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Wnt signaling has been implicated in stem cell (SC) biology, but little is known about how stabilized
�-catenin functions within native SC niches. We address this by defining the impact of �-catenin stabilization
on maintenance, proliferation, and lineage commitment of multipotent follicle SCs when in their native niche
and in culture. We employ gain of function mutations and inducible loss of function mutations to
demonstrate that �-catenin stabilization is essential for promoting the transition between SC quiescence and
conversion to proliferating transit amplifying (TA) progeny. We transcriptionally profile purified SCs isolated
directly from wild-type and elevated �-catenin follicles in both resting and activated states to uncover the
discrete set of genes whose expression in native SCs is dependent upon �-catenin stabilization. Finally, we
address the underlying mechanism and show that in the SC niche, Wnt signaling and �-catenin stabilization
transiently activate Lef1/Tcf complexes and promote their binding to target genes that promote TA cell
conversion and proliferation to form the activated cells of the newly developing hair follicle. We also show
that these changes precede subsequent Wnt signals that impact on the TA progeny to specify the
differentiation lineages of the follicle.
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Adult stem cells (SCs) replenish and maintain natural
tissue homeostasis and repair injured tissues. Within a
tissue, SCs often reside in niches that provide a special-
ized environment thought to regulate SC proliferation
and differentiation into cell lineages that constitute their
tissue of origin (for reviews, see Spradling et al. 2001;
Christiano 2004; Fuchs et al. 2004; Moore and
Lemischka 2004; Wagers and Weissman 2004).

In mice, each hair follicle has a reservoir (bulge) of
quiescent multipotent SCs that are mobilized to repair
the epidermis upon injury and fuel episodic hair cycling
(Taylor et al. 2000; Oshima et al. 2001; Panteleyev et al.
2001; Blanpain et al. 2004; Morris et al. 2004; Tumbar et
al. 2004). At the start of each hair cycle, SCs are stimu-
lated to proliferate and exit at the base of the bulge. The
niche then reenters quiescence, while transit amplifying
(TA) progeny of SCs proliferate, beginning as a small hair
germ that matures to form the follicle that produces hair
(anagen).

Mature adult follicles go through cycles of growth, de-
generation, and rest throughout the life of the animal.

During the resting stage (telogen), the old hair shaft is
encased by the bulge. Upon SC activation, the niche gen-
erates a rapidly proliferating hair germ that grows down-
ward, envelopes specialized mesenchymal cells—the
dermal papilla (DP)—and forms a matrix of proliferative
TA cells at the base of the follicle. The matrix cells ter-
minally differentiate to produce the inner root sheath
and hair shaft. Anagen persists as long as matrix cells
balance proliferation with differentiation, but when they
apoptose, hair growth ceases and the lower follicle de-
generates (catagen). As the defunct follicle regresses, the
DP is drawn upward to rest under the SC niche (telogen).
After some threshold for activation is reached, a few SCs
initiate the next hair cycle anew. Although the mecha-
nism of SC activation is unknown, the process depends
upon the DP and its close proximity to SCs (Jahoda et al.
1984).

Several lines of evidence suggest that multiple steps in
morphogenesis and cycling of the follicle are dependent
upon a change in the transcriptional status of genes that
are regulated by Wnt signaling. At high levels, sustained
stabilized �-catenin in transgenic mice elicits de novo
follicle morphogenesis, thereby bestowing committed
interfollicular epidermal cells with a plasticity normally
afforded only to embryonic or multipotent follicular SCs
(Gat et al. 1998; see also Noramly et al. 1999; Widelitz et
al. 2000). By contrast, conditional ablation of �-catenin
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blocks follicle formation altogether (Huelsken et al.
2001), while administering stabilized �-catenin as a
single potent dose at the resting stage of the cycle
prompts hair growth (Van Mater et al. 2003; Lo Celso et
al. 2004). Finally, older mice expressing high levels of
�-catenin develop skin tumors (pilomatricomas) typified
by masses of dead hair cells encased by rapidly proli-
ferating matrix cells (Gat et al. 1998; Chan et al. 1999).
In normal follicles, the strongest activity of a Wnt-
responsive �-galactosidase reporter gene is seen as TA
matrix cells withdraw from the cell cycle and differen-
tiate to make hair (DasGupta and Fuchs 1999). A number
of endogenous hair keratin and matrix cell transcription
factor genes (Lef1, Movo1, Foxn1, and Msx2) as well as
signaling factors (Fgfs, Follistatin, Tgf�2) have also been
implicated as direct targets for �-catenin/Lef1 (Hovanes
et al. 2001; Merrill et al. 2001; Mullor et al. 2001; Balci-
unaite et al. 2002; Kratochwil et al. 2002; Li et al. 2002;
Jamora et al. 2005).

Although these studies underscored an importance of
Wnt signaling in SC progeny and lineage determination
in the follicle, they did not address whether the myriad
of different effects occur only at high doses of �-catenin
or whether �-catenin still exerts at least some of its ef-
fects at levels closer to those encountered physiologi-
cally. The studies also did not address whether the ef-
fects of �-catenin on hair growth are exclusive to one
stage of the cycle or whether they depend upon a specific
stage. Finally, the studies to date have not addressed
whether stabilized �-catenin acts on the SCs themselves
or only on their progeny.

