
Abstract. Embryonic stem cells provide an in vitro model
for developmental biologists to study cell fate decisions
during ontogenesis, while somatic stem cells allow phys-
iologists to understand tissue homeostasis in the adult.
The behavior of stem cells is dependent on an intimate re-
lationship with a supportive niche. This brief review high-
lights some of the most important recent trends in stem
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cell biology, focusing in particular on the supportive
microenvironments for both embryonic and adult stem
cells. Known intrinsic and extrinsic molecular players
from the best-characterized stem cell types are summa-
rized, illuminating a number of shared environmental
cues among tissues originating from all three embryonic
germ layers.

Keywords. Embryonic stem cell, somatic stem cell, niche, asymmetric division, self-renewal, differentiation, regen-
erative medicine.

During the past decade, stem cells have gained promi-
nence as invaluable tools for research and as a promising
resource for cell replacement therapies. The history of
somatic stem cell biology traces back over 50 years, and
mouse embryonic stem cells have been exploited for half
that time. However, it was the report by Thomson and
colleagues in 1998 on the isolation of human embryonic
stem cells (hESCs) together with striking but controver-
sial reports on somatic stem cell plasticity that energized
the field and started scientists imagining broader clinical
applications for a novel discipline called regenerative
medicine. Ultimately realizing the significant promise of
stem cells for cell replacement therapies will require a
deeper understanding of the molecular mechanisms that
regulate stem cell fates. The pace of discovery is accel-
erating, and during the recent past progress has been
made on several key questions relating to the instructive
influences of the stem cell niche, as well as cell-intrinsic

factors governing the decision of stem cells to either self-
renew or differentiate. In this brief review, we highlight
several of the most interesting recent trends regarding
stem cells and their microenvironment.

Stem cell fate: replication versus differentiation

The most robust and regenerative stem cells are defined
by their ability to permanently reconstitute full tissues
from a single cell. The ability to replenish a tissue re-
quires the stem cell to undergo one or more of three types
of mitotic divisions: (i) replicating division, where both
daughters retain stem cell properties, (ii) differentiating
division, where replication causes both daughter cells to
commit further down the lineage, and (iii) self-renewal
or asymmetric division, where one daughter cell retains
stem cell properties and the other one differentiates. It is
the intrinsic ability to perform asymmetric divisions that
is unique to stem cells in the adult.
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According to their origins and developmental plasticity,
stem cells can be classified into two major categories
with contrasting properties: embryonic stem cells (ESCs)
and somatic stem cells (SSCs). ESCs are isolated from
the inner cell mass of the blastocyst and are pluripotent,
meaning that they have the developmental versatility to
regenerate all tissues in the adult body, as can be demon-
strated when labeled ESCs are returned to the developing
blastocyst and shown to contribute to formation of all tis-
sues, including the germ line. Many of the cell types con-
stituting such tissues have been generated in small quan-
tities from mouse and human ESCs through specific dif-
ferentiation protocols in vitro, and these efforts represent
much of the current research focus of scientists working
in the stem cell field. In contrast to ESCs, SSCs can pro-
duce a limited but diverse set of cell types, typically those
contained only in the tissue they generate. SSCs in the
adult are responsible for the lifelong homeostatic mainte-
nance of tissue mass, and tissue repair after injury. SSCs
have been identified in numerous tissues in the adult
mammal, namely the central nervous system, epidermis,
mammary gland, muscle, bone marrow, intestinal epithe-
lium and gonads. Stem cells have also been postulated for
tissues like the heart [1], lung [2], and prostate [3]. How-
ever, the extent of cell turnover and the rather limited re-
generative response to injury of these tissues has hin-
dered the ability to confirm the existence of their tissue-
specific stem cells, highlighting the dramatic difference
in proliferative potential of SSCs from different organs.
Furthermore, not all somatic tissues appear to harbor
SSCs, and not all critical cell types in the adult may re-
generate effectively from stem cell pools in vivo. The in-
sulin-producing beta cells of the pancreatic islets, which
are destroyed in the course of type I diabetes mellitus,
have recently been shown to regenerate only through mi-
tosis of pre-existing beta cells in the mouse, and as such,
do not appear to be replenished from adult SSCs [4]. An
alternative view has been provided by Gershengorn et al.
[5], who propose that pancreatic islets may be replen-
ished in the adult through epithelial to mesenchymal tran-
sitions, a hypothesis that needs to be addressed through
careful clonal studies.
In addition to ESCs and SSCs, there are multipotent adult
stem cells which lie in between the two. In terms of ori-
gin, like SSCs, they are derived from the adult. In terms
of plasticity, they are more plastic than SSCs because
they can generate tissues from all three embryonic layers.
However, they are not as plastic as ESCs because they
don’t go as far as being pluripotent. It is accepted in de-
velopmental biology that three embryonic germ layers are
irreversibly specified in the early embryo. The fact that
multipotent adult stem cells might by definition generate
tissues from all three embryonic germ layers after embry-
onic development has finished in the adult opens new un-
certainty. The extent to which their plasticity in the adult

