewal, differentiation, and homing.

In the bone marrow, HSC interactions with adhesion molecules (e.g.,
CD34, stem cell antigen 1 [Sca-1], selectins, and various integrins) on the
vascular endothelium have been reported to aid in cell homing during
hematopoietic reconstitution experiments and to regulate cellular traffick-
ing during homeostasis (for review, see ref. 104). Cell adhesion molecules
have also been shown to be present in other types of stem cells. For example,
mesenchymal stem cells (MSCs) were first isolated based on their adher-
ence (albeit poorly characterized) to tissue culture surfaces (105).

Cell–cell and cell–ECM interactions have been shown to greatly influ-
ence the self-renewal and differentiation of stem cells (106,107). An
example of the importance of cell–cell and cell–matrix interactions in the
modulation of adult stem cell fate is the maturation of intestinal crypt stem
cells (10,108–113). These cells give rise to epithelial cells that line the gas-
trointestinal tract and typically lie in the base of test-tube-like structures
(114). As cells move toward the luminal pole, they go through a series of
differentiation and proliferation steps so that the pole is occupied by short-
lived functional cells. Mathematical (115) and experimental (108) studies
suggested that as few as four to six stem cells are sufficient in maintaining
homeostasis for each crypt. Once these cells leave a stem cell niche within
the base of the structure, they are induced to differentiate. This differentia-
tion is thought to be regulated by a variety of signals, including cell–cell and
cell–ECM signals.
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A number of ECM proteins and receptors have been reported to be
expressed differentially in the stem cell region of the crypt (116). However,
even though numerous molecules (such as Notch) mediated by cell–cell and
cell–ECM interactions are suspected, the molecular mechanisms that induce
this behavior remain elusive (for review, see ref. 117). Further insight into
understanding such signals will facilitate the design of culture technologies
that mimic critical aspects of the in vivo microenvironment and facilitate
better control over stem cell responses in vitro (Fig. 2).

2.3. Physicochemical Parameters
Physicochemical properties such as pH and oxygen and glucose concen-

trations are another important aspect of the stem cell niche. Changes in such
parameters have been shown to be critical in both embryonic development
and ES cell differentiation (118,119), as well as adult stem cell regulation
(120). Low oxygen concentration has been linked to the activation of tran-
scriptional factors such as hypoxia-inducible factor (121), which in turn
regulates the expression of signaling molecules, such as erythropoietin and
vascular endothelial growth factor (VEGF), cytokines that influence stem
and progenitor cell behavior. In hematopoietic precursors, low oxygen ten-

Fig. 2. Bioengineering methods to control, mimic, and analyze stem cell niche.
A number of engineering approaches have been developed to control the immedi-
ate microenvironment of adult stem cells. These techniques aim to control the inter-
actions between tissue stem cells and stimuli selected for their potential role in the
design of stem cell-based bioprocesses.
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sion increases the size and frequency of hematopoietic colonies in semisolid
media (122,123).

However, the exact role of oxygen in the development of HSCs is yet to
be determined, let alone the role of oxygen in the function of other tissue-
derived stem cells. For example, it has been observed that, with low oxygen
concentrations, HSC and progenitor numbers seem to be maintained
(124,125), whereas HSC expansion has been shown to occur at higher oxy-
gen concentrations (126,127). For neurosphere-forming cells, low oxygen
concentrations inhibit cellular proliferation (73).

In addition, it has been demonstrated that oxygen tension is also impor-
tant in the regulation of MSCs (128,129). These studies suggested that MSC
proliferation and myogenic and bone differentiation are enhanced in physi-
ological oxygen concentrations; higher oxygen concentrations induce
adipocyte differentiation.

Clearly more research is required to completely understand the effects of
oxygen on progenitor vs more differentiated cell populations. Different tis-
sue microenvironments are comprised of widely varying physicochemical
properties, and these may play a direct or indirect role in the observed func-
tional differences between cells seeded in different tissues.

Another microenvironmental cue that may influence the in vivo and in
vitro responses of stem cells is mechanical stimuli. It has long been known
that mechanical forces play an important role in the development and main-
tenance of vascular, muscle, and bone tissues (130–132). Mechanical stimuli
may initiate mechanotransductive signaling pathways that are still largely
unresolved (133). The effect of these forces on the differentiation of stem
cells is under study. For example, compressing marrow-derived stromal cells
thought to contain MSCs encourages bone development; stretching MSCs
immobilized in a matrix encourages tendon and cartilage formation (134).
However, the mechanisms by which mechanical stimuli affect the differen-
tiation and self-renewal of mesenchymal or other adult stem cells largely
remain to be determined.

