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Abstract
The ability of embryos to diversify and of some adult tissues to regenerate throughout life is directly
attributable to stem cells. These cells have the capacity to self-renew—that is, to divide and to create
additional stem cells—and to differentiate along a specific lineage. The differentiation of pluripotent
embryonic stem cells along specific cell lineages has been used to understand the molecular
mechanisms involved in tissue development. The often endless capacity of embryonic stem cells to
generate differentiated cell types positions the field of stem cells at the nexus between developmental
biologists, who are fascinated by the properties of these cells, and clinicians, who are excited about
the prospects of bringing stem cells from bench to bedside to treat degenerative disorders and injuries
for which there are currently no cures. Here we highlight the importance of mice in stem cell biology
and in bringing the world one step closer to seeing these cells brought to fruition in modern medicine.

Embryonic stem cells as a source for cell replacement therapy
Mouse embryonic stem cells (ESCs) were first isolated by in vitro culture of cells isolated from
the inner cell mass (ICM) of early embryos or blastocysts1,2 (Fig. 1). Under the appropriate
culture conditions, ESCs can proliferate indefinitely while retaining the ability to differentiate
into all types of somatic cell (Fig. 2). When cultured ESCs are introduced into the ICM of
mouse embryos, which are then transferred into the uterine duct of a foster mother mouse, the
resulting offspring have chimeric tissues and organs composed of cells that derive partly from
ESCs and partly from the ICM. Because ESC-derived germ cells are also present in the chimeric
founder mice, this is a powerful approach for introducing specific genetic changes into the
mouse germ line3.

In the current era of ‘regenerative medicine’, scientists are now focused on optimizing the
culture conditions necessary to coax cultured ESCs to differentiate into specific cell types such
as cardiac, neural or endocrine lineages (Fig. 2). If a desired cell type can be produced en
masse as a pure population in vitro, the cells can be tested for their potential to repopulate and
to repair damaged or degenerating tissues. Emerging results from mouse models using lineage-
specific cells generated from ESCs are promising and suggest that ESC-based cell replacement
therapy might be applicable to treating human degenerative diseases associated with a loss or
diminished pool of a particular cell type.

The potential for stem cell therapy extends to many disorders, including myocardial
infarction4, Parkinson disease5, myelin disease6 and liver failure7 (Fig. 2). Many of the mouse
studies involving regeneration therapy using ESC-derived cells are at a preliminary stage, and
in most cases, the potential for long-term survival of the mice or for complicating side effects
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has not been analyzed in detail. But the successes achieved so far are inspiring and suggest that
technologies pertaining to ESC-based regenerative therapies could be useful in a clinical
setting.

Somatic cell nuclear transfer
One of the greatest challenges in harnessing the clinical potential of ESCs is to remove
immunological barriers to the transplantation of tissues derived from human ESCs. The use of
genomic replacement, known as somatic cell nuclear transfer, offers a possible solution to
immune rejection of tissue-specific cell populations derived from the differentiation of foreign
ESCs. Reprogrammed somatic cell therapy, called therapeutic cloning, uses this technology to
introduce the nucleus of an adult donor cell (e.g., that of a B or T lymphocyte8) into an
enucleated host ESC to generate a hybrid ESC line. Now tailored to be genetically matched to
the donor, this ESC line can be differentiated into a selected cell type and used in regenerative
transplantation to treat the affected individual. One concern is that the mitochondrial genome
will still be derived from the initial ESC line, and so ‘foreign’ mitochondrial proteins will be
made by these cells. Mouse studies will be useful to explore in greater detail the extent to which
these foreign proteins could trigger an immune reaction. Such studies will be a prerequisite to
applying this technology to human medicine.

These caveats aside, how well does the technology of nuclear transfer work? So far, most
studies have centered on nuclear transfer from somatic cells to mouse eggs. This method
produces hybrid ESCs called nuclear transfer ESCs (ntESCs), which are then introduced into
the ICM of a host blastocyst to generate a ‘cloned’ mouse rather than being used for
differentiation and regenerative therapy. Cloned mice have been generated by this approach,
indicating that the necessary technical manipulations can be done without damaging the ability
of the ntESCs to generate all the tissues and organs of the mouse9. What have the mouse models
told us so far about the promises versus the pitfalls?

