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Human disease results from loss of organ function.
Whether the tissue failure results from infarction, infec-
tion, trauma, or congenital malfunction, the ideal treat-
ment would be regrowth of a new organ or tissue to
replace that which is lost or injured. Stem cell research
holds the promise of developing such treatments for
many life-threatening and debilitating diseases. Stem
cells come in two basic types, unrestricted and re-
stricted. Embryonic stem cells are totipotent, able to dif-
ferentiate into all cell types characteristic of the species
they are taken from. Adult stem cells are thought to be
more restricted in their potential, functioning as the
body’s natural source of cells for tissue homeostasis and
repair. Although it seems unlikely that adult stem cells
harvested from one tissue might be reprogrammed to
take on the characteristics of a different cell type, several
tantalizing results have encouraged researchers to con-
sider this possibility. Before scientists can begin to de-
fine the limits of adult stem cell plasticity, they need to
understand the signals that instruct multipotent cells to
self-renew and differentiate within the lineages of their
resident tissues. Skin is an excellent model system in
which to explore these fundamental mechanisms, be-
cause skin keratinocytes are easily accessible and are one
of the few adult stem cell types that can be maintained
and propagated in vitro. These cells have already been
engrafted long term to replace damaged epidermis on
burn patients. Now skin biologists have begun to iden-
tify some of the key steps involved in generating a func-
tional tissue from multipotent stem cells.
The totipotency of embryonic stem (ES) cells, coupled

with their ability to respond to morphogenic signals and
differentiate into any desired cell fate, makes them an
attractive starting place for cell replacement therapies. If
stem cells derived from adult human tissues offer similar
promise, this would circumvent many of the ethical and
technical issues that cloud the ES cell field (Ferrari et al.
1998; Gussoni et al. 1999; Krause et al. 2001; Peterson
2002). In the past few years, researchers have claimed

that mouse brain stem cells injected into irradiated re-
cipient mice contribute to the recovering hematopoietic
system (Bjornson et al. 1999), and conversely, some
transplanted bone marrow stem cells reportedly differ-
entiate into brain cells (Mezey et al. 2000). Even in hu-
man, female cancer patients receiving bone marrow
transplants from male donors were found to have differ-
entiated cells with male chromosomes in their cerebella,
leading scientists to posit that transdifferentiation of
donor hematopoietic stem cells may occur in brain tis-
sue (Weimann et al. 2003). Although enticing, the seem-
ingly extraordinary plasticity of adult stem cells has
been met by critics who suggest that the reported trans-
differentiation events may have arisen from fusion of
stem cells with existing differentiated cells, or from in-
jections of heterogeneous populations of incompletely
characterized stem cells, rather than true reprogram-
ming (Terada et al. 2002; Wagers et al. 2002; Ying et al.
2002). Advocates counter that tissue injury, which is
present in clinical situations requiring treatment, in-
creases the rate at which bone-marrow-derived stem
cells transdifferentiate into other cell types such as
muscle and neurons (Jiang et al. 2002; LaBarge and Blau
2002). As the controversy over stem cell plasticity con-
tinues, the potential for cell fusion or deregulated trans-
differentiation raises other concerns, as cancerous cells
may derive from somatic stem cells (Reya et al. 2001).
The contention in the adult stem cell field reflects how
little is known in a rapidly moving field whose potential
impact on clinical medicine is high. A major challenge
over the next decade will be to identify the molecular
signals that regulate stem cell self-renewal, proliferation,
and differentiation.
Unless responding to injury, most adult stem cells

typically divide infrequently to maintain homeostasis
within their resident tissues. As a stem cell daughter
commits to differentiate, it first enters a transient state
of rapid proliferation (Fig. 1A). Following several cycles
of division, the transiently amplifying cells withdraw
from the cell cycle and execute a terminal differentia-
tion program (Potten et al. 1979). Stem cell progeny dif-
ferentiate in response to similar external and intrinsic
signals experienced by their multipotent embryonic
counterparts. Adult stem cells reside in specific niches.
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In some cases, the niche exposes the faces of the stem
cell to different external cues, resulting in an asym-
metric division. In other cases, the axis of cell division
places the two daughter cells in different microenviron-
ments. In each case, stem cells generate one daughter
cell that retains the characteristics of its parent, and an-
other that embarks on a differentiation program. Locat-
ing and analyzing stem cell niches and elucidating the
molecules that orchestrate specific developmental pro-
grams will be central to determining how the environ-
ment legislates differentiation commitments and stem
cell regulation.

