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Introduction

Stem cells are defined by their ability to self-renew and to give
rise to mature cell types. Stem cells reside in highly regulated
microenvironments called niches, which allow them to
maintain a balance of self-renewal and differentiation. These
microenvironments are maintained by a constant dialogue
between the stem cells and the surrounding niche cells. The
niche provides the stem cells shelter from differentiation
stimuli, apoptotic stimuli and any other stimuli that might
challenge the stem cell stores. The niche must also protect the
stem cells from overproduction, which if not properly con-
trolled may lead to cancer [1].

Under homeostatic conditions, stem cells self-renew and
produce differentiated progeny. An individual stem cell can
give rise to two identical daughter cells (symmetric division)
or two non-identical daughter cells, one maintaining the
stem-cell identity and the other becoming a differentiated
cell (asymmetric division). The orientation of the cleavage
plane during mitosis appears to have a crucial role in
determining symmetric or asymmetric division, as demon-
strated in invertebrate model systems [2-4]. Oriented division
may position daughter cells in different microenvironments
[2-4], or intrinsic determinants may be segregated into only
one daughter cell [5-7]. Evidence for asymmetric cell division
in mammalian stem cell systems has been recently provided
for the basal cells of the skin epidermis [8] and for the satellite
cells of the skeletal muscle [9,10].

Pioneering studies on the gonadal niches in invertebrates
[2,11,12] have inspired a great deal of science in mammalian
systems with stunning advance in our knowledge in the last
few years. In this article, we review recent progress in the
anatomical and molecular characterization of mammalian
stem cell niches, focusing on three organs: bone marrow, tooth
and hair follicle.

The bone marrow niches

The bone marrow contains multiple stem cell types, including
the hematopoietic stem cells (HSCs) and the mesenchymal
stem cells (MSCs). The HSCs are the best-characterized adult
stem cells and have been purified close to homogeneity. Yet,
only recent studies have begun to shed some light on their
niche(s). In the adult bone marrow, the HSCs are known to
reside in two different niches, an “endosteal” niche and a
“perivascular” niche.

In the endosteal niche, HSCs are associated with a subset of
osteoblasts that line the inner surface of the cavities of
trabecular bone. Endosteal osteoblasts are thought to provide
a variety of factors that regulate HSC number and function
[13,14]. Genetic manipulations in mice that increase osteoblast
numbers also result in concomitant proportionate increases in
marrow HSCs without changes in committed progenitor
populations [13,14]. A possible mechanism by which osteo-
blasts would regulate the number of HSCs is through secretion
of osteopontin. Osteopontin is a bone matrix glycoprotein that
appears to maintain HSC quiescence and to negatively
regulate HSC proliferation and activity as osteopontin-null

mice have increased HSC numbers [15,16]. Osteoblasts are also
required for the maintenance of bone marrow HSCs, since
their conditional ablation in mice results in a decrease in the
number of marrow HSCs [17].

An increasing number of studies point to the existence of a
complex paracrine signaling network at the interface between
the niche osteoblasts and the adjacent HSCs (Fig. 1). Kit ligand
is expressed by osteoblasts and is able to activate Kit on the
cell surface of HSCs [18]. Notch signaling plays an important
role in cell fate determination in both invertebrates and
vertebrates. The Notch ligand Jaggedl is expressed by
osteoblasts while Notch1 is activated in HSCs, thus suggesting
involvement of the Notch signaling pathway in the regulation
of HSC function by osteoblasts [14]. There is evidence that
Notch signaling would repress differentiation programs in
HSCs and facilitate HSC competence to Wnt signaling with
proliferation as a net result [19,20]. Another key interaction is
between the ligand angiopoietin-1 at the osteoblast surface
with the receptor Tie-2 expressed on HSCs, which has been
shown to modulate HSC quiescence [21].