3. MODELS OF STEM CELL BEHAVIOR

The design and implementation of models predictive of cell responses
should facilitate the rapid investigation of a large number of “experimental”
conditions and lead to a more in-depth understanding of the biological
mechanisms that control stem cell behavior. Numerous models have been
developed to describe the behavior of stem cells and to predict self-renewal
and differentiation of these cells. In fact, mathematical modeling of stem
cell behavior is as old as the concept of stem cells (135).
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Most established models have typically tried to develop an understanding
of the way that stem cells respond to changes in the cellular microenviron-
ment by imposing either stochastic or deterministic constraints onto the
results of in vitro and in vivo experiments. Significant evidence exists that
both stochastic and directive mechanisms play important roles in the regula-
tion of stem cell responses, and that the particular mechanism (i.e., thresh-
old-based responses; see ref. 136) used may be dependent on the tissue
system/cellular microenvironment.

For example, in hematopoiesis, several studies suggest that exposure to
growth factors may not be obligatory for the differentiation of primitive
cells, and that at least under certain conditions, the identity of the differenti-
ated cell population may be intrinsically determined (137). Particularly
interesting in this regard is the recent demonstration that coexpression of
multiple lineage-restricted genes precedes commitment in multipotent pro-
genitors (138–141). This multilineage “priming” process is consistent with
the flexibility in the gene expression profiles seen during osteoprogenitor
development and implies that the commitment of a multipotent cell to a
particular pathway may reflect the stabilization of a particular subset of
expressed genes (142). The stabilization process may occur in a stochastic
manner in the absence of a particular instructive signal. Conversely, the com-
mitment of an undifferentiated cell may proceed through an instructive sig-
nal that stabilizes a particular set or subset of expressed transcription factors.
Although it is not clear whether all adult stem cell types utilize the same under-
lying mechanisms for the control of their responses, many in vitro studies sup-
ported the existence of this two-level (stochastic in the absence of signal,
directive in the presence of signal) regulatory mechanism (138,143–146).

The above-described low-level expression of multiple transcription fac-
tors may also be at the root of at least some stem cell plasticity phenomena
(147). In this case, plastic stem cells may also express (either “stochasti-
cally” or as a result of ligand-mediated upregulation) transcription factors
associated with cells of other tissues, and exposure to particular tissue micro-
environments may directly or indirectly (through survival mechanisms) elicit
this novel differentiation capacity.

Mathematical descriptions of stochastic differentiation mechanisms have
typically utilized Monte Carlo simulations to mimic the probabilistic nature
of stem cell responses. For example, Till et al. found that their experiments
on colony-forming unit spleen (CFU-S) cell self-renewal were best
described in computer simulations when the probability of self-renewal was
fixed at 0.6 (135). They also explained the colony size distributions using
the same approach, although others have suggested that heterogeneity in the
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transplanted population is also consistent with such differences (146). Since
then, the stochastic models have been extended to the hematopoietic pro-
genitor cells (148,149), NSCs (150–152), and intestinal crypt stem cells
(112,115).

Deterministic models typically incorporate external conditions to derive
kinetic data that describe the growth (and differentiation) rates of popula-
tions of cells. These models have been used to explain the ex vivo expansion
of hematopoietic cells (153). For example, Peng et al. developed a kinetic
description of single-lineage hematopoietic cell expansion based on self-
renewal responses to cytokine supplementation, the growth rates of differ-
ent progenitor cell populations, and mature cell death (154). The model is
consistent with experimental observations of cytokine-supplemented
hematopoietic cultures (154) and predicted a self-renewal probability of 0.62
to 0.73 under these conditions.

Mackey and colleagues used deterministic modeling approaches to
develop multicompartment models to reveal control mechanisms that may
be at the root of some types of hematopoietic disease (155,156). Stem cell
growth has also been mathematically described by defining cell growth in
terms of the proliferation responses of subpopulations of cells (157), in some
cases taking into account symmetric and asymmetric division by defining
differentiation as a state that is attained after a certain number of symmetric
mitotic cycles have occurred (158). Although stochastic and deterministic
models utilize different approaches, both can be applied and fit to experi-
mental data (and thus are somewhat limited in their ability to provide new
insight into the mechanisms that regulate stem cell responses).