The epidermis is a rapidly self-renewing tissue

Mammalian epidermis and its appendages (hair, nail, se-
baceous and sweat glands) provide a barrier to keep
harmful elements out and essential body fluids in. As the
first line of defense against the various physical traumas
of our environment, the epidermis must protect itself as
well as the underlying tissues. The epidermis is also ex-
posed to mutagenic ultraviolet radiation. In nonhaired or
sparsely haired regions such as most human skin, the
epidermis is thicker than that of furred skin, and carries
the lion’s share of this protective role. These constant
assaults necessitate self-renewal of the epidermis, mak-
ing it a prime example of an adult tissue that undergoes
continual and rapid flux.
The epidermis (Fig. 1B) maintains homeostasis by con-

stant proliferation of a single inner (basal) layer of rapidly
dividing progeny of stem cells. As they withdraw from
the cell cycle, the transiently amplifying cells commit to
terminally differentiate, detaching from the basement
membrane and initiating a trek toward the skin surface.
In transit, the differentiating epidermal cells first
strengthen themselves by adding to their extensive cy-
toskeleton of keratin filaments linked to tightly adhe-
sive desmosomes (Fuchs and Cleveland 1998; Kowalczyk
et al. 1999). Then, as they near the outer surface of the
skin, they produce and secrete lipids, which organize
into bilayers on a proteinaceous “cornified” envelope

(for review, see Kalinin et al. 2002). Once the saran wrap
seal of the body surface is complete, the epidermal cells
have performed their barrier function and have no fur-
ther need for metabolic activity. A process of self-de-
struction that resembles apoptosis ensues. Terminally
differentiated cells that reach the body surface are
enucleated, flattened squames that are subsequently
sloughed, to be continually replaced by new cells differ-
entiating and moving outward. Because human epider-
mis turns over every 2 wk, and each transiently ampli-
fying basal cell divides only three to six times before it
differentiates, the self-renewing capacity of epidermal
stem cells is enormous.
Interfollicular epidermis can maintain epidermal cell

replacement for extended periods of time in the absence
of major injury. It contains resident stem cells, which are
estimated to be situated toward the middle of a cluster of
basal epidermal cells (Potten 1974; Potten and Morris
1988). This is substantiated by the fact that when human
(Kolodka et al. 1998) or mouse (Mackenzie 1997) kera-
tinocytes are genetically tagged by retroviral transduc-
tion of a LacZ gene, and then grafted onto mice, �-galac-
tosidase expression occurs in patches.
One of the attractive features of skin epithelium is the

ability to maintain and propagate skin keratinocytes in
the laboratory (Rheinwald and Green 1975, 1977). Cells
with remarkable proliferative potential must be present
in primary human keratinocyte cultures, because the
cell cultures can be passaged for hundreds of generations
without undergoing senescence. Some of the colony-
forming keratinocytes cultured from trypsinized human
skin can generate as many as 1.7 × 1038 progeny, far
more than necessary to cover the human body (Rochat et
al. 1994). Slow cycling cells in vivo are more clonogenic
than actively dividing cells when placed into culture,
suggesting that the most proliferative cultured cells may
be stem cells (Morris and Potten 1994). The ability to
maintain adult skin stem cells in vitro has allowed en-
graftment of cultured skin onto burn patients, a technol-
ogy that stands out as one of the most successful ex-
amples of the use of adult stem cells in a clinical setting

Figure 1. Stem cells populate a tissue. (A) Stem cells regenerate themselves and also produce transit amplifying cells, which divide
and differentiate. (B) Schematic of epidermal organization: transit-amplifying cells in the basal layer constantly produce progeny that
move upward as they terminally differentiate and are eventually lost from the skin surface.
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(Fig. 2; Green 1991). The grafted skin does not form hair
follicles, but it would not be expected to do so in the
absence of hair-inducing mesenchymal (dermal papilla)
cells. Freshly isolated skin keratinocytes can be induced
to form hair follicles when combined with isolated der-
mal papilla cells and implanted onto the skin of a host
animal (Kishimoto et al. 2000); whether long-term kera-
tinocyte cultures contain multipotent cells capable of
producing hair follicles remains an open question.
Although the existence of skin epithelial stem cells

within primary cultures is likely, finding them and
studying their properties presents a more difficult chal-
lenge. These cultures are a heterogeneous mixture of pu-
tative stem cells that give rise to large colonies (holo-
clones), transit amplifying cells that give rise to interme-
diate-sized colonies (meroclones), and differentiating
cells that give rise to small colonies (paraclones; Barran-
don and Green 1987). Only a small percentage of primary
keratinocytes give rise to holoclones. By fractionating
cultured keratinocytes using fluorescence-activated cell
sorting (FACS), researchers have found that cells en-
riched for integrins �1 (Jones andWatt 1993) and �6 (Li et
al. 1998; Kaur and Li 2000) have the greatest proliferative
capacity in vitro. These cells also adhere differentially to
extracellular matrix (ECM) components such as type IV
collagen (�2�1 receptor) and fibronectin (�5�1 receptor),
suggesting that stem cells may be retained in their niche
through strong adherence to ECM-rich basement mem-
brane (Watt 1998; Segre et al. 1999). Proteins that are less
abundant in stem cells in vivo or stem-cell-derived ho-
loclones in vitro include the transferrin receptor (Tani et
al. 2000); 14-3-3�, a nuclear export protein implicated in
the Ras/MAPK pathway (Pellegrini et al. 2001); and the
proliferation-associated transcription factor, c-myc
(Gandarillas and Watt 1997).
Heterogeneity in the levels of �1 integrin has also been