A recent study has provided evidence for a new participant
in the functional regulation of HSCs at the endosteal niche, the
osteoclast [22]. Activation of osteoclasts by RANKL, which is
produced by osteoblasts, resulted in mobilization of HSCs into
circulation. RANKL altered osteoclast expression of the
proteases MMP-9 and cathepsin K, which cleave the mem-
brane-bound Kit ligand. Furthermore, RANKL decreased the
abundance of osteoblast Kit ligand and the production of
osteopontin, another mediator of HSC function. Conversely,
HSCs did not mobilize upon treatment with RANKL in mutant

Kit ligand Kit

Jagged] Notchl
Angiopoietin ~ Tie-2
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Fig. 1 - Schematic representation of the endosteal and
perivascular niches of hematopoietic stem cells (HSCs)
within the bone marrow, and signaling molecules involved in
their regulation. Stromal cells, possibly including
mesenchymal stem cells (MSCs), surround hematopoietic
stem and progenitor cells.
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mice having dysfunctional osteoclasts [22]. Thus, this study
provides a link between bone remodeling and hematopoiesis.

HSCs express a receptor that confers them ability to sense
calcium concentrations. HSCs lacking this calcium-sensing
receptor show decreased homing to the endosteal niche,
suggesting a role of mineral gradients in the location and
retention of HSCs [23]. Although the mechanism remains
largely known, the poor anatomic localization of HSCs in close
proximity to the endosteal surface correlated with defective
adhesion to the extracellular matrix protein collagen type I
[23].

CXCL12 is highly expressed in bone and is critical for the
attraction and retention of HSCs to their niches [24]. Adren-
ergic signals control G-CSF-induced osteoblast suppression
and bone CXCL12 down-regulation, leading to a transfer of
HSCs into the circulation [25]. Thus, the sympathetic nervous
system regulates the mobility of HSCs to their niche [25].

HSCs can be maintained in extramedullary tissues, such as
spleen and liver, which do not contain bone, suggesting that
the endosteal niche is only one of the possible niches for HSCs.
In this respect, about two thirds of HSCs in the bone marrow
are adjacent to sinusoids, thus pointing to the perivascular
area of sinusoids as another niche site for HSCs [26]. Marrow
sinusoidal endothelial cells express cytokines such as CXCL12
and adhesion molecules such as E-selectin and VCAM1 that are
important for HSC mobilization, homing and engraftment
[27,28]. The sinusoidal endothelium is fenestrated and allows
flow of circulating blood factors across its wall. The connection
of HSCs with sinusoids could ensure homeostatic blood cell
production and prompt responses to hematological stresses.

It has been shown recently that marrow sinusoids are
surrounded by reticular cells that express unusually large
amounts of CXCL12 [29]. Previous studies have shown that
CXCR4, which is the main receptor for CXCL12, is expressed by
HSCs, and that CXCR4-CXCL12 signaling is critical for HSC
engraftment [30]. Taken together these findings suggest that
reticular cells would be the main source of CXCL12 for HSC
perivascular maintenance and niche formation in bone
marrow. Intriguingly, HSCs located around sinusoids and at
the endosteal site are closely associated with CXCL12-expres-
sing reticular cells, suggesting that reticular cells may serve as
a transit pathway for shuttling HSCs between the two niches,
which may use some common mechanisms for HSC mainte-
nance [29]. Nonetheless, it has been proposed that these two
niches are functionally distinct: the endosteal niche is thought
to maintain HSC quiescence over the long term, whereas the
perivascular niche is thought to maintain HSCs over a shorter
time period, supporting HSC proliferation, favoring myeloid
and megakaryocytic lineage differentiation and mediating
HSC circulation [31].

Other stem cells present in the bone marrow are the MSCs,
which have the ability to self-renew and to differentiate into
cartilage, bone and adipose tissue at the single cell level [32].
Their clinical use has been long sought and successfully
achieved for cartilage and bone repair [33]. However, the lack
of specific cell-surface markers has so far impeded the direct
purification of a homogeneous population of MSCs, which
would be desirable to obtain clinical grade MSC preparations
with consistent and reproducible efficacy [33]. Enrichment of
bone marrow MSCs prior to cell culture has been obtained