is physiological or a secondary effect of extended in vitro
stem cell culture is still an open question (reviewed in
[6]). The hypothesis that multipotent adult stem cells
exist in the normal adult came from observations that
freshly isolated bone-marrow-derived adult stem cell
transplants could produce multiorgan seeding [7]. How-
ever, there are at least two possible explanations for this
finding. Either it is a consequence of true trans-embry-
onic-layer differentiation in the adult or a false positive
due to fusion events. Donor-derived hematopoietic cells
of the monocytic lineage can fuse to recipient cells in
non-hematopoietic tissues [8]. Such fusion creates the il-
lusion that the fused cell, now containing donor markers,
is a true trans-embryonic-layer differentiation in the adult
(reviewed in [9]). Fusion events are still to be carefully
explored in some of these multipotent adult stem cell
transplants. Four variants of multipotent adult stem cells
have been recently described. Multipotent adult progeni-
tor cells (MAPCs) were isolated by extensive passaging
of non-phenotyped adherent cells from human, mouse and
rat mesenchymal tissues such as bone marrow and mus-
cle [10]. Unrestricted somatic stem cells (USSCs) were
isolated from human cord blood [11]. Finally, marrow-
isolated adult multipotent inducible (MIAMI) [12] cells
and human bone marrow-derived multipotent progenitors
(hBMSC) were isolated from adherent bone marrow cul-
tures [13]. If MAPCs are indeed found in vivo, they
would indicate the existence of a heretofore unappreci-
ated stem cell hierarchy in the adult, or a continuum of
stem cell transitory and reversible states which could ex-
plain such inexplicable recent findings as the identifica-
tion of germ cell precursors in the bone marrow [14]. If
MAPCs are an artifact of in vitro culture, their de-differ-
entiation process caused by extended in vitro passaging
may provide important clues to the process of nuclear re-
programming that is ultimately mastered by the oocyte’s
cytoplasm during natural reprogramming of the zygotic
nucleus or during somatic cell nuclear transfer. Unfortu-
nately, for clinical applications, MAPCs are significantly
more difficult to culture than ESCs, and their extremely
low proliferative rate compromises their usefulness. En-
hanced culture conditions must be developed before de-
termining whether they could substitute for ESCs as a
source of cell replacement therapies.
The potential use of ESCs, SSCs or MAPCs for regener-
ative cell therapy requires that these cells be successfully
(i) obtained, (ii) expanded and (iii) differentiated in vitro
prior to transplant. An additional challenge to cell therapy
is the need for histocompatibility between donor cells and
the recipient patient. Patient-matched stem cells originate
either from the patient directly, through isolation and
culture of autologous SSCs, or from a cloned human
ESC line, whose generation by somatic cell nuclear trans-
fer is still to be demonstrated for human cells. Accept-
ance of research aimed at deriving human ESCs through
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nuclear transfer (ntESCs) has been hindered by ethical
debate in many countries. However, wider application of
SSCs in regenerative medicine faces its own unique set of
challenges. While ESCs enjoy unlimited expansion po-
tential, SSCs from most tissues have been extremely dif-
ficult to expand or even to maintain in vitro. Thanks to cy-
tokine cocktails, stromal support cell lines and genetic
engineering strategies, ESCs (and MAPCs to a very lim-
ited extent) have been successfully differentiated in vitro
into very diverse murine and human SSC types from all
three embryonic germ layers. In vivo differentiation pre-
sents some remarkable differences between ESCs and
MAPCs. When transferred into the bloodstream of an
adult, ESCs seed teratomas, whereas mouse MAPCs con-
tribute to the hematopoietic system, liver, lung and in-
testinal epithelium, without apparent tumorigenicity [15],
just as SSCs would do. Once differentiated, however,
ESC-derived tissues have not been proven tumorogenic, a
qualitative difference whose study could give insight into
the mechanisms of benign versus malignant cell prolifer-
ation. The use of both SSC and ESC-derived tissues in re-
generative medicine can be thus envisioned, whereas
MAPCs require reproducible protocols for their isolation
and expansion. In this scenario, ESCs offer the advantage
that, with today’s technology, (i) they can be more readily
expanded in vitro than SSCs, (ii) they can differentiate
into tissues for which SSCs are inaccessible (i.e. the cen-
tral nervous system) and (iii) they most efficiently un-
dergo homologous recombination as a means for gene re-
pair.