observed within the basal layer of human epidermis
(Jones et al. 1995; Jensen et al. 1999), suggesting that
markers of holoclone-producing keratinocytes in culture
may also be markers of epidermal stem cells in skin.
Interestingly, integrins �1 (Ramalho-Santos et al. 2002)
and �6 (Ivanova et al. 2002; Ramalho-Santos et al. 2002)
were also identified in screens for mRNAs whose expres-
sion is up-regulated in the transcription profiles of three
different populations of stem cells compared with their
transiently amplifying progeny.
Functional studies implicate several putative stem cell

markers in the regulation of epidermal proliferation.
Mice conditionally null for �1 integrin exhibit impaired
proliferation resulting from a defect in basement mem-
brane assembly (Brakebusch et al. 2000; Raghavan et al.
2000). Conversely, transgenic mice expressing elevated
levels of c-myc in skin stem and transit amplifying cells
display epidermal hyperproliferation along with im-
paired wound-healing and hair loss, possibly reflecting
stem cell depletion (Arnold and Watt 2001; Waikel et al.
2001). The transcription factor p63 is vital to epidermal
development and is required to maintain skin epithelial
stem cells (Mills et al. 1999; Yang et al. 1999). A chal-
lenge in the field is to determine the extent to which
these various stem cell regulators function in maintain-
ing stem cell character as opposed to promoting the tran-
sition between stem and transit-amplifying cells. The
lack of a well-defined stem cell niche in the basal epi-
dermal layer raises the bar on this hurdle.

The hair follicle and its niche for multipotent skin
stem cells: the battle of the bulge

An appendage of mammalian epidermis, the hair follicle
is composed of an outer root sheath (ORS) that is con-
tiguous with the epidermis, an inner root sheath (IRS),
and the hair shaft itself (Fig. 3A). The actively dividing,
relatively undifferentiated matrix cells give rise to IRS
and hair shaft. The matrix surrounds a pocket of special-
ized mesenchymal cells, called the dermal papilla (DP).
The DP, essential to follicle formation (Oliver 1969; Ja-
hoda et al. 1984), dictates that an appendage should be
made; the characteristics of the appendage (whisker or
body hair in the mouse; feather or scale in the chicken)
are determined by the epithelial cells.
The lower segment of each hair follicle cycles through

periods of active growth (anagen), destruction (catagen),
and quiescence (telogen; Fig. 3B; Hardy 1992; Fuchs et al.
2001). In the mouse pelage, anagen lasts ∼3 wk, and the
first three cycles are fairly synchronous. Anagen for hu-
man scalp hair can last several years, whereas the growth
period for eyelashes or eyebrows is typically 1–4 mo.
During anagen, matrix cells proliferate rapidly. As they
move upward, they leave the cell cycle and differentiate
according to a strict spatial plan, giving rise to concentric
rings of the differentiated cell types of the IRS and hair
shaft (Fig. 3A). During catagen, the lower follicle under-
goes concerted apoptotic death. The DP moves upward

Figure 2. Skin grafting from cultured cells.
Skin keratinocytes harvested from an unaf-
fected area of the burn patient are first am-
plified in culture, and then grafted onto the
burn to form a permanent, self-renewing
skin (Green 1991).
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until it rests beneath the bulge, where it remains during
telogen. Induction of a new anagen occurs when the DP
recruits one or more bulge cells to regenerate the follicle
by proliferating and differentiating.
The bulge is an attractive location for skin epithelial

stem cells, because it resides at the base of the perma-
nent epithelial portion of the hair follicle, which is the
deepest, most protected place within the contiguous epi-
thelial compartment. Several lines of evidence suggest
that multipotent epithelial stem cells reside in this com-
partment. When DP are dissected and combined with
hair follicle fragments containing bulge cells, they can
reconstitute a viable hair follicle when transplanted un-
der the kidney capsule of athymic mice (Kobayashi and
Nishimura 1989). Additionally, when the bulge from a
normal mouse follicle is surgically replaced with bulge
tissue from a mouse expressing lacZ ubiquitously, the
chimeric follicles have lacZ-positive cells contributing
to all the lineages of the hair follicle (Oshima et al. 2001).
Upon wounding or burn injury, cells from the bulge are
thought to also move upward to re-epithelialize damaged
epidermis (Taylor et al. 2000). Thus, bulge cells appear to
be multipotent, migrating upward to generate sebaceous
glands and epidermis, and downward to produce the hair
follicle. Given the large numbers of hair follicles, each
with a tiny stem cell compartment, the skin is a major
reservoir for stem cells in the body.
When hair follicles from human or rodent skin are

dissected, sectioned into pieces, and cultured in vitro,
keratinocytes from the segments harboring the bulge
yield the largest colonies, larger than those derived from
epidermis (Kobayashi et al. 1993; Rochat et al. 1994).
Bulge cells also divide only rarely; when mouse skin epi-
thelium is briefly labeled with tritiated thymidine or
BrdU and then chased for several weeks, >95% of the
retained label in skin is found in bulge cells (Cotsarelis et