In a particularly creative example, Rideout et al.10 combined therapeutic cloning with gene
therapy to correct a genetic defect in the immune system (Fig. 3). In this approach, nuclear
transfer was first used to generate ntESCs that carried a mutation in the gene encoding the Rag2
recombinase, which is necessary for B- and T-cell development. Homologous recombination
was then used to correct the defect in Rag2 in the cultured ntESCs. After their repair, the ntESCs
were used to generate mice, which showed a complete restoration of immune function. Perhaps
even more important for therapeutic cloning, the repaired ESCs were differentiated in culture
to make hematopoietic stem cells (HSCs), which were then shown to rescue, at least partially,
irradiated Rag2−/− mice10. This work represents a proof of principle for using somatic cell
nuclear transfer therapy to treat a genetic disorder. Unexpectedly, however, the initial attempts
at engraftment with these cells failed owing to an increase in natural killer cells. In this regard,
more promising results have been obtained with the differentiation of ntESCs into a defined
cell type that does not have the multiplicity of options imparted to stem cells, including HSCs.
For example, the transplantation of ntESC-derived dopaminergic neurons seems to correct the
phenotype of a mouse model of Parkinson disease11.

In the future, it will be important to produce pluripotent ntESCs from the nuclei of individuals
affected with different human genetic disorders and to use these pluripotent lines to study the
development and pathogenesis of these diseases in vitro. Eleven human ESC lines were recently
established by the nuclear transfer of skin cells obtained from individuals with disease or injury
into donated oocytes12. In addition, recent studies suggest that human ESCs fused to somatic
fibroblasts can reprogram the fibroblast nuclei and render the cells pluripotent13.
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Adult stem cells from bench to bedside
Most, if not all, adult tissues set aside reservoirs of stem cells for replenishing cells that are
lost in either tissue injury or homeostasis. Every time a mild wound is incurred, adult stem
cells (ASCs) are called into action: hair follicle stem cells repair the damaged epidermis and
hair follicles, and HSCs replenish the lost blood. ASCs are used sparingly and are generally
tucked away in protected niches, where they exist as quiescent, undifferentiated and under-
represented components of a tissue14. The isolation and characterization of ASCs pose
challenges not only because of their minority status, but also because of the paucity of defining
cell-surface markers.

The first multipotent ASCs to be purified and characterized were HSCs located in the bone
marrow of mice15. These ASCs can reconstitute the hematolymphoid system of lethally
irradiated mice16. The presence of HSCs in the bone marrow of both mice and humans has
established the use of bone marrow transplants as a therapy to treat individuals with aplastic
anemia, leukemias17, solid tumors, immune deficiency and hemoglobin disorders.

In subsequent years, other candidate ASCs have been defined only provisionally by their
anatomical characteristics and slow-cycling properties. These candidates include muscle
satellite cells, which are present beneath the basal lamina of mature muscle fibers18; skin
epithelial stem cells, which are found below the sebaceous gland in the hair follicle in a region
known as ‘the bulge’19; intestinal stem cells located near the base of the intestinal crypts20;
cardiac stem cells21,22; neural crest stem cells23,24; and bronchioalveolar stem cells in the
lung25.

ASCs provide the potential for correcting defective tissues and organs by autologous therapies,
which eliminate the risk of graft rejection. Similar to the ESC-based strategies outlined above,
there are numerous mouse models of disease showing that, after ex vivo genetic modification,
autologous HSCs can restore a specific defect in a hematopoietic lineage. Such studies have
been important in developing and improving methods to treat various human hematological
disorders including cancers (Fig. 1).

Another therapeutic option for some diseases is the introduction and expression of recombinant
genes in somatic cells (i.e., gene therapy) by using viral and nonviral vectors. Among the
longest and most widely publicized trials are those directed towards children suffering from
severe combined immunodeficiencies in which T-cell differentiation is arrested26. There are
ten genetically distinct types of severe combined immunodeficiency, all of which lead to early
death in the absence of therapy. The preliminary results of gene therapy using allogenic HSCs
seemed very promising because many individuals responded well. Subsequently, however, 3
individuals from a trial of ∼13 treated developed T-cell leukemia. A chief risk associated with
retrovirus-mediated gene transfer is the random insertion of retrovirus into proto-oncogenes
of the genome. Indeed, the leukemic cells isolated from the affected individuals contained a
viral insertion near an oncogene that is known to be activated by chromosomal
translocation27.