Cell fate: intrinsic versus environmental influences

Replication and differentiation constitute the key fate de-
cision for stem cells. Should replication predominate (in
an ESC-like fashion), cell transplants would carry the
risk of tumor formation in vivo. In contrast, a tendency to-
wards differentiation, as appears to predominate when
SSCs are cultured in vitro, causes exhaustion of the tissue
stem cells over time. A population balance of replicative
and differentiative divisions, or alternatively sustained
asymmetric division is required to maintain the homeo-
static balance of stem cell and tissue populations. How-
ever, the mechanisms that control replicative, asymmetric
and differentiative stem cell divisions are still ill-defined
for most stem cell contexts. Are these properties de-
termined in a cell-autonomous manner, in response to
instructive influences of the stem cell niche, or a com-
bination of both? What are the molecular mediators that
determine such decisions? Does tissue replenishment
from stem cells in the adult recapitulate tissue specifica-
tion in the embryo? How do the lessons learnt from in
vitro culture nurture our understanding about stem cell
physiology?

In vitro stem cell self-renewal: ESC culture
Mammalian ESCs derive from a very transient popula-
tion that cannot be readily accessed in its native context,
the inner cell mass of the blastocyst. Therefore, our un-
derstanding of the molecular mechanisms of embryonic
stem cell fate is restricted to the in vitro culture system. In
this context, ESCs appear to differentiate spontaneously,
in the absence of added cytokines, simply as a conse-
quence of removal of anti-differentiation factors. It is thus
suggested that differentiation, not replication, is the de-
fault pathway of the ESC. SSCs share this tendency to
differentiate in current culture conditions, and to date, ef-
forts to identify potent anti-differentiation factors for na-
tive human or murine SSCs harvested from the adult have
been largely unsuccessful, even after decades of effort in
the hematopoietic system.
Contrary to SSCs, ESCs can be successfully blocked in
their natural tendency to differentiate. Replicative cell di-
visions in murine ESCs can be maintained robustly by the
cytokine leukemia inhibiting factor (LIF). Human ESCs
(hESCs) are not dependent on LIF [16] but can be main-
tained in a replicative state by activation of the Wnt sig-
naling pathway through pharmacologic inhibition of
GSK3 [17], or through sustained exposure to high levels
of basic fibroblast growth factor fibroblast growth factor
(FGF) [18, 19] as summarized in Figure 1. These recent
discoveries constitute significant advances that should fa-
cilitate culture of hESCs, and might lead to derivation of
novel hESC lines in completely serum-free conditions,
free of contamination by animal products and therefore
preferable for use in human clinical trials. One recent
success is the isolation of an hESC line in the presence of
mouse sterilized fibroblast extracellular matrix as the
only animal-derived product [20]. LIF, Wnt and bone
morphogenic protein-4 (BMP4) are known to contribute
to ESC self-renewal, ensuring through their signaling
transduction pathways (STAT3, b-catenin and Smad-Id,
respectively) the transcription of downstream genes re-
quired for sustained pluripotency, e.g. Oct4 and Nanog.
Mammalian target of rapamycin (mTOR) seems to be an-
other factor required for ESC proliferation [21]. In addi-
tion, c-Myc has recently been found to play complex
roles in ESC replication both as a mitotic activator and as
a key response element downstream of Wnt signaling
[22].
The manner in which these molecular players interact to
sustain replicative cell division (and hence pluripotency)
during prolonged cell culture remains unknown, as is the
manner in which these signals are downregulated during
the transition to differentiative cell divisions. These
mechanisms are bound to have important parallels to the
signals received as the developing epiblast relinquishes
pluripotency and segregates somatic and germ lineage
fates within the developing embryo. Also largely unex-
plored are the cell cycle molecular dynamics of stem cell
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self-renewal. Because tumors consist of self-renewing
cells that have lost their ability to differentiate, discover-
ing disparities in cell cycle control between stem cells
and malignant cells is likely to shed light on mechanisms
of tumorogenic transformation. 