Using ES cells as a model stem cell system, we are developing novel
models that incorporate the known variability in receptor expression
between individual cells into a deterministic cell population-based model
(136). This generalized model illustrates how quantitative variations in
ligand–receptor interactions, arising from interactions of the cell with its
microenvironment, can result in alteration in cell fate choices. Our approach
is distinct from stochastic models of stem cell differentiation control, which
typically assume that cell fate processes are random and are best described
by statistical probability distributions. This comprehensive approach, which
attempts to incorporate molecular events in the description of macroscopic
cellular behavior (i.e., ligand concentration and receptor expression to gen-
erate predictions of self-renewal) should be valuable to adult stem cell mod-
els (55,88,136).

To be useful, mathematical models should not only be consistent with the
observed data, but also be able to predict new experimental observations
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and to determine system-controlling parameters. Statistical models that aim
to analyze stem cell gene expression and to correlate such information with
stem cell hierarchy will also be useful in revealing common mechanisms
between stem cell types. We have started to explore such an approach on
clones of osteoblast progenitors to determine which genes are expressed as
they develop into mature bone. Our analysis indicated that the adult pro-
genitor cells can use several developmental routes to get to the same end
stage (142). This unexpected plasticity in the genetic paths used to generate
the same stable differentiated state may likewise be a property of multiple
stem cell systems. The modeling of highly complex molecular interactions
and gene regulatory networks has already been successfully applied to pre-
dict system behavior in intracellular signaling networks comprised of hun-
dreds of components (159–162). The application of these and other
approaches to stem cell systems should prove fruitful.

4. DEVELOPING SCALABLE STEM CELL BIOREACTORS

In addition to developing strategies to control and manipulate the cellular
microenvironment, bioengineers must devise bioprocesses to implement this
microenvironmental control at a clinically relevant scale. For some stem
cell-based applications, current bioreactors must be scaled up to industrial
size units (>10 L), and others (such as purified HSC) may require much
smaller volumes (i.e., <100 mL); each poses significant process control chal-
lenges. Bioreactors can be designed with two goals: generation of large
quantities of differentiated cells and expansion of transplantable stem cells.
The former may find their implementation in the treatment of acute disease
and injury (such as acute liver failure or burns), and the latter may be use-
ful for the treatment of chronic disorders (such as diabetes or gene therapy
for sickle cell anemia). A number of culture systems have been developed for
the production of stem cell-based therapeutics. These include stirred or
attachment-based culture techniques (163).

Stirred cultures have a number of advantages, such as scalability, culture
homogeneity, and simplicity (163). Therefore, parameters such as oxygen
tension, cytokine concentration, and serum components may be easily regu-
lated in these cultures (164–166). Stirred bioreactors have been successfully
used to culture hematopoietic (164), neural (73), and bone marrow popula-
tions capable of reading out as fibroblast and bone progenitors (MSCs) adult
stem cells (165). Suspension culture systems may also be useful for control-
ling the ratios between differentiated and undifferentiated cells during in
vitro culture. In addition, inhibitory signals, generated by the differentiated
progeny (reviewed in ref. 60) may regulate the yield of stem cells in such
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cultures. Mathematical models (167) have predicted and experiments have
confirmed (168) that the control of this differentiated subpopulation dynamic
can be used to influence culture output (168).

Despite the simplicity of stirred cultures, these cultures may not be suit-
able for all types of adult stem cells. For example, epithelial progenitor cells
may require three-dimensional (3-D) signals for expansion or directed dif-
ferentiation. In such cases, the use of culture conditions that enhance adhe-
sion-based interactions may be important. Some investigators have
combined these requirements with suspension culture systems, for example,
using simulated microgravity conditions that result in the maintenance of in
vivo-like gene expression (169) and cellular organization (170–173).

Adhesion-based cultures are typically used to create bioprocesses that
have characteristics of the in vivo microenvironment. These may involve
the use of scaffolds or beads as the templates onto which progenitor cells
grow (174) and often utilize feeder or stomal cells as delivery vehicles for
stimulatory signals (thereby overcoming the difficulties associated with
insufficient knowledge of factors that influence stem cell self-renewal and
differentiation). Bioengineering approaches for positioning anchorage-
dependent cells on surfaces with control over size and spatial arrangements
(cellular “micropatterning”; see refs. 175–178) can create a high level of
complexity in the cocultures and may be useful for the analysis of stem cell
behavior under defined conditions and geometries.

These and other microfabrication techniques (reviewed in ref. 179) may
become important tools in creating bioreactors that mimic in vivo condi-
tions. Soft lithography and photolithography techniques have become widely
available tools for biological applications (179). The particular advantage of
these techniques is evident in biological applications that require length
scales of 10 µm or greater (180).