Concomitant with the development of HSCs for treating immunodeficiency disorders came
the development of epidermal stem cells for treating severely burned individuals28. In studies
preceding human trials, immunocompromised mice were used as surrogates for cultured
epidermal cell grafts, which produced and sustained a healthy patch of human epidermis.
Although the skin generated from cultured epidermal grafts does not sweat or produce hair, it
does save the lives of individuals with burns and is still in use in many countries.

After nearly two decades of further extensive studies on mice, researchers recently developed
methods to isolate and to characterize multi-potent stem cells from the hair follicle29-31. One
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strategy has been to isolate stem cells on the basis of their slow-cycling characteristics and
their expression of a fluorescently tagged transgene31. To generate a universal model for
isolating infrequently cycling cells, a transgenic mouse has been engineered in which
expression of histone H2B tagged with green fluorescent protein (GFP) is placed under the
control of a tetracycline-responsive regulatory element (TRE). This mouse can be mated to
any transgenic mouse expressing a TRE-binding transcriptional repressor (tetracycline-off)
under the control of any cell type–specific promoter. To test the model, the keratin-5 promoter
was used to target tetracycline-off to keratinocytes of the skin and other stratified epithelial
tissues31. By administering doxycycline to the mice through their diet, H2B-GFP expression
was shut off such that after 4–8 weeks only the infrequently cycling stem cells retained the
label. Fluorescence-activated cell sorting was then used to isolate the stem cells.

For situations where little is known about ASCs of a tissue and, in particular, where diagnostic
cell-surface markers have not been identified, the TRE-H2B-GFP mouse model might be useful
if a suitable promoter to drive tetracycline-off is available. Identifying, purifying and
monitoring the slow-cycling, label-retaining cells would enable an investigation of the extent
to which the cells might be stem cells. In engraftment experiments, keratinocytes cultured from
a single follicle stem cell can generate a patch of fluorescent epidermis, sebaceous glands and
hairs on an otherwise nude athymic mouse29. Although it is far too early to judge whether the
technology for restoring hair on the back of a nude mouse will translate into a clinical treatment
for human hair disorders, the ability to determine the transcriptional profile of these cells paves
the way for elucidating the mechanisms by which the epithelial stem cells of the skin can
respond to external cues to induce a new round of hair growth.

The successes in translating ASCs to the clinic have intensified the search for ASCs in other
tissues. This interest has been sparked, in part, by the ethical controversies surrounding the
potential use of ESCs in therapies for human diseases. When it comes to treating a disorder of
a defined cell type, however, the corresponding ASC can be useful because of its more restricted
potential, providing that it can be cultured in vitro and coaxed to follow a particular lineage.
Although very few ASCs have been successfully propagated in vitro, the availability of the
transcriptional profiles of many ASCs has identified their repertoire of cell-surface receptors,
which may help to improve culture conditions in the future.

What other ASCs are on the horizon? Multipotent cells in nerve tissue from adult mouse brain
have been purified and can divide and give rise to both neurons and glial cells in culture24,
32. In addition, transplantation of enriched neural populations has shown clinical utility in
treating monocellular neurological disorders such as Parkinson disease, which is caused by the
degradation of dopaminergic neurons in the striatum33. The survival rate of grafted
dopaminergic neurons derived from the expanded precursor is low (3–5%), however, which
suggests that improved cell survival is needed after grafting.

The pancreas shows limited cell turnover, and an endogenous source of stem cells has been
proposed to regenerate pancreatic insulin-secreting cells34. The pancreas contains insulin-
secreting islets that modulate glucose levels in humans and are destroyed by autoimmune attack
in type 1 diabetes. Because the replenishment of pancreatic β-cell populations is accompanied
by endogenous insulin secretion, the isolation of pancreatic stem cells that can produce new
β-cells could lead to a cure for type 1 diabetes. Recent work shows in mice, however, that pre-
existing β-cells rather than multipotent stem cells are the principal source of new β-cells in
adult life and after pancreatectomy35. This work suggests that differentiated cells of a tissue
may retain proliferative capacity in vivo.