In vivo stem cell self-renewal: the stem cell niche
In spite of the great difficulties in obtaining robust SSC
proliferation in vitro, self-renewal of SSCs is clearly ob-
served within their normal physiologic context. The quest
for the missing cytokine or the perfect SSC expansion
cocktail has taken an unexpected new direction following
recent studies of the adult SSC microenvironment, or stem
cell niche. We now realize that stem cells exist in specific
histological sites within the structure of the tissue where
they reside. It is the integration of cell-autonomous prop-
erties from the stem cell together with extrinsic signals
from the adjacent stroma that ultimately determines self-
renewal and differentiation potential. In this context, a
niche is histologically defined as the immediate interac-
tion between the stem cell, the surrounding supporting
mesenchymal cells and the basement membrane that sep-
arates them. Functionally, the niche is defined as the sup-
porting structure necessary and sufficient for stem cell

asymmetric divisions to occur, forming with the stem cell
an independent unit of stem cell function. Niches are
thought to persist in the absence of stem cells [23]. Cur-
rently, the best-characterized stem cell niche at the histo-
logical and molecular level is the germinal stem cell niche
in the ovary and testes of Drosophila and Caenorhabditis
elegans. Additionally, four mammalian stem cell niches
have been described for the bone marrow, central nervous
system, intestinal crypt and skin. The molecular players of
the four best-characterized niches are summarized in Fig-
ure 2, their roles further explained below.
The germinal stem cell (GSC) niche is formed by a tight
cluster of stromal cells sitting on the apex of Drosophila
gonads. In the testis they are termed hub cells, in the
ovary cap cells. They both intimately contact GSCs, pro-
viding the critical membrane-membrane interactions re-
quired for self-renewal [24]. The molecular cascade initi-
ates with homologous DE-cadherin interactions at the ad-
herens junction connecting stromal and germinal cells,
which triggers activation of the Armadillo pathway on the
GSCs. The homologue of Armadillo in vertebrates is b-
catenin, a transcription factor whose nuclear transloca-
tion has proven sufficient but not essential to drive mam-
malian stem cell self-renewal. Additionally, soluble de-
capentaplegic (Dpp), the homologue of BMP2 and BMP4
in mammals, is required for maintaining the GSC popu-
lation in the ovary through inhibition of Bam [25], while
hedgehog (Hh) signaling appears to regulate the commit-
ment to differentiation of germ cell progeny. Therefore, a
gradient of decreasing Dpp and increasing Bam marks
GSC differentiation when moving away from the cap cells
along the axis of the ovary. Similar mechanisms have
been unraveled in the C. elegans gonad, where a gradient
of the pro-differentiative factor GLD-1 distal to the tip
cells and its inhibitor GLP-1/Notch proximal to the tip are
necessary for homeostatic GSC maintenance [26]. In the
context of the Drosophila and C. elegans gonads, mecha-
nisms that regulate cell polarity may also contribute to the
control of stem cell asymmetric division. To date, several
gene products have been shown to split asymmetrically in
daughter cells, and thereby establish distinct cell fates.
These factors include the products of the partition genes
PAR-1 and Bazooka/PAR-3 [27], which act as intrinsic
regulators, and APC/Wnt [28], which acts as an extrinsic
regulator in the Drosophila ovary.
Regarding the mammalian supportive SSC niches, signif-
icant progress has been made on their histological de-
scription, although the molecular picture is not yet as
detailed as for their invertebrate counterparts [29]. After
numerous studies had pointed to the intimate relationship
between blood production and bone [30], a central role for
the osteoblast in sustaining the hematopoietic stem cell
(HSC) niche was recently confirmed for the mouse by two
different groups [31, 32]. Notch1/Jagged2, N-cadherin,
Wnt/Frizzled, Tie2/Angiopoietin 1, osteopontin [33, 34]
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Figure 1. Molecular features of ESC self-renewal. Ligands, recep-
tors and signal transduction pathways involved in ESC self-renewal
are indicated, mouse on the left and human on the right. Green in-
dicates factors or pathways that drive self-renewal; red indicates
factors or pathways that direct differentiation. LIF and serum, or
LIF and BMP4 in serum-free conditions can support mouse ESC
self renewal. Human ESCs self-renew in serum-free conditions in
the presence of GSK3 inhibitor Bio, Wnt3a, and high doses of
FGF2 as individual factors or in combinations such as FGF2 plus
the BMP inhibitor Noggin. To substitute routinely used fibroblast
feeder layers, both human and mouse ESCs require basal lamina-
like extracellular matrix during culture. 