Microfluidics may be used in combination with these techniques to con-
trol the delivery of cytokines and growth factors to cells (179). Microfluidic
systems take advantage of the laminar flow of fluids within narrow channels
(<100 µm) to allow for the formation of concentration gradients of soluble
factors and therefore allow for direct control of cell responses at length scales
that are developmentally relevant (179,181).

Microfabricated bioreactors may also be used to study and expand stem
cells under perfused conditions (182,183). Such cultures maintain differen-
tiated phenotypes of hepatocytes in vitro (183); however, their feasibility in
expanding stem cells has yet to be determined.

A critical property of ideal stem cell bioreactors is the ease of periodic
medium replacement. Replenishing medium not only eliminates nutrient and
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cytokine depletion and end product inhibition, but also allows the transient
presentation of signals specific to the differentiation stage of the cells. The
use of such signaling techniques has been particularly important in inducing
the differentiation of ES cells into hepatocytes by exposing the cells to tran-
sient conditions that mimic the embryonic development (184). Such tech-
niques may provide a valuable tool in adult stem cell therapies. Furthermore,
metabolic properties such as cell-specific glucose consumption and lactate
production increase and inhibitory factors such as medium acidification
decrease in fresh medium (185).

5. CONCLUSIONS

To utilize adult stem cells fully in cell therapy applications, understand-
ing the molecular cues that regulate their behavior is crucial. The lack of
suitable in vitro models has hindered stem cell research and limited much
experimentation to in vivo models. The challenge is to design controlled
systems that will deliver proper microenvironmental cues at optimal doses.
Bioengineering approaches, including the modeling, analysis, and manipu-
lation of microenvironmental cues, as well as the design of novel bioreactors,
should facilitate the generation of therapeutically significant amounts of
stem cells. Differentiated human tissues may provide a basis for the detailed
understanding of the molecular mechanisms that control stem cell responses.
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Stem Cells As Common Ancestors

Somatic Cell Phylogenies From
Somatic Sequence Alterations

Darryl Shibata

1. INTRODUCTION

Stem cell definitions vary and often reflect how their properties are mea-
sured (1–4). Here, it is illustrated that stem cells can also be defined phylo-
genetically as common ancestors or “mothers” of cell groups. This approach
is essentially fate mapping, but uses sequences instead of histologically vis-
ible markers to trace ancestry. An advantage of using sequences to trace
somatic cell fates is the lack of a requirement for prior experimental inter-
vention. Unlike definitions based on potential stem cell behaviors in experi-
mental settings, a phylogenetic approach reconstructs how stem cells behave
in unmanipulated intact organisms.

Sequence comparisons are commonly employed to reconstruct phylog-
eny among species, populations, and individuals (Fig. 1). Sequences
obtained from present-day organisms are analyzed to infer ancestry. Phylo-
genetic trees consist of branches and nodes, with a node representing a last
common ancestor. These trees may be complex, with multiple branches and
nodes. Moving backward in time, branch numbers become smaller as they
coalesce to more remote common ancestors. Sequence comparisons between
species eventually infer an ultimate common ancestor that existed billions
of years ago.

Somatic cells in individual metazoan organisms can be organized into
similar phylogenetic trees, with the zygote representing the ultimate somatic
cell common ancestor (Fig. 1). Early in life, these trees reflect development,
and later in life, these trees reflect aging. Developmental fates can be visibly
dissected because undifferentiated cells become increasingly numerous and
differentiated. However, microscopic fates of adult cells are more uncertain
because it is difficult to distinguish between morphologically similar cells.
Random sequence errors likely occur independently in different cells during
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aging, and these sequence difference may potentially distinguish between
the fates of otherwise morphologically identical cells.

2. DEFINITIONS

A phylogenetic approach reconstructs lineages through time and defines
“stem” cells in terms of branches and nodes that produce related or clonal
cell groups. Different types of stem cell renewal will yield different shaped
trees. Nodes or common ancestors are defined as stem cells, and branches
connecting nodes are stem cell lineages  (Fig. 2). Nodes that represent stem
cells are usually connected to present-day cells by long branches, reflecting
the persistence of stem cell lineages over time. Branch lengths are propor-
tional to number of sequence differences between cells, which should
increase with the number of divisions that separate cells from a common
ancestor or stem cell.