Skeletal muscle provides an interesting example for biologists who traditionally seek out stem
cells in a particular niche or reservoir. The mitotically quiescent myogenic precursors are called
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satellite stem cells. Although satellite stem cells have received considerable attention for their
scope in treating individuals affected with Duchenne muscular dystrophy, the functional
properties of these muscle-derived stem cells remain unclear. A clonal population of muscle
progenitor cells has been identified and, after intramuscular or intravenous injection, results in
muscle regeneration and partial restoration of dystrophin in mdx mice, a model of Duchenne
muscular dystrophy36. After intra-arterial injection, isolated muscle progenitors seem to
engraft dystrophic mouse muscle and to participate in regeneration after muscle damage37,
38. Whether any of these cultured cells represent a pure stem cell pool remains unclear;
nevertheless, myogenic cell lines may be useful as a source of myogenic progenitors for direct
or systemic transplantation.

Analyzing the properties of putative stem cell genes
With the advent of gene array technology, the molecular characterization of stem cells has
taken a leap forward, providing comprehensive snapshots of the transcriptional profiles of these
cells. This progress has prompted researchers to address some fundamental questions about
stem cell biology. Are certain features common to all stem cells? How do ASCs differ from
ESCs? What are the molecular mechanisms that control the quiescence state of stem cells and
their ability to undergo self-renewal? And how are stem cells activated in their conversion from
a quiescent, multipotent cell to a committed cell that transiently divides and differentiates along
a particular lineage?

Two main challenges confront researchers trying to harness the transcriptional repertoire of
multipotent stem cells. The first is devising strategies for isolating and purifying these minority
components of a tissue; the second is choosing what to compare these cells with. In early studies
of this kind, Ivanova et al.39 used cell-surface markers and fluorescence-activated cell sorting
to isolate and to determine the transcriptional profile of HSCs and their early committed
transient amplifying progeny. Ramalho-Santos et al.40 used similar methods to isolate HSCs
but compared their transcriptional profiles to that of whole bone marrow. Despite reproducible
array data for the HSCs, the list of what constitutes HSC ‘stemness’ differed markedly in the
two studies. One group defined genes that were upregulated in HSCs relative to the whole
heterogeneous tissue surrounding the cells, whereas the other defined genes whose expression
altered as HSCs changed their properties and embarked on a lineage. Both types of comparison
are useful, but they yield very different information.

As an ever-increasing number of stem cells and their progeny are being isolated and profiled,
detailed expression data are accumulating at a rapid rate. Scientists have begun to reap the
benefits of these molecular signatures by probing more deeply into the mechanisms by which
stem cells are maintained in their niches in quiescent and differentiation-inhibited states and
how they become mobilized as they exit their niches and select a particular lineage.

Many examples show how molecular markers, sometimes coupled with transgenic and
knockout mouse models, have offered glimpses into the mechanisms underlying the
maintenance and self-renewal of stem cells. Hoxb4, for example, is a homeodomain-containing
transcription factor that has surfaced in several different arrays. Hoxb4 extends viability and
proliferation when overexpressed in mouse HSCs41, which in turn yield improved efficiency
of rescue when transplanted into HSC-depleted mice. Another example is Bmi-1, a member
of the chromatin-regulating Polycomb complex, which is required for generating self-renewing
adult HSCs42 and for the self-renewal of neural stem cells43.

Equally as important as chromatin remodeling factors in stem cell governance are the signal
transduction pathways involved. Wnt signaling has surfaced as a universal regulator of stem
cells, but exactly how Wnts act on stem cells remains a matter of intense debate44. Cells
respond to canonical Wnt signaling by stabilizing excess β-catenin that is not used in cell-cell
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adhesion. This stabilized β-catenin is then free to associate with, and to act as a transcriptional
cofactor for, members of the Lef1 or Tcf family of DNA-binding proteins. Transgenic
overexpression of a constitutively stabilized version of β-catenin in skin epidermis yields de
novo hair follicle morphogenesis, a feature that is characteristic of multipotent embryonic skin
stem cells but not of adult epidermis45. Slightly lower levels of Wnt signaling leads to ASC
activation of existing hair follicles46. Conversely, loss-of-function mutations in β-catenin
completely block hair follicle formation47. In the intestine, loss of the β-catenin partner Tcf4
blocks tissue formation48.