and BMP/BMP receptor were identified as important ex-
trinsic interactions in this context [35, 36], while Bmi1
was established as an intrinsic self-renewal factor in
HSCs. Analysis of the downstream factors for these mi-
croenvironment-responsive elements has suggested re-
dundancy, as shown by the viability of b-catenin-defi-
cient hematopoietic stem cells, in which the Wnt/Frizzled
pathway has been impaired [37]. Through the analysis of
conditional tissue-specific knockouts, c-Myc was shown
to play a central role in regulating the transition between
replicative and differentiative divisions for the HSCs.
Contrary to c-Myc expression patterns in ESCs, c-Myc
deficiency in HSCs led to accumulation of long-term
HSCs with impaired differentiation potential, whereas c-
Myc overexpression caused increased differentiation and
exhaustion of the stem cell pool [38]. Recent data show-
ing that antibody mediated blockade of VE-cadherin can
disrupt hematopoietic engraftment of irradiated mice has
implicated the endothelium as a component of a distinct
‘vascular niche’ for the HSC [39, 40]. Similarly, a tight

association with endothelial cells was shown to double
the proliferation rate of neural stem cells (NSCs) and to
prevent their in vitro differentiation in the presence of fi-
broblast growth factor 2 (FGF2) [41]. The molecular me-
diator provided by endothelial cells in this context is un-
known, but brain-derived neurotrophic factor (BDNF) is
hypothesized to play a major role. These complementary
data raise the provocative hypothesis that the endothelium
plays a central role as a niche element for a variety of
SSCs, especially during tissue formation in the embryo
and tissue regeneration in the adult. The intestinal crypt
offers the best histologically characterized mammalian
SSC niche both in the mouse and human models [42]. In
the small bowel, the five cell types that form the intesti-
nal epithelium of each villus are clonally derived from
a single population of stem cells that sit at cell position
4–5 from the base of the villus. Laterally, stem cells are
surrounded by differentiating cells that move upwards
and are ultimately shed into the intestinal lumen. Basally,
the stem cells rest on a fenestrated basement membrane at
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Figure 2. Molecular players of adult stem cell self-renewal in the context of their niches. Ligands, receptors and signal transduction path-
ways involved in the self-renewal of four well-characterized adult stem cell niches are indicated. (a) Germ line stem cell in the Drosophila
ovary; (b) hematopoietic stem cell (HSC) in the mouse bone marrow – mesodermic origin; (c) intestinal stem cell (ISC) in the mouse in-
testinal crypt – ectodermic origin; (d) mouse neural stem cell (NSC) – ectodermic origin; NSC contact endothelium in the subgranular zone
and ependimal cells in the subventricular zone. Green indicates factors or pathways that drive self-renewal; red indicates factors or pathways
that direct differentiation. The stromal cell producing each of the extrinsic factors is indicated when known. Dpp, decapentaplegic; Smo,
smoothed; Ang1, angiopoietin 1; Hh, hedgehog; Shh, sonic hedgehog. b-Catenin is the mammalian homologue for Armadillo; BMP is the
mammalian homologue of Dpp. 