A phylogenetic definition of stem cells may differ from functional defini-
tions of stem cells. Instead of a physical description or isolation of a stem
cell, a phylogenetic analysis is inferential and often identifies stem cells
(such as the zygote) that no longer physically exist. Many of the stem cells
identified by sequences may not function as stem cells as defined by certain
experimental criteria. Instead of a prospective test of stem cell potential, a

Fig. 1. Phylogenetic trees. (A) A simple tree for mammals. (B) A simple tree for
somatic human cells. Phylogenetic relationships between individual cells can be
inferred by comparing sequences between somatic cells.
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phylogenetic analysis reconstructs ancestors to current cells. These remote
common ancestors fit a retrospective definition of stem cells because they
produced all the cell types of a clonal group. Of note, quiescent cells with
stem cell potentials will not be easily detected by a phylogenetic analysis
because they produce few progeny.

3. EXPERIMENTAL CONSIDERATIONS

3.1. Advantages of a Phylogenetic Approach

The primary advantage of a phylogenetic approach is that systematic stud-
ies of human stem cells are possible because no prior experimental manipu-
lations are required. Tissue histories are reconstructed from sequence
differences that inherently accumulate during life. General shapes of somatic
human cell trees are already known. For example, the last common ancestor
between two epithelial cells on different hands likely existed before birth.
Such known relationships can be used to calibrate the molecular clocks
essential for a phylogenetic analysis.

3.2. Disadvantages of a Phylogenetic Approach

The use of sequences to reconstruct the past is controversial and compli-
cated. It requires sophisticated quantitative methods that are well developed,
but poorly understood by the mathematically challenged. The studies of my
group represent one of the first attempts to apply these controversial meth-
ods to reconstruct somatic cell phylogenies (5). To appeal to a general audi-
ence, the mathematical aspects of this approach (see ref. 5 for details) are
largely ignored in this review.

Aside from general controversies over phylogenetic techniques, the pri-
mary disadvantage for somatic cell studies is the short lifetimes of many
organisms relative to the high genetic fidelity of normal cells. Somatic alter-
ations are needed to reconstruct trees, and few alterations will accumulate in
short-lived organisms. Therefore, a phylogenetic approach is most practical
for long-lived organisms like humans because, over decades, alterations may
accumulate even with low error rates.

Another general problem for phylogenetic studies is that multiple trees
are often possible with the same data. This same problem can be expected
for somatic cell trees. However, instead of relying solely on sequence data
to reconstruct somatic cell trees, sequence data may be used to distinguish
between stem cell renewal mechanisms deduced from other experimental
systems. For example, one type of tree is expected with stem cell niches,
and another very different tree is expected with immortal stem cells (Fig. 2).
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3.3. Requirements

There are three general basic experimental requirements to reconstruct
somatic stem cell lineages. The first is the ability to identify clonal cell
groups related to single common ancestors (Fig. 2). This requirement facili-
tates subsequent quantitative analysis because all sequences obtained from

Fig. 2. Stem cells as defined by phylogenetic trees. Branch lengths are propor-
tional to times between last common ancestors. All somatic cells trace their origins
to the zygote (black square). Small clonal cell groups such as single colon crypts
are maintained by multiple stem cells (black circles). The last common ancestor
between immortal stem cells is a common progenitor (gray circle) that existed
around birth. Therefore, immortal stem cells produce multiple long-lived stem cell
lineages. In contrast, the last common ancestor for niche stem cells will be more
recent because random loss with replacement will homogenize a niche. Therefore,
niche stem cells produce a single long-lived lineage. Times to a last most recent
common ancestor (gray arrows) are more recent for niches compared with immor-
tal stem cells. Note that only present-day cells (those cells on the right connected
by black lines) are visible. Ancestors (represented by gray lines) can be inferred by
comparing sequences between current cells, with greater sequence differences
expected for clonal groups maintained by immortal stem cells compared to niches.
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a clonal cell group should coalesce to a single ancestor. Niches are common
in mammals (2), and cells derived from each niche (such as a single colon
crypt) are clonal cell groups.

The second requirement is measurement of a locus that accumulates
alterations. Such a locus is often referred to as a molecular clock. Mutation
rates in normal cells are low and are estimated at about 10–9 per base per
division (6). Assuming one division per day, approx 1900 yr would be
required for a 50% probability of a mutation in a 1000-basepair sequence.
Therefore, this approach is currently impractical for sequences because age-
related somatic mutations will be extremely infrequent.