In the nervous system transgenic overexpression of β-catenin results in enlarged brains and
expansion of the precursor population49, whereas in neural crest stem cells stabilized β-catenin
has little effect on the population size and instead regulates fate decisions50. In bone marrow
progenitors, inactivation of β-catenin in vivo does not seem to impair the ability of these cells
to self-renew and to reconstitute hematopoietic lineages51. But overexpression of β-catenin in
cultured descendents from isolated HSCs promotes the proliferation of these cells, which, when
injected into the blood of lethally irradiated mice, at least sustain the production of myeloid,
B- and T-cell lineages52.

While researchers are sifting through the mechanisms underlying Wnt signaling in stem cell
biology, so too are they exploring how other pathways may act in concert to integrate stem cell
biology. Similar to Wnt signaling, Notch and bone morphogenetic protein signaling seem to
have pleiotropic effects on stem cells and their lineages, and these effects seem to differ for
distinct stem cells53. Whether these factors operate at the level of stem cell self-renewal, stem
cell activation, or transient amplifying cell proliferation or differentiation remains unclear. For
example, tissue impairment observed in mouse knockout models could arise either from a
defect in stem cells or from the failure of transient amplifying cell progeny to proliferate.
Similarly, the effects of a signaling factor on the proliferation of cultured stem cells could be
either a sign of enhanced proliferation of transient amplifying cell progeny within the culture
or an indication of self-renewal of stem cells. As future studies are carried out, it should become
apparent whether stem cells are maintained and propagated by a common set of regulatory
pathways and molecular principles, or whether the seemingly opposing effects of signaling
molecules on the behavior of different cells is a reflection of the diversity of ASCs.

Stem cells at home
In adult tissues, multipotent stem cells are often tucked away in protected places or niches. The
most protected niche is the bone marrow, which is the location of HSCs. The skin can be
microdissected into units in which every hair follicle has a tiny niche (the bulge) of stem cells,
which are responsible for generating a new hair during the hair cycle and for replenishing the
cells of the sebaceous gland and the epidermis on injury54. Similarly, the intestine is composed
of hundreds of units each containing a villus and a crypt, and the stem cells are located in a
ring just above the base of the crypt. The stem cells in each crypt are responsible for generating
the four lineages of absorptive and secretory cells that constitute the crypt and villus20. In the
adult central nervous system, the stem cells are located in the subventricular zone, where they
can generate glia and neurons24.

The importance of the niche is best exemplified by experiments in which the fate of ESCs is
monitored after their subcutaneous injection into immunodeficient nude mice. When placed
into a foreign environment of surrounding in vivo tissue, ESCs form benign teratomas that
contain a multiplicity of cell types55. This study shows the importance of an appropriate
microenvironment of specific intercellular interactions and cellular organization.

Most stem cells commit to differentiate along specific lineages when they leave their niche.
HSCs seem to be an exception because they can circulate through the bloodstream and find
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their way back home relatively unscathed in a process called homing56. Experiments using
genetically marked CD45.1 and CD45.2 parabiotic mice, which share a common circulation,
have been done to study the migration of HSCs from the bone marrow though the blood57.
The results show that HSCs detectable in the peripheral blood have migrated out of their niche,
leading to the possibility that blood-borne HSCs may be a source of pluripotent or multipotent
stem cells available for the repair of both nonhematopoietic and hematopoietic tissues57.

Because stem cells depend on their surrounding environment to maintain their stem cell
properties, the development of the niche is crucial14. Inside the niche, stem cells typically
maintain a growth- and differentiation-inhibited environment. Every time a stem cell is
prompted to exit the niche, it must be replenished, presumably by self-renewal. Conversely,
for a stem cell to leave the niche and follow a particular lineage, its microenvironment must
change or accumulate or lose essential factors that otherwise keep it in its niche.