using combinations of markers [34,35]. MSCs have been
isolated also from other tissues including periosteum, syno-
vial membrane and synovial fluid [36-39]. Nonetheless, our
knowledge on the MSC niches within their native tissues is
very poor. It has been suggested that MSCs harbor in peri-
vascular areas in the bone marrow [40], where they could be in
close association with HSCs. Indeed, following injection into
the bone marrow of immunodeficient mice, human MSCs
differentiated into stromal cells, bone-lining osteoblasts and
endothelial cells, all functional constituents of the marrow
hematopoietic microenvironment [41]. The inhibitory effect of
MSCs on cell proliferation in vitro [42] raises the possibility of a
role of MSCs in maintaining quiescence of HSCs.

The incisor stem cell niche

The rodent incisor differs from other teeth in that it is a con-
tinuously growing organ that erupts throughout the life of the
animal. This regenerative property suggests that stem cells
are present in the incisor. A highly proliferative area, located
in the apical part of the incisor’s epithelium (the cervical loop),
has been proposed as a stem cell niche [43].

The rodent incisor develops through epithelial-mesenchy-
malinteractions, acquires a cylindrical shape and upon growth
occupies the entire part of the bone of the jaws, where is
encased in. The incisor is formed by two distinct epithelia, the
lingual and labial epithelia, which surround the mesenchymal
pulp. The lingual side of the incisor is composed of two
epithelial cell layers, the inner and the outer epithelium.
Cementum is deposited on this side of the incisor, which
provides a secure attachment of the tooth to the alveolar bone.
This is why the lingual side of the rodent incisor is known as
the root analogue of the molar. The labial side of the incisor is
composed of four epithelial cell layers: the inner and outer
enamel epithelia that surround the core of stellate reticulum
and stratum intermedium. The inner and outer enamel
epithelia are in contact with the mesenchyme of the pulp
and the dental follicle respectively. The star shaped cells of the
stellate reticulum cells create a network, while cells of the
stratum intermedium are compressed flattened cuboidal cells
in contact with the inner enamel epithelium (Fig. 2). Enamel is
deposited on the labial side of the incisor, which is thus
analogous to the crown of a molar. The cervical loop is located
at the apical end of the epithelium, and consists of a core of
undifferentiated cells surrounded by the basal epithelium (i.e.
inner and outer enamel epithelia) contacting the dental
mesenchyme [44,45]. Cells of the core of this area proliferate
and generate the transit amplifying progenitor cells, which
then differentiate into all the cells of the incisor including the
terminally differentiated ameloblasts (Fig. 2).

Some evidence suggests that the cervical loop is the
putative stem cell niche. There is a gradient of differentiation
from the apical to incisal direction, and cells of the inner
enamel epithelium close to cervical loop region divide more
rapidly than cells far away from this area [46,47]. These
observations led to believe that the cells responsible for the
continual growth of the incisor are located in the cervical loop.
Indeed, when the cervical loop is removed and grown in vitro,
it is capable of regenerating the rest of the dental epithelium.
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Fig. 2 - Schematic diagram of the stem cell niche within the cervical loop of the rodent incisor (red color compartment of the
incisor) and the Notch signaling pathway that mediates proliferation and differentiation of dental epithelial stem cells.
Abbreviations: am, ameloblasts; d, dentin; iee, inner enamel epithelium; o, odontoblasts; oee, outer enamel epithelium;

si, stratum intermedium; sr, stellate reticulum.

Cell tracking experiments have demonstrated that the cells
from the cervical loop are maintained in this area, while
others migrate toward the incisal end of the incisor. This
migration has been suggested as the movement of the stem
cell progeny along their path toward differentiation into the
enamel producing cells of the incisor [43].