close proximity with myofibroblasts and other mes-
enchymal cells that produce hepatocyte growth factor
(HGF), keratinocyte growth factor (KGF) and transform-
ing growth factor beta 2 (TGF-b2), which are essential
cytokines for the regulation of epithelial proliferation and
differentiation. The Wnt/Frizzled/b-catenin pathway is
responsible for intestinal stem cell proliferation. The
BMP-activated Smad4 and Fox 1 transcription factors
seem to offer the counterbalance responsible for stem cell
differentiation [43]. Notch levels fine-tune the fate of the
stem cell progeny, thereby determining the lineage of dif-
ferentiating cells. Even if these molecular cues have been
well studied in the context of intestinal adenocarcinoma,
the precise cells providing these extrinsic signals in vivo
have not been clearly established. Finally, an elegant
strategy has been developed to probe the mouse skin SSC
niche and isolate the skin SSC, based on retention of a hi-
stone H2B green fluorescent protein (GFP) reporter in
slow-cycling epidermal stem cells [44]. Skin SSCs were
confirmed to reside in the bulge of the hair follicle and
migrate to the basal epidermis upon injury. Microarray
data suggested an important role for Wnt/Frizzled and
Eph/Efs ligand-receptor pairs on this epidermal stem cell
niche [45]. This strategy will surely prove valuable for the
identification of other SSCs and their niches when the
histone H2B-GFP reporter is used under the control of
other tissue-specific promoters.

Conclusions and future directions

Now that key mammalian stem cell niches have been iden-
tified, the description of molecular mechanisms that deter-
mine stem cell fate both during homeostasis and injury will
inevitably follow. Although some cytokines and mor-
phogens have already been implicated, the role of adhesion
molecules with outside-in and inside-out signaling proper-
ties such as integrins is still to be fully explored. Further-
more, the downstream signaling pathways governing the
stromal-stem cell interaction are still being unraveled, and
the specific stromal cell subsets responsible for niche sup-
port remain to be isolated. A compelling hypothesis to ex-
plain the transition from replicative to differentiative cell
divisions is the unequal distribution of key transcription
factors or even mammalian homologues of the partition
proteins known to regulate asymmetric division during C.
elegans and Drosophila embryonic development [46], as
recently suggested for mammalian skin epithelium [47]. To
this end, an important report by Takano et al. [48] has ex-
plored asymmetric division in mammalian HSCs on a sin-
gle-cell basis, instead of a population-based approach, a
protocol that could be applied to reveal the segregation of
transcription factors and partitioning determinants during
asymmetric or differentiating SSC divisions through the use
of gain-of-function/loss-of-function mutants.

The identification of the cellular and molecular compo-
nents of the niche for several adult stem cell types pro-
vides an opportunity to test the relative importance of
cell-extrinsic and cell-intrinsic signals on stem cell fate as
well as the stability of the fate they induce. In the Dro-
sophila ovary, an ‘empty niche’ can be filled by ectopic
tissue [49], and revert the fate of already differentiating
cells [50]. This phenomenon of partial dedifferentiation
could result from reversion of a transient and reversible
differentiated phenotype, or a niche-induced reprogram-
ming event that could shed light on the potential for
SSC plasticity, and might illuminate mechanisms of stem
cell ‘alchemy’ – the reprogramming of somatic cells into
alternative fates through cell-extrinsic means alone.
A more thorough understanding of the instructive signals
emanating from the SSC niche, together with a deeper
analysis of the cell-intrinsic mechanisms governing repli-
cative versus differentiative cell divisions, is needed to re-
liably expand and differentiate both ESCs and SSCs for
either investigational or therapeutic ends. Given the enor-
mous challenge that this represents, realizing the promise
of stem cells for regenerative medicine seems as much a
matter of faith as a matter of fate.
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