For this reason, the initial approach of my group (5) examined meth-
ylation changes in CpG-rich islands because epigenetic fidelity is likely to
be less than genetic fidelity. Methylation in mammals occurs primarily on
cytosine next to guanine, and CpG dinucleotides tend to cluster in CpG
islands (7,8). Methylation, like base sequences, exhibits somatic inheritance;
therefore, phylogenetic approaches should also apply to methylation pat-
terns (Fig. 3). The exact mechanisms responsible for de novo methylation
(adding a methyl group to an unmethylated CpG), maintenance methylation

Fig. 3. Methylation (black lollipops) is inherited. CpG sites on newly synthe-
sized DNA strands (gray) are unmethylated (open lollipops) after replication.
Hemimethylated CpG sites are methylated after DNA replication to maintain the
original epigenetic pattern. Somatic cell histories may be recorded by random epi-
genetic errors that lead to de novo methylation or demethylation.
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(adding a methyl group to a hemimethylated C after deoxyribonucleic acid
[DNA] replication), and demethylation (loss of a methyl group from a pre-
viously methylated CpG) are currently unknown (9), but in general, the same
methylation pattern is faithfully copied after DNA replication (8,10).

Methylation of certain CpG islands occurs rapidly during development
(such as with imprinting), but most CpG islands remain unmethylated
(7,8,11). However, some CpG islands become methylated in adult colons
(12,13), suggesting some methylation changes occur during normal human
aging. These epigenetic changes should record somatic cell fates. Although
methylation of CpG islands may be correlated with gene expression (8),
methylation in the studies of my group (5) is unlikely to confer changes in
selection or phenotype because these genes are not normally expressed in
colon.

Unlike histologic markers, which have only two possible states (present
or absent), multiple patterns or tags are possible with methylation markers.
Typically, 5 to 9 CpG sites are present on the molecular clock or locus of
interest (a stretch of about 150 bases within a CpG-rich sequence), and a
methylation pattern or tag is defined by the 5'-to-3' order of methylation.
For a locus with 9 CpG sites, 512 tags (2N where N = number of CpG sites)
are possible. These tags can be represented as a binary code with a methy-
lated CpG = 1, and an unmethylated CpG = 0. For example, 000000000
would be a fully unmethylated tag, and 111111111 would be a fully methy-
lated tag.

Also, unlike histologic markers, methylation tags are dynamic, changing
and recording cell fates continuously during life. Changes are postulated in
my group’s studies to occur stepwise (one at a time) and independently
between sites (Fig. 4). Distances or the amount of drift between tags can be
quantified from the absolute number of site differences between tags. For
example, the differences between tag pairs 0010 and 0100 and between 1101
and 0111 are the same and equal to 2. The rate of change inferred (5) was 2
× 10–5 changes per CpG site per division, with both methylation and
demethylation possible. Epigenetic fidelity at these CpG sites is about
10,000-fold less than genetic fidelity, allowing them to function as practical
somatic cell molecular clocks.

The final requirement is the study of adults of long-lived organisms. The
resolution of phylogenetic techniques is poor for recent events, and the study
of adults increases the differences expected for different stem cell renewal
patterns.
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4. APPLICATION TO HUMAN COLON CRYPTS

4.1. Colon Crypt Stem Cell Niches

Murine studies (1,14) demonstrated that intestinal crypts are maintained
by small numbers of stem cells located near or at crypt bases (Fig. 5). Dif-
ferentiated cells migrate upward and are lost at the surface. Turnover of
differentiated epithelial cells is rapid, and essentially all cells but stem cells
are lost within a week. Human colon crypts contain about 2000 cells, and
individual crypts can be isolated from fresh colons (15,16). These individual
crypts qualify as clonal units. Methylation patterns within these crypts (Fig. 5)
can be determined after bisulfite sequencing (17).

Sample data are illustrated in Fig. 5. To simplify the analysis, a locus on
the X chromosome called BGN was examined in a male individual. With
only one X chromosome per cell, each tag represents a single cell. In this
case, 24 methylation tags were randomly sampled from each crypt. There
are multiple different tags in each crypt, and tags are similar within each
crypt and different between crypts. The process of aging can be examined
by collecting tags from multiple crypts from multiple individuals of differ-
ent ages.