Genetic studies on germ cells in Drosophila melanogaster provide the best picture of how this
change might happen58. Although research into mammalian niches lags behind, the recent
characterization and genetic manipulation of mouse ASCs and their niches have led to advances
in our understanding of what constitutes this environment in mammalian stem cell biology.
Such studies have also given insights into how key signaling pathways orchestrate stem cell
behavior.

Among the more intriguing advances in this field are explorations into the depths of the HSC
bone marrow niche that is lined with spatially oriented osteoblasts. As HSCs progressively
mature, they lose contact with these neighboring stromal cells, become more proliferative, head
toward the central bone marrow cavity and traverse into the blood vessels. When mice are
genetically altered to increase the osteoblast population in the inner surface of bone, HSC
numbers rise concomitantly and the ability of these new HSCs to retain their slow-cycling
properties seems to rely on their capacity to adhere directly to osteoblasts through N-cadherin–
mediated adherens junctions59. These studies have identified a crucial role for osteoblasts in
maintaining the long-lived, most valuable HSCs. Evidence also shows that at least some HSCs
contact blood vessel sinusoidal endothelium in the bone marrow, which may explain why HSCs
can be mobilized into the circulation with very rapid kinetics60. Notably, embryonic skin stem
cells have recently been shown to use adherens junctions in controlling asymmetric cell
division, which may have broad implications for stem cells61.

In conclusion, the characterization and manipulation of stem cells in mice have led to a wide
range of clinical applications and promising avenues for future research. In bringing this
powerful technology from the realm of mouse models to the clinical setting, scientists
worldwide will need to develop guidelines that balance moral and ethical concerns with
benefits to therapeutic medicine. In so doing, the onus is on scientists to communicate
effectively and to convince the public of the importance of moving forward.
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Figure 1.
Time line of principal discoveries in mouse stem cell research. Shown are many important
discoveries made in the past 50 years as researchers have used mice as model systems for
setting the foundations of stem cell biology. This work has been fundamentally important in
bringing stem cell research to a clinical setting. LT-HSC, long-term HSC; SCID-Hu, severe
combined immunodeficiency human.
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Figure 2.
Coaxing ESCs down selective lineages for therapeutic application to injuries and degenerative
disorders. Zygotes and their early cell divisions up to the morula stage are defined as totipotent
because they can generate the whole mouse. At the blastocyst stage, only the cells of the ICM
retain the capacity to generate all three primary germ layers (ectoderm, mesoderm and
endoderm) that develop into the organs and tissues of the body. The ESCs cultured from the
ICM of a blastocyst can be differentiated in vitro as embryoid bodies. Given the proper
combination of growth factors, these embryoid bodies can differentiate into diverse types of
cell. The resulting ESC-derived, differentiated mouse cells have been used in transplantation
experiments in rodent models for injuries and degenerative disorders. BMP4, bone
morphogenetic protein 4; Db-CAMP, dibutyryl cyclic AMP; EGF, epidermal growth factor;
EPO, erythropoietin; FGF2, fibroblast growth factor 2; IL, interleukin; M-CSF, macrophage
colony-stimulating factor; PDGF, platelet-derived growth factor; RA, retinoic acid; T3,
triiodothyronine.
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Figure 3.
Gene therapy combined with therapeutic cloning. Experimental scheme of Rideout et al.10,
who used ESC technology and gene therapy to correct genetic defects in the hematopoietic
system. Cell cultures are first made from tail tips of immunodeficient mice that are homozygous
with respect to a knockout mutation in Rag2. Nuclei from these cells are then transferred into
enucleated oocytes isolated from a normal mouse. The resulting hybrid cells are cultured and
introduced into the ICM of mouse blastocysts to generate Rag2−/− ESCs or ntESCs. The
Rag2 genetic mutation is then corrected by homologous recombination, and the manipulated
ntESCs are differentiated in vitro first into embryoid bodies (EBs) and then into hematopoietic
precursor cells, which are subsequently reintroduced into the original Rag2−/− mice to cure
them.
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