al. 1990; Morris and Potten 1999; Taylor et al. 2000). The
label-retaining feature of bulge cells has also been used
to demonstrate their multipotency. When skin epithe-
lium is labeled with 3H-thymidine, then chased until
most remaining label is in the bulge, and finally labeled
with a second agent (BrdU), double-labeled cells presum-
ably originating from the bulge are later found in most if
not all the epithelial compartments of the skin (Taylor et
al. 2000).
Given these findings, what is the relationship between

the stem cells of the bulge and those residing within the
basal layer of the epidermis? One possibility is that mul-
tipotent bulge cells periodically migrate from their niche
to populate the basal layer of the epidermis, the matrix,
and sebaceous gland. Evidence in support of bulge cell
migration comes from studies on rodent whisker fol-
licles, which initiate anagen without close bulge–DP
contact (Oshima et al. 2001). In this situation, bulge cells
appear to migrate down toward the DP to receive their
cue to divide and differentiate. Whether bulge cells
maintain their multipotency and molecular properties
when they exit the niche is still largely a matter of
speculation.

Activating skin stem cells through Wnt
and Bmp signaling

What triggers a bulge cell to move upward or downward
and execute a particular differentiation program? Al-
though the answer to this question is still unclear, some
advances have come from studies on the hair lineage.
Coining the term “bulge activation hypothesis,” Lavker
and Sun and their coworkers postulated that a signal
from the DP triggers the transition from a resting to a
cycling follicle (Cotsarelis et al. 1990). Indeed, in follicles
from mice lacking one of three different nuclear factors,

Figure 3. Schematic of an anagen (A) and cycling (B) hair follicle. Hair follicles undergo periodic cycling from anagen (hair producing)
through catagen (regression), and into telogen (resting). (A) In the anagen hair follicle the dermal papilla (DP) is enclosed within the
hair bulb, and the bulge is nestled below the sebaceous gland. (B) During the hair cycle, the proximity of the DP and the bulge varies,
with the closest contact occurring at telogen as the follicle prepares for a new anagen.
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“hairless,” retinoid X receptor-�, and vitamin D recep-
tor, the DPs are left stranded in the subcutis at the end of
the first postnatal hair cycle (Panteleyev et al. 1999; Li et
al. 2001; Kong et al. 2002). When this happens, hair cy-
cling and production come to a halt. This said, signals
from the DP to the bulge are not sufficient on their own
to activate bulge cells, because in some telogen follicles,
the DP remains next to the bulge for months without
activating a new hair cycle.
It seems likely that the process of activating bulge

stem cells depends on factors that are both intrinsic and
extrinsic to the bulge cells themselves. Surrounded by a
dermal sheath that is richly innervated and vascular, the
bulge dwells in a fertile milieu of input signals. An at-
tractive model is that some environmental cue stimu-
lates bulge cells to divide asymmetrically, replenishing
the bulge stem cells and also generating daughter cells
that are less adhesive to the niche. Although not yet
demonstrated for skin epithelial stem cells, asymmetric
divisions have been documented for some stem cells
(e.g., Knoblich 2001; Lu et al. 2001; Le Borgne et al. 2002;
Song and Xie 2002). In this model, a reduction in the
expression of integrins or cadherins could encourage the
departure of nonstem daughters from the niche. Addi-
tional cues, for example, from the DP for the hair cell
fate, would then be expected to coax the cell toward a
particular lineage.
What signals instruct multipotent skin cells to adopt

hair follicle lineages? Insight comes from the study of
two distinct regulatory events: the differentiation of
adult matrix cells to become hair shaft cells, and the
specification of embryonic ectodermal stem cells to pro-
duce a hair follicle. Many of the signals involved in hair
follicle formation in embryonic skin are also active dur-
ing the telogen-to-anagen transition, when bulge cells
are induced to produce a new hair follicle (e.g., see Wang
et al. 2000; Huelsken et al. 2001). Although not yet un-
equivocally established, it seems likely that the specifi-

cation of bulge stem cells to become matrix cells will
require similar signals to those involved in the recruit-
ment of embryonic ectoderm cells to produce a hair fol-
licle.
An early clue to the signaling involved in hair follicle

lineage differentiation came from exploring the regula-
tion of hair keratin genes. Transcriptional control re-
gions of several hair-specific keratin genes each pos-
sesses a sequence motif that binds the Lef/Tcf family of
HMG-box DNA-binding proteins (Zhou et al. 1995).
Originally identified as a transcriptional regulator of T-
lymphocyte differentiation (Travis et al. 1991; van de
Wetering et al. 1991; Waterman et al. 1991), Lef1 (lym-
phoid enhancer factor 1) is also expressed in hair follicle
matrix cells (Zhou et al. 1995; DasGupta and Fuchs
1999). Although Lef1 is found in both nuclei and cyto-
plasm of matrix cells, it concentrates in the nuclei of
hair precursor cells (precortex) at the time when hair-
specific keratin genes are induced (DasGupta and Fuchs
1999). Lef1 is also expressed during hair embryogenesis,
in ectodermal placodes as well as underlying dermal con-
densates (Zhou et al. 1995; DasGupta and Fuchs 1999).
Elimination of Lef1 by gene targeting results in sparse
hair, with a complete loss of whisker follicles and sec-
ondary follicles that account for the bulk of the hair coat
(van Genderen et al. 1994). Conversely, transgenic mis-
expression of Lef1 in interfollicular epithelium leads to
occasional ectopic hair follicles (Zhou et al. 1995). Simi-
lar in biology to hair follicles, ectopic tooth buds are
found in animals misexpressing Lef1 (Zhou et al. 1995),
and teeth and mammary glands are absent in Lef1 null
animals (van Genderen et al. 1994).
Lef1 and its relatives are not ordinary transcription