The short lifetimes of differentiated crypt cells (about a week) relative to
methylation fidelity (2 × 10–5 per division) imply that most methylation dif-
ferences represent changes acquired in the long-lived stem cells. Methyla-

Fig. 4. Methylation tags can be represented by a binary code (0 = unmethylated,
and 1 = methylated) based on the 5'-to-3' order of CpG sites. A tag with two CpG
sites is illustrated. Changes are postulated to be independent between CpG sites and
usually occur stepwise (one change per tag per division) because error rates are low
(estimated at 2 × 10–5 per division per site). Unlike histologic markers, methylation
tags have multiple states, change continuously, and require no prior experimental
manipulations. More complex changes (which store more information) are possible
with tags containing more of CpG sites.
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tion changes do not appear to arise frequently during epithelial cell matura-
tion because tags are similar when sampled from either the upper or the
lower portions of crypts (5). Therefore, and similar to histologic markers,
although most crypt genomes come from differentiated cells, they essen-
tially represent the status of stem cells. Intracrypt methylation tag differ-
ences therefore are proportional to numbers of divisions because current
stem cells shared a common ancestor.

Possible models for crypt stem cells are immortal stem cells, which
always divide asymmetrically, and a niche with a population-type mecha-
nism (1–4,18). These two models yield very different trees, with multiple
long branches with immortal stem cells and a single long branch with a niche
(Fig. 2). Immortal stem cells should persist for the lifetime of an individual;
therefore, tags within a crypt should become increasingly different with age.
In contrast, stem cell loss with replacement occurs in niches. Similar to stud-

Fig. 5. Colon crypts are maintained by multiple stem cells present at or near
their bases. Individual crypts can be isolated, and methylation tags can be sampled
after bisulfite treatment, polymerase chain reaction (PCR), cloning of PCR prod-
ucts, and sequencing of individual PCR clones. In this way, methylation tags are
digital representations of crypt structures and histories. Comparisons of tags
between and within crypts can recreate phylogenetic trees.
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ies using histologically visible markers (1,4), eventually tissues maintained
by niches become homogeneous for a single methylation tag because all
other stem cells are lost. This replacement creates a new common crypt ances-
tor, which is represented phylogenetically by propagation along a single
branch and a new node. Unlike histologic markers, methylation tags can
record multiple crypt niche replacement cycles because replacement to ho-
mogeneity is counteracted by further tag drift.

Tag patterns collected from multiple individuals and crypts are complex,
reflecting stochastic changes in methylation and, for crypt niches, stochastic
stem cell loss with replacement. A quantitative approach, however, can
interpret tag patterns to exclude certain crypt scenarios. Tag patterns
expected with either immortal stem cells or crypt niches can be determined
by computer simulation. Tag patterns such as in Fig. 5 are more consistent
with crypt niches maintained by multiple stem cells (5). The exact numbers
of stem cells in human crypt niches are uncertain, with between 4 and 512
stem cells possible with the data of my group. One possible scenario consis-
tent with murine studies are niches maintained by 64 stem cells, with asym-
metric divisions 95% of the time and symmetric divisions 5% of the time
(Fig. 6). Under this scenario, crypt niche replacement to a single, new com-
mon ancestor recurs on average every 8.2 yr (95% confidence intervals of
2.7 to 19 yr).

Differences between the 100% asymmetric division of immortal stem
cells and the 95% asymmetric divisions of crypt stem cell niches are rela-

Fig. 6. A 64-stem-cell human colon crypt niche scenario consistent with a
methylation tag analysis. Asymmetric division occurs 95% of the time, and sym-
metric division occurs 5% of the time. Symmetric division eventually homogenizes
a niche such that all crypt cells are related to a new, more recent common ancestor.
A new common crypt ancestor arises in this scenario about every 8.2 yr. Niches
with between 4 and 512 stem cells and different percentages of symmetric division
are also consistent with observed methylation tags.
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tively small and would be difficult to detect with short observation periods.
However, differences become readily apparent over the decades recorded
by methylation changes in adult colons. For example, niche succession to a
single common ancestor has recurred on average 10 times for each crypt in
an 82-yr-old colon.

4.2. Stability of Crypt Niches

The turnover of stem cells in niches implies the physical stability of a
niche depends not on the stem cells, but rather on the cells that define such
niches. Crypts may divide by fission (19) and, possibly like their stem cells,
crypt niches may also be continuously created and destroyed. Relationships
between normal crypts are difficult to define based on physical criteria
because they are morphologically alike. One approach to determine whether
crypts are continuously created is to measure whether methylation patterns
are alike in physically adjacent crypts. Similar to crypt stem cell trees (Fig.
2), if crypt niches are immortal, then adjacent crypts should have very dif-
ferent methylation patterns. In contrast, more closely related methylation
patterns are expected if crypt niches continuously divide because adjacent
crypts should be recently related.