A characteristic feature of stem cells is their slow cycling
nature. BrdU incorporation studies have demonstrated that
the cells of the cervical loop region are cycling slowly. Short
periods of BrdU incubation have shown that the cells with the
most label retention were those in the inner enamel epithe-
lium of the apical end. This demonstrates that cells of the inner
enamel epithelium are highly proliferative and cycling very
quickly. Other cells of the cervical loop are labeled only very
sparsely after a short incubation period, suggesting that these
cells are dividing slowly. Longer periods of BrdU incorporation
have shown that the number of labeled cells extends to the
differentiated ameloblasts. However, cells of the stellate
reticulum at the cervical loop were not extensively labeled.
Pulse-chase experiments have demonstrated that BrdU label-
ing still remains in cells located in the internal part of the
cervical loop epithelium, but labeling can be also identified in
ameloblasts [43]. Cells that are positive for BrdU and have not
diluted the dye after the chase period are those cells that divide
slowly. This would suggest that the labeled cells of the cervical
loop are slow cycling stem cells. These cells remain in the
cervical loop and maintain the stem cell population through
self-renewal. Cells originated from the cervical loop region
have clonal potential as well as the ability to differentiate into
cells expressing markers of the inner enamel epithelium and
ameloblasts, such as P75N“F and amelogenin [48,49].

The Notch signaling pathway has been also implicated in
early tooth morphogenesis and cell differentiation. Notch1 is
expressed in the cells of the cervical loop area and in the
stratum intermedium, while Notch?2 is expressed in cells of the
stellate reticulum and outer enamel epithelium (Fig. 2). The

general trend of the Notch expression is in accordance with the
gradient of cytodifferentiation that exists from the cervical
loop to the incisal end of the incisor. Only very few Notch
transcripts are expressed in the inner enamel epithelium and
the ameloblasts. Notch expression remains notably absent
from the epithelium directly contacting the dental mesen-
chyme and in terminally differentiated ameloblasts [50].
Notch1 and Deltal (one of the Notch ligands) are expressed
in adjacent cell populations: Notchl is expressed in the
stratum intermedium, while Deltal is expressed in amelo-
blasts and cells of the inner enamel epithelium [51]. Jaggedl
andJagged?2, two other ligands for the Notch receptors, are also
expressed in cells of the inner enamel epithelium and
ameloblasts (Fig. 2) [43,52]. Notch2 and the Notch signaling
modulator, lunatic fringe (Lnf), have been implicated in the
rotation of the incisor that determines the lingual/labial
asymmetry [53,54]. These patterns of expression suggest that
the Notch signaling pathway is involved in the maintenance
and determination of the stem cell fate into the ameloblast cell
lineage.

Since incisor growth is under control of epithelium to
mesenchyme cross talk, dental mesenchyme may be impor-
tant for the maintenance of epithelial cell populations within
the cervical loop. Mesenchymal signals, such as FGF3 and
FGF10, have been suggested to participate in cervical loop
homeostasis. FGF10 is expressed in the mesenchyme that
surrounds the cervical loop epithelium, as well as in the
mesenchyme underlying the inner enamel epithelium. FGF3
expression is restricted to the mesenchyme that underlies the
inner enamel epithelium. The receptors of these signaling
molecules, Fgfrlp and Fgfr2p, are strongly expressed in the
epithelium of the cervical loop, especially in basal epithelial
cells and cells of the stratum intermedium [43]. The expression
patterns of these molecules indicate that FGFs are important
mesenchymal signals involved in the regulation of the
development of the cervical loop epithelium.
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FGF10 has been found to stimulate epithelial cell prolifer-
ation in the cervical loop area. Bead implantation experiments
have shown that FGF10 stimulates BrdU uptake in epithelial
cells, especially in the cervical loop area as compared to cells
of the inner enamel epithelium. Similar experiments have
demonstrated that FGF10 can equally stimulate Lnf expres-
sion, thereby modulating the Notch signaling of the cervical
loop region. Expression of both Lnf and FGF is down-regulated
at the transition point where cells of the inner enamel
epithelium differentiate into ameloblasts [43]. These findings
suggest that interactions between the FGF and Notch signaling
pathways would maintain stem cells of the cervical loop in an
undifferentiated state.