factors but, rather, DNA-binding proteins whose func-
tion is regulated by �-catenin, the downstream effector
of canonical Wnt signaling (Fig. 4; for review, see Nusse
1999). In the absence of a Wnt signal, epithelial �-catenin
is found in stable complexes with E-cadherin, participat-

Figure 4. The canonical Wnt signaling pathway. (A) In a
cell without a Wnt signal, excess �-catenin not used for
AJs is degraded. (B) When an extracellular Wnt binds to
its receptor, �-catenin accumulates, binds to Tcf/Lef fac-
tors, and in some fashion alters gene transcription. Lef/
Tcf proteins can bind to a variety of factors that can in-
fluence chromatin-mediated repression (histone deacety-
lases) or activation (Brg1, p300). Exactly which Lef/Tcf
complexes are recognized by �-catenin and how
�-catenin influences the activity of Lef/Tcf are still a
matter of debate (Molenaar et al. 1996; Tutter et al. 2001;
Chan and Struhl 2002), and are likely to depend on other
factors that interact with these two central proteins in
the Wnt pathway. �-cat, �-catenin; Fz and LRP, Wnt re-
ceptors; Dsh, Wnt signal transducer; Axin, Gsk3, and
APC, members of the �-catenin degradation complex; AJ,
adherens junction; Brg1, SWI/SNF chromatin-remodeling
protein; p300, �-catenin coactivator; HDAC, histone
deacetylase; Gro, groucho family of repressor proteins
(Povelones and Nusse 2002).
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ing in cell–cell adhesion through the formation of ad-
herens junctions (AJs). Excess �-catenin not used in
AJs is phosphorylated by a GSK-3 kinase complex and
then targeted for proteosome-mediated degradation. In
response to a canonical Wnt signal, however, the kinase
complex is inactivated and accumulating �-catenin in-
teracts with additional partners, such as the Lef/Tcf
proteins. The intricate mechanisms of �-catenin stabili-
zation byWnt signals are just beginning to emerge (Pove-
lones and Nusse 2002). It is clear that Lef/Tcfs bind to
�-catenin with the same contact sites as E-cadherin
(Pokutta and Weis 2002), but how exactly �-catenin
leads to Lef/Tcf activation is still a matter of some de-
bate. Lef/Tcf proteins can associate with a number
of chromatin-remodeling factors, rendering repressor
or activator functions (Fig. 4; Zorn et al. 1999; Labbe
et al. 2000; Nishita et al. 2000; Daniels and Weis 2002).
Some support the view that upon Wnt signaling, �-
catenin–Lef/Tcf complexes operate as bipartite nuclear
transcription factors (Molenaar et al. 1996; Tutter et al.
2001). Others favor the notion that �-catenin acts selec-
tively on repressor forms of Lef/Tcfs, functioning either
to export them from the nucleus, or to modify them
cytoplasmically and then release them as competent
transactivators (Chan and Struhl 2002). Irrespective of
how and where the Lef/Tcf–�-catenin connection oc-
curs, the interaction impacts directly on the status of
Lef/Tcf-regulated genes. The context of Lef/Tcf DNA-
binding sites within an enhancer sequence may further
influence the outcome as to whether Lef1/Tcf acts as an
activator or a repressor. In most situations, Wnt signal-
ing acts to relieve repression or activate downstream tar-
get genes.
In skin, �-catenin and Lef/Tcf members are expressed

in both DP and matrix cells, and both of these cell types
can respond to Wnt signaling (van Genderen et al. 1994;
Zhou et al. 1995; Kratochwil et al. 1996; DasGupta and