Preliminary data suggest crypt niches are long-lived because physically
adjacent crypts are no more related to each other than crypts taken more
than 15 cm apart in the same colon (ref. 5 and unpublished data). In other
words, the most recent common ancestor between two crypts is older than
the most recent common stem cell ancestor within a crypt. The lack of
methylation tag similarity between physically adjacent adult crypts suggests
crypt fission has not occurred recently, or that crypts migrate after fission.
Normal human colon appears to become mosaic with respect to methyla-
tion, and each adult crypt may eventually attain methylation patterns com-
pletely distinct from millions of other crypts.

4.3. Crypt Evolution (Muller’s Ratchet)

Continuous crypt niche succession cycles have interesting implications
for stem cell evolution. Stem cells are likely targets for neoplastic transfor-
mation, and tumor progression is usually associated with a selective advan-
tage and visible clonal succession (20,21). However, a stem cell niche is
also synonymous with clonal succession except that it occurs invisibly with-
out a change in phenotype and is not driven by mutation. This natural niche
rhythm provides a mechanism other than selection to accumulate alterations
passively through sequential clonal successions because the genotype of the
dominant stem cell becomes the genotype of the crypt. Instead of driving
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clonal succession, early alterations, including those critical to tumorigen-
esis that do not yet confer growth advantages in normal-appearing cells,
may passively hitchhike to clonal dominance along with these niche succes-
sion cycles.

For example, cells heterozygous for an APC mutation (APC+/–) are phe-
notypically normal. By niche succession, a single APC+/– stem cell could
attain dominance and convert a niche into a tumor-prone familial polyposis-
type crypt. In this case, the APC mutation hitchhiked to dominance rather
conferring a growth advantage.

Crypts could become increasing “fit” if less-fit stem cells are lost during
niche succession cycles. However, how alterations accumulate in small
populations has been long examined by population biologists, and a some-
what intuitively opposite conclusion is that, despite selection, fitness usu-
ally decreases over time without sex. Most mutations are deleterious, and
one benefit of sex may be to reduce mutation burden. A niche with its small
and finite asexual population size would be prone to Muller’s ratchet (22).

Muller proposed that an asexual population inevitably accumulates del-
eterious mutations because of a ratchetlike irreversible loss of individuals
with fewer mutations (22–25). Muller’s ratchet is exacerbated in small popu-
lations (25) because selection effects (positive or negative) on fixation are
decreased relative to drift (defined as random sampling in a finite popula-
tion). Niches decrease the onerous requirement that each new mutation
associated with tumor progression confers a selective growth advantage and
potentially fix even deleterious alterations that only later contribute to a
tumor phenotype. The physical partition of stem cells into small niches may
overall decrease the risk of cancer (20) because of the fitness decline pre-
dicted by Muller’s ratchet, although asexual populations sometimes become
more fit (26).

5. IMPLICATIONS AND LIMITATIONS

The finding that crypt niches maintain human colon crypts is not surpris-
ing considering murine studies (1–4,14,18) and limited human observations
(27). However, because prior experimental manipulations are not required
for methylation studies, the phylogenetic studies of my group suggest crypt
niches are not artifacts of experimental manipulations, and crypt niche
replacement recurs continuously throughout life. Unlike the turnover of
niche stem cells, most crypt niches appear to persist the lifetime of an indi-
vidual. Although some stem cells may undergo a limited number of divi-
sions to preserve their replicative potential and reduce the accumulation of
mutations (1–3), our analysis suggested crypt niche stem cells normally rep-
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licate daily. A lower stem cell mitotic rate would imply a higher methyla-
tion error rate, and further studies to characterize epigenetic replication
fidelity in adult somatic cells could yield better estimates of stem cell divi-
sion rates.

A limitation of my group’s phylogenetic approach is that much is
unknown about how methylation tags change through time (28). Only a
small subset of CpG islands exhibits the age-related methylation (12,13)
that allows them to function as molecular clocks. The methylation tags do
not fit any single model exactly, and it is possible that much more compli-
cated stem cell behaviors are present. Exact crypt parameters, such as the
number of stem cells per niche, are also uncertain, and more precise charac-
terization may be difficult. Potentially, stem cell numbers may be variable
between crypts or within a single crypt over time. Nevertheless, phyloge-
netic approaches represent practical experimental alternatives for the sys-
tematic examinations of adult human tissues. Although quantitative
approaches based on passive observations cannot verify if a given stem cell
scenario is correct, some scenarios will be rendered very unlikely. Organiz-
ing somatic adult cells into phylogenetic trees represents another approach
to classify and characterize human aging and disease.
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