Experiments using FGF10 null mice indicate that FGF10 is
not directly involved in the early morphogenesis of the dental
organ, but is involved in the creation of the adult stem cell
compartment in the cervical loop region. Incisors from the
FGF10 null mice develop normally until E14. Thereafter defects
in morphology can be seen: incisors are smaller and the
cervical loop is missing. BrdU labeling analysis on the incisors
of FGF10 null mice has demonstrated that cell proliferation in
epithelium has not decreased in comparison to the epithelium
of wild type incisors [55]. It has been thus suggested that the
smaller size of the mutant incisor is due to the lack of the stem
cell compartment in the severely affected cervical loop, rather
than an overall reduction of cell proliferation in the dental
organ. Surprisingly enough, there is still a differentiation
gradient of enamel producing ameloblasts in incisors of FGF10
null mice. This could be explained by the redundancy between
FGF3 and FGF10 during incisor morphogenesis [55].

In vitro loss of function experiments, using an anti-FGF10
neutralizing antibody, suggest that FGF10 prevents apoptosis
in the cervical loop and surrounding mesenchyme in incisors.
However, the application of recombinant human FGF10
rescued the incisor explants from apoptosis induced by the
anti-FGF10 antibody in the epithelium but not in the
mesenchyme, indicating that FGF10 is a survival signal for
the epithelium. By contrast, the mesenchyme appears to need
a separate epithelial-derived survival signal, since the mes-
enchyme underwent apoptosis when cultured alone, but not
when cultured in contact with the cervical loop epithelium
[55]. FGF10 has been shown to stimulate cell proliferation in a
dose dependent manner and induce differentiation of pro-
genitor cells into cells of the stratum intermedium [56].

The hair follicle stem cell niche

The hair follicle, like the rodent incisor, is a regenerating organ
where stem cells allow for this massive large-scale renewal.
The hair follicle is composed of an outer root sheath, an inner
root sheath, and the hair shaft. The proliferating undifferen-
tiated matrix cells give rise to the inner root sheath and the
hair shaft, and are surrounded by a dermal papilla of
specialized mesenchymal cells. The dermal papilla instructs
the formation of the follicle, but the characteristics of the
follicle are acquired by epithelial information. The lower
portion of the follicle goes through a growth cycle that
involves the phases of anagen (active growth), catagen
(destruction) and telogen (quiescence). These different phases

last for varying time periods depending on the hair follicle
location and function. The matrix cells proliferate rapidly
during the anagen phase, migrate upwards then differentiate
into the cell types of the inner root sheath and hair shaft.
During the catagen phase, the lower follicle undergoes
apoptotic death and the dermal papilla moves upwards until
it reaches the area beneath the bulge. It remains there during
telogen. Once the dermal papilla recruits stem cells from the
bulge, anagen begins anew and the follicle can regenerate
through proliferation and differentiation [57].

The bulge contains the hair follicle stem cell niche and is
located in a protected area near the permanent epithelial
portion of the hair follicle (Fig. 3). When the dermal papilla is
dissociated and combined with follicle sections containing
bulge cells, operational hair follicles can be generated under
kidney capsules of athymic mice [58]. Furthermore, when the
bulge from a lacZ mouse is transplanted onto a wild type hair
follicle deprived of its own bulge, p-gal is found in all cell
lineages of the chimeric hair follicles [59]. Stem cells from the
hair follicle are multipotent as they can also generate the
sebaceous glands and restore the epidermis after wounding
[60].

One of the amazing features of the epidermal stem cells is
their ability to be grown in culture. Based on the growth
potential of epidermal cells grown in culture, three different

epidermis
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Fig. 3 — Diagram illustrating the stem cell niche in the hair
follicle (red color compartment) and the signaling pathways
that participate in the regulation of hair follicle stem cells.
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types of cells have been identified: holoclones, meroclones
and paraclones. Holoclones are those cells with the greatest
proliferative potential, which are capable to form proliferative
colonies on passaging. Meroclones have less potential to
proliferate, and paraclones differentiate after very few pas-
sages. It has been suggested that holoclones are stem cells,
meroclones are transit-amplifying cells and paraclones are the
differentiated cells [61]. Cultures of segments from hair
follicles of humans [62] and rodents [63] have shown that the
bulge yields the largest holoclone colonies. More recently, it
has been shown that EGFP rat cells from the bulge and lower
portions of the hair follicle implanted onto the mouse skin
contribute to the development and maintenance of hair fol-
licles and other skin appendages, as well as to regenerate the
wounded mouse epidermis [64]. Indeed, thymidine incorpora-
tion experiments have shown a stronglabel in cells of the bulge
region of the hair follicle, while very few label retaining cells
could be found in the basal layer of the epidermis [57].