Fuchs 1999). There are at least 19 different genes encod-
ing Wnts, 10 encoding Wnt receptors (frizzleds) and two
Wnt-related lipoprotein-related proteins (LRPs) in the
mouse and human genomes (Fig. 4). A number of Wnts
are expressed in skin, including Wnts 3, 3a, 4, 5a, 7a, 7b,
10a, 10b, 11, and 16 (Millar et al. 1999; Reddy et al. 2001).
Wnt signals have been implicated in the development of
many tissues and organs, including brain, neural crest,
limbs, placenta, retina, cartilage, kidney, and uterus (see
Roel Nusse’s Wnt Homepage at http://www.stanford.
edu/∼rnusse/wntwindow.html for details).
To explore the role of Wnt signaling in hair follicle

development, mice have been engineered to contain a
canonical Wnt reporter consisting of the �-galactosidase
(GAL) coding sequence under the control of a minimal
promoter and an enhancer containing multimerized Lef/
Tcf binding sites (TOP). In this system, the TOPGAL
reporter is turned on when a cell containing a function-
ally competent Lef1/Tcf member receives a canonical
Wnt signal (or equivalent). At discrete times in devel-
opment, certain epithelial skin cells of transgenic
TOPGAL mice express GAL, detectable by their blue
coloration upon X-gal treatment (Fig. 5; DasGupta and
Fuchs 1999). During early hair follicle morphogenesis,
cells of the multipotent embryonic epithelium express
GAL. Later in hair follicle development GAL is ex-
pressed again, in precortical cells that also express the
hair keratin genes that have Lef1/Tcf-binding sites in
their 5� regulatory regions (Zhou et al. 1995). In both
cases, nuclear Lef1 and nuclear �-catenin appear simul-
taneously, consistent with the GAL expression pattern
(Merrill et al. 2001).
TOPGAL activation in embryonic epithelial progeni-

tor cells of the hair follicle suggests that multipotent
skin stem cells may communicate with their environ-
ment at least in part through Wnt signals. This is sup-
ported by the complete absence of hair follicles in mice

Figure 5. Evidence for canonical Wnt signal-
ing in skin. During embryonic development,
the TOPGAL reporter gene expression is de-
tected in the skin by a �-galactosidase activity
assay (enzymatic conversion of a colorless X-
gal dye to blue). The blue spots (A,A�) corre-
spond to nascent hair follicles. The epithelial
placodes are most strongly positive for �-galac-
tosidase activity (B). During the anagen phase
of the hair cycle (C–E), �-galactosidase is de-
tected in the precortex and cortex of the hair
shaft (C), where �-catenin (D) and Lef1 (E) are
both nuclear. (F) Mice expressing a stabilized
form of �-catenin in their epidermis develop
excess fur caused by postnatal hair follicle mor-
phogenesis. CS, nuclear red counterstain; Dapi,
fluorescent nuclear dye.
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ectopically expressing the secreted Wnt inhibitor Dick-
kopf 1 in embryonic skin epithelial cells (Andl et al.
2002). Although the precise Wnts responsible for activat-
ing TOPGAL and hair-specific keratin genes remain to
be determined, Wnts 10a and 10b are expressed in the
early follicle placode (Reddy et al. 2001), and Wnts 3, 3a,
4, 5a, 10a, 10b, and 11 are expressed within several cell
diameters of the precortical cells of the developing hair
follicle (Reddy et al. 2001). A functional role for Wnt
signaling in hair follicle induction is supported by the
phenotype of mice expressing stable �-catenin under the
control of an epidermal keratin promoter/enhancer (Gat
et al. 1998). These transgenic mice have excess skin epi-
thelium, and they become very furry after the first post-
natal hair cycle, resulting from de novo follicles that
form in the interfollicular epidermis and ORS, where the
promoter is active (Fig. 5; Gat et al. 1998). Normally, hair
follicle morphogenesis occurs only in embryonic skin,
raising the possibility that constitutively active
�-catenin might bestow stem cell character to adult epi-
dermal cells, expanding the stem cell population in the
skin and allowing the cells to adopt hair cell as well as
epidermal fates. Alternatively or additionally, stabilized
�-catenin may promote hair lineage proliferation and dif-
ferentiation. In this regard, it is interesting that the
transgenic mice develop benign tumors composed of
pure matrix and hair cells; the tumors lack epidermal,
ORS, and IRS markers (Gat et al. 1998). Diagnosis of
these tumors as pilomatricomas subsequently led to the
identification of the genetic basis of these benign scalp
tumors in humans; human pilomatricomas frequently
result from stabilizing point mutations in endogenous
�-catenin (Chan et al. 1999).
Wnt signaling can also maintain the hair-inducing

properties of DP cells in vitro; when exposed to Wnts,
DP cells in culture retain their ability to induce follicles
when transplanted back into mice (Kishimoto et al.
2000). The notion that specialized dermal mesenchyme
may respond to Wnts is also consistent with tissue re-
combination experiments, which demonstrate the re-
quirement for both mesenchymal and epithelial Lef1 in
hair development (Kratochwil et al. 1996). Bone morpho-
genetic protein-4 (Bmp-4), which is a potent inhibitor of
feather bud formation (Jung et al. 1998; Noramly and
Morgan 1998), has been reported to induce Lef1 gene
expression in mouse dermal condensates in early hair
follicle formation (Kratochwil et al. 1996). In contrast,
mice lacking noggin, a mesenchymally expressed Bmp
inhibitor, lack epithelial Lef1 expression and also lack
secondary hair follicles that depend on Lef1 for their de-
velopment (Botchkarev et al. 1999). Interestingly, cul-
tured keratinocytes exposed simultaneously to Wnt3a
and noggin respond by stabilizing �-catenin and Lef1,
and activating a reporter gene regulated by the TOP en-
hancer containing multimerized Lef1-binding sites
(Jamora et al. 2003). Thus, by regulating Lef1 expression,
the balance of Bmps and Bmp-inhibitors may set the
level of Wnt responsiveness in both mesenchymal and
epithelial progenitor cells of the hair follicle. In this re-
gard, it is interesting that the Drosophila ortholog for

Lef1, dTcf, regulates the wingless/WNT response only in
the presence of DPP/BMP signals (Riese et al. 1997).