Ithas been proposed that the cells from the bulge migrate to
populate the basal layer of the skin epithelium, in a similar
manner to that when the stem cells migrate to initiate the next
phase of anagen. Nevertheless, the mechanism of how the
cells could maintain their stemness during migration has yet
to be elucidated. Are the migrating cells committed transit
amplifying cells or true stem cells? One possibility is that
asymmetrically dividing stem cells may generate transit-
amplifying cells that leave the bulge in a manner dependent
on their fate and necessity. Another possibility is that
symmetrically dividing stem cells remain in the bulge, while
some asymmetrically dividing cells are sent out as true
multipotent stem cells that will generate committed cells as
required and dictated by their environment. Asymmetric cell
divisions have not been confirmed by cell kinetic assays of the
bulge region [65]. On the other hand, cells from the lower region
of the hair follicle are capable of generating epidermis, hair
follicles and sebaceous glands when subjected to skin mor-
phogenetic signals [63]. These findings indicate that multi-
potent stem cells released from the bulge region may maintain
their stemness until instructed to adopt a specific fate.

The most stringent way of identifying stem cells is through
the analysis of the clonogenenicity, growth potential and rege-
nerative ability of the cells. However, a search for universal
epidermal stem cell marker has been raging for some time. In
order to maintain their stem phenotype, stem cells may require
attachment to the basement membrane. The integrins p1 and
p6 have been proposed as markers, since epidermal stem cells
express high levels of these two integrins. Nonetheless, neither
Bl nor p6 integrins can be considered specific stem cell
markers as all proliferating cells utilize integrins in adhesion.

Other molecules such as Keratinl5 (K15), CD34 or P63, to
mention a few, have been postulated as markers of bulge stem
cells (Fig. 3). As of yet, however, stem cells cannot be unambig-
uously identified using molecular markers. Epidermal stem cells
from newborn mouse skin can be sorted by flow cytometry using
Hoechst 33,342-dye exclusion. This technique can be used to
obtain an almost homogenous population of epidermal stem
cells. Nonetheless, the functional characteristics of the cells
remain the strongest proof of their stem potential [65].

It has been reported that the canonical Wnt signaling
(3-catenin mediated) is involved in the commitment of the

stem cells into the hair lineages. Activation of the Wnt
pathway leads to p-catenin stabilization and its accumula-
tion in the cytoplasm. Mice with constitutively stabilized p-
catenin under the Keratin14 promoter demonstrate de novo
hair follicle formation in the interfollicular epidermis. This
suggests that p-catenin plays a role in the decision of cells to
adopt a hair follicle fate [66]. B-catenin can interact with a
variety of partners including E-cadherin and the Lef/Tcf
transcription factors. TOPGAL reporter mice, which express
p-galactosidase when Wnt signaling activates Lef/Tcf pro-
teins, have been used to show that Wnt signaling is active
during hair follicle morphogenesis (Fig. 3). Stem cells residing
in the bulge do not usually express Lefl, but they do express
Tcf3, which seems to be an important factor for the
maintenance of a multipotent cell phenotype [65]. Differen-
tiation of the bulge cells leads to Tcf3 down-regulation and
concomitant up-regulation of Lefl expression. Thus, Wnt
mediated activation of Tcf3 or Lefl appears to be the switch
that determines the commitment of epidermal stem cells to
either maintain their stemness or enter the hair follicle
lineage [66]. Mesenchyme-derived Bmp4 has been also shown
to induce Lefl expression during hair follicle morphogenesis.
Mice lacking noggin, an inhibitor of the Bmp signaling, show
a loss of hair follicles expression and down-regulation of Lefl
expression. Thus, a balance of Bmp, Bmp antagonists and
Wnt signaling governs the properties and fate of the hair
follicle stem cells [66].