Which genes are activated by Wnts and why?

At least some of the genes regulated by Wnt signaling in
the hair follicle seem to be specific to the differentiation
status and location of the Wnt-receiving cell. For ex-
ample, TOPGAL-positive precortical cells express hair
keratin genes that are not activated in TOPGAL-positive
embryonic skin cells (Kopan and Fuchs 1989). Similarly,
in embryonic skin, the genes activated in TOPGAL-posi-
tive dermal condensates are likely to be different from
those expressed in TOPGAL-positive ectoderm. One in-
triguing candidate target of Wnt signaling in embryonic
skin is Eda, a TNF� cousin, which is essential for the
formation of the primary guard hair follicles that form
the mouse overcoat (Headon et al. 2001; Laurikkala et al.
2002). Guard hairs are still present in the Lef1 knockout
mice, which lack Eda expression (van Genderen et al.
1994), suggesting that Lef1 might suppress the expres-
sion of some factor that can otherwise compensate for
Eda.
Another recently reported downstream target for Wnt

signaling is fibroblast growth factor-4 (Fgf-4), which is
activated both in the developing tooth epithelium (Kra-
tochwil et al. 2002), and in the ectoderm and underlying
mesenchyme of developing limbs (Kawakami et al.
2001). In the early hair placode, Fgf signaling seems to
regulate Notch/Delta signaling, as judged by the fact that
Fgf mutant chicks fail to restrict the Notch ligand
Delta1, normally in the dermal mesenchyme beneath
the placode: the result is a loss of feather formation (Vi-
allet et al. 1998). When Delta1 is misexpressed in the
ectoderm, it accelerates local placode formation while
inhibiting the development of placodes in surrounding
ectoderm (Crowe et al. 1998). Elevated Delta1 has also
been noted as a feature of human epidermal stem cells
(Lowell et al. 2000).
In embryonic fly patterning, Wingless is required for

production of Hedgehog, a morphogen whose mamma-
lian homolog, Sonic hedgehog (Shh), plays a critical role
in a variety of developmental processes including the
hair follicle (St-Jacques et al. 1998; Chiang et al. 1999).
Shh is not essential for the earliest cell fate decisions, as
embryos lacking Shh have a normal number of hair buds
that retain expression of Lef1, Bmp2, Bmp4, and Wnt.
However, the hair buds of Shh-null embryos have a se-
vere defect in proliferation and/or migration, and fail to
develop into follicles. Gli2 seems to be the downstream
effector in this process, as Gli2-null embryos phenocopy
Shh-null mice, and activated Gli2 promotes proliferation
in Shh-null skin (Mill et al. 2003). Gli2 may mediate its
mitogenic effect by transcriptional activation of cyclins
D1 and D2 in developing hair follicles (Mill et al. 2003).
In addition to influencing proliferation, epithelial cells

must remodel their intercellular contacts with their
neighbors to respond to external cues and grow down-
ward to form a hair follicle. In early hair placode devel-
opment, E-cadherin is down-regulated in ectodermal
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stem cells coincident with these events. The reduction
in E-cadherin expression is required for follicle forma-
tion, and appears to be regulated at least in part by a
complex regulatory element within the E-cadherin pro-
moter that contains a Lef1-binding site adjacent to a
binding site for the Snail family of repressor proteins
(Jamora et al. 2003 and references therein).
Figure 6 lists some additional candidate Wnt target

genes that might be relevant to the overall process of hair
follicle morphogenesis. With the upstream and down-
stream involvement of so many different signaling path-
ways, it will take considerable time and effort to sift
through the roles of Wnt signaling in orchestrating the
commitment of multipotent epithelium to hair follicle
fate.
What does all this mean for the stem cells in the skin?

During the postnatal hair cycle, TOPGAL is activated at
the beginning of anagen, when bulge cells respond to the
DP. Bulge cells don’t usually express Lef1, but they ex-
press Tcf3, which appears to act as a repressor rather
than an activator (Merrill et al. 2001). When bulge cells
differentiate to matrix cells, Tcf3 is lost and Lef1 expres-
sion is induced (DasGupta and Fuchs 1999; Merrill et al.
2001). This switch, presumably in conjunction with re-
ceipt of a Wnt signal, appears to be essential for the com-
mitment of stem cells to a hair lineage fate. When the
effect of Wnt signaling is blocked, either by conditional
ablation of �-catenin or by transgenic expression of a

truncated form of Lef1 unable to associate with
�-catenin, hair formation is blocked (Huelsken et al.
2001; Merrill et al. 2001; Niemann et al. 2002). The de-
gree to which the signaling is impaired seems to affect
the outcome; sebocyte fate results from milder interfer-
ence and epidermal differentiation results when signal-
ing is blocked entirely. These and other findings increas-
ingly suggest that the levels of �-catenin interacting
partners may influence the particular lineage stem cells
choose.
How might the transition from stem cell to transit-

amplifying cell be controlled? The key regulatory genes
in the bulge are not yet known; however, attractive can-
didates for Tcf3-mediated repression are c-Myc and cyc-
lin D1, which are known Wnt target genes (He et al.
1998; Tetsu and McCormick 1999). As matrix cells are
formed and switch from Tcf3 to Lef1 expression, these
cell cycle genes might be activated, providing a mecha-
nism for the conversion from the slow-cycling stem cell
to the transiently amplifying progeny. This model is par-
ticularly attractive given that elevated c-Myc expression
in mice results in depletion of skin stem cells (Arnold
and Watt 2001; Waikel et al. 2001).

Wnt signaling in other stem cells

As outlined above, studies on the hair follicle point to a
delicate precision of Wnt signaling, in which a range of
cell lineage outcomes result from dose-dependent alter-
ations in pathway members. This sensitivity is con-
firmed by a recent study of murine embryonic stem cell
lines harboring various mutations in APC, a crucial
member of the �-catenin degradation complex (Kielman
et al. 2002). By controlling the dose of �-catenin signal-
ing through altering its degradation, a relation between
differentiation and Wnt signaling surfaced in totipotent
stem cells that was far more complex than a simple on or
off switch. The picture emerging from these studies is
that the outcome of Wnt signaling depends on the ex-
pression profile of the recipient cell.
Strong evidence for a role of Wnt signaling in stem cell

maintenance comes from gene targeting of Tcf4. Mice
lacking Tcf4 die shortly after birth, and seem unable to
generate or maintain intestinal stem cells (Korinek et al.
1998). In the intestine, �-catenin/Tcf4 signaling seems to
function at least in part by regulating expression of Eph-
rinB1 and its receptors, as mice lacking intestinal ephrin
receptors display marked perturbations in the organiza-
tion of stem cells and their progeny in this tissue (Batlle
et al. 2002). The loss of the stem cell population in Tcf4-
null intestine, combined with a possible defect in cell
positioning, raises the question of whether stem cells
lose access to their niche and differentiate because of
loss of local cues to maintain a stem cell fate.
Other roles for Wnt signaling in cell fate determina-

tion include the inhibition of preadipocyte differentia-
tion to adipocytes (Ross et al. 2000) and neural differen-
tiation in the retina (Kubo et al. 2003), and the promo-
tion of hematopoietic cell fate decisions (Lako et al.
2001), neural crest early migration (Hari et al. 2002), and

Figure 6. Wnt target genes that may act in the hair follicle.
Several Wnt target genes have been reported, and some are good
candidates to be involved in hair follicle morphogenesis. These
include c-myc (He et al. 1998) and cyclin D1 (Tetsu and McCor-
mick 1999) proliferation factors; MMP-7, matrix metallopro-
teinase 7 (Brabletz et al. 1999); Ephrin and its receptor Eph-R
(Batlle et al. 2002); Eda, a Tnf family member (Laurikkala et al.
2002); Movo1, nuclear zinc finger protein (Li et al. 2002); and
Bmp 4, bone morphogenetic protein 4 (Baker et al. 1999). Genes
that are known to be down-regulated in the matrix cells during
follicle morphogenesis, but have not been reported as Wnt tar-
gets are indicated by *.
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specification of neurons in the dorsal spinal cord
(Muroyama et al. 2002). Given that many of these find-
ings have emerged in the past few years, it seems likely
that our understanding of the role of Wnts in stem cell
maintenance and determination will grow in the future.

Concluding remarks

As scientists struggle to learn how stem cells maintain
themselves while repopulating complex tissues in nor-
mal homeostasis as well as injury repair, the public is
eager for treatments for deadly or debilitating diseases.
Adult stem cells may have tremendous therapeutic po-
tential, and the skin epithelium represents an enormous
source of accessible stem cells that might be a starting
point for generating cells to replace diseased tissue. Or-
gan transplantation without immunosuppression is only
one possible result. Skin stem cells have already been
used to replace skin lost to burns; whether it will be
possible to use skin stem cell plasticity to engineer treat-
ments for other disorders remains to be determined. Al-
though increasing evidence supports a role for Wnt sig-
naling in skin epithelial stem cell maintenance and/or
determination, deregulated Wnt signaling activation has
long been implicated in human cancers. As carcinogen-
esis is associated with dedifferentiation, mechanisms
discovered in cancer biology could prove useful in entic-
ing partially differentiated stem cells of one lineage
down alternative cell fate pathways. When scientists can
control precisely the degree of Wnt signal a cell receives,
as well as the expression of other pathwaymembers such
as Lef/Tcf family members, stem cell therapeutics may
be closer to reality.
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