Sonic hedgehog (Shh) is critical in hair follicle development:
Shh mutant mice demonstrate a failure to develop hair
follicles because cell proliferation and migration is affected.
Fgf4 has also recently been identified as a Wnt target. Fgf4
regulates Notch signaling in the hair follicle placode [66,67]. In
the hair follicle, Notch1 expression is restricted in cells that
will undergo differentiation into the many cell types of the hair
shaft and the inner root sheath. Cells of the bulge do not
express Notch1. The absence of Notch1 in the bulge indicates
that Notch signaling may not have a role in maintaining the
hair follicle stem cell phenotype, but rather in the decision of a
transit-amplifying cell to adopt a particular fate [67,68]. Tissue
specific ablation of Notchl under the control of Keratin5
promoter in mice demonstrates that while Notch signaling
may not be necessary for embryonic hair formation, postnatal
inactivation of Notchl leads to almost complete hair loss.
These results suggest that Notchl is essential for postnatal
hair follicle homeostasis, growth and differentiation [69].

Molecular diversity of stem cell niches

Stem cells offer a unique opportunity to conceive new
methods of treatment in the fields of tissue engineering and
regenerative medicine. There is an ongoing effort to apply
stem cells from various origins in order to repair and/or create
tissues and organs such as bone, skin, hair and teeth.
Formation or regeneration of organs regulated by epithelial-
mesenchymal interactions (e.g. tooth, hair) is more complex,
due to an interchange of signaling molecules between the
epithelium and mesenchyme that triggers their development.
Epithelial and mesenchymal cells from the same organ or
from different sources have been recombined in an attempt to
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recreate entire organs. However, it is not yet clear if stem cells
from different embryonic origins have identical or similar
regenerative properties. Therefore, comparative studies are
ongoing to assess whether a stem cell population is more
effective than others. In this regard, the purification and
cloning of stem cells from different sources would be
desirable for a better understanding of the repair potential
of various stem cell populations.

The relationship between mesenchymal stem cells derived
from different embryonic origins as well as their relationship
with various epithelial stem cells also warrants investigation.
The extent to which co-cultured epithelial and mesenchymal
stem cells from two different tissues/organs could recapitulate
the developmental events of a third tissue/organ also needs to
be determined.

The bone marrow stem cell niches clearly differ from tooth
and hair follicle stem cell niches. However, there is a great
similarity in the molecular programs that operate in stem cell
niches of different tissues/organs. For example, Wnt signaling
plays a crucial role in regulating bone marrow HSC niches and
epidermal stem cell niches [19,20,66,67,70]. By contrast, FGF
signaling regulates the epithelial stem cell niche in rodent
incisors [43,55], but its role in the bone marrow niches remains
to be elucidated.

A very recent study has shown that the regulatory control
of the stem cell niche in the incisor implies a complex network
consisting of activin, follistatin, BMP and FGF molecules [71].
While Wnt signaling has not been studied in detail in incisors,
arecent study has demonstrated that activated canonical Wnt
signaling induces continuous tooth generation in mouse [72],
suggesting that Wnt signaling may be part of the molecular
network regulating dental epithelial stem cells.

In spite of the diversity of stem cell niches, the key molecules
appear to be the same across different systems and organs.
Nonetheless, these molecules play distinct and often diverse
roles according to the embryonic origin and specific functions of
the tissues.

Conclusion

The elucidation of the stem cell niche biology in health and
disease has become a pressing issue in basic science and
medicine. Understanding how niche cells and extracellular
matrix control stem cell fate outcomes will provide new tools
with which to endorse differentiation of stem cells into
particular cell types. This knowledge is likely to instruct
development of novel therapies in the near future. The
increasing availability of small molecules with the ability to
target specific signaling pathways and the development of
controlled delivery systems make the modulation of stem cell
niches an attractive approach for tissue/organ regeneration
and repair.
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