Overall, these issues are of major importance in SC
biology, where broad effects of Wnts have emerged in a
variety of different systems, and particularly where roles
for Wnts in proliferation, self-renewal, and differentia-
tion of SCs are now hotly debated. In intestinal epithe-
lium, for instance, loss of Tcf4 results in a loss of the
tissue (Korinek et al. 1998). Conversely, an expanded
neural progenitor pool is seen upon constitutive stabili-
zation of �-catenin in the cerebral cortex (Chenn and
Walsh 2002), and hematopoietic progenitors or ES cells
cultured in the presence of purified Wnt3A show en-
hanced proliferation (Reya et al. 2003; Willert et al. 2003;
Sato et al. 2004). While tantalizing, these studies do not
distinguish between SC self-renewal per se versus prolif-
eration of SC progeny. And countering these results is
the fact that transgenic stabilization of �-catenin in the
neural crest seems to promote cell fate specification and
differentiation rather than SC proliferation and self-re-
newal (Lee et al. 2004).

Why do some cells proliferate and others differentiate
in response to Wnt signaling? Do differences in develop-
ment, tissue specificity, and/or level of Wnt signaling
dictate this outcome or is the action a universal one that
is intrinsic to SCs? Does stabilized �-catenin act on the
small pool of often quiescent SCs or alternatively on the
larger pool of proliferating SC progeny (or both)? Do SCs
change their response to Wnts when removed from their
native niche and placed in culture? A molecular under-
standing of these disparate observations is predicated on

being able to distinguish SCs from their progeny, know-
ing whether an SC lineage is sensitive to variations in
the dose of Wnt signaling it receives, and being able to
specifically monitor the consequences of physiological
levels of �-catenin stabilization to SCs in their native
niche. In this report, we tackle these issues and define
the impact of �-catenin stabilization on the SC niche in
vivo.

Results

Sustained �-catenin stabilization in the bulge results
in precocious SC activation

We began by addressing whether stabilized �-catenin
acts directly on SCs. For this purpose, it was necessary
to express �-catenin continually during the hair cycle,
to do so at sufficiently low levels to avoid distortion
of follicle morphology, and to employ a strategy that
would enable us to use fluorescence activated cell sort-
ing (FACS) to obtain pure populations of the follicle
SCs. We achieved these goals by using hemizygous
and homozygous K14-�N �-catenin mice on a K14-
GFPactin background. For our studies, we isolated fol-
licles from matched areas of dorsal lateral backskin,
since the hair cycle proceeds in an anterior to posterior
wave down the back (Dry 1926; Muller-Rover 2001). Ad-
ditionally, we focused our studies on the first 8 wk of
life, since cycles become increasingly asynchronous as
mice age.

Backskin follicles of K14-�N �-catenin hemizygous
(�N) and homozygous (�N�N) mice progressed through
the first post-natal cycle normally (Fig. 1A). Similar to
their wild-type counterparts, they entered anagen syn-
chronously at approximately day 21 (d21) and by d28,
follicles matured, were in full anagen, and appeared mor-
phologically indistinguishable from wild type (Fig. 1A).
Analogously, at the end of the hair cycle, transgenic and
wild-type follicles entered telogen similarly and between
d42 and d45.

In contrast to the first telogen, which lasts only 1–2 d,
the second telogen is highly extended, lasting several
weeks in wild-type follicles. Although the underlying
reason for this extension is unknown, the DP remains
positioned just below the bulge during this entire phase.
At d55, wild-type follicles were still in the midst of this
extended telogen. In striking contrast, ∼90% of �N fol-
licles had already entered the next anagen by d55. In
�N�N backskin, this transition occurred even earlier
(Fig. 1A,B).

Importantly, while �N�N skin displayed other abnor-
malities including signs of de novo hair follicle morpho-
genesis in the interfollicular epithelium, the effects on
�N skin appeared to be largely restricted to precocious
entry into anagen (see Fig. 1A). Anti-�-catenin immuno-
blot analysis confirmed that the level of �N �-catenin
was ∼50% higher in the homozygous versus the hemi-
zygous state, yielding higher overall levels of �-catenin
than wild-type animals (Fig. 1C). Based upon these data,
we conclude that the additional defects in the �N�N
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skin were due to the higher, less physiological levels of
�-catenin. We therefore focused on �N as our model, and
used �N�N only for comparative purposes.

Immunohistochemistry of fixed follicles further re-
vealed nuclear �-catenin in a few cells at the base of the
wild-type SC compartment at the telogen-to-anagen

Figure 1. Synchronous, premature activation of follicle SCs expressing stabilized �-catenin throughout the hair cycle. K14-GFPactin
(wild-type [WT]) and K14-�N �-catenin mice were mated to generate hemizygous (�N) or homozygous (�N�N) animals displaying GFP
epifluorescence in their skin epithelium. (A) GFP epifluorescence (green) of backskins from matched littermates at d28, when wild-
type follicles are in full growth (anagen) and at d49 and d55, when wild-type follicles are in their extended resting phase (telogen) at
the close of this synchronous cycle. Two dose-dependent �-catenin changes occurred: (1) precocious entry of resting (telogen) follicles
into the anagen—that is, growth—phase (�N and �N�N) and (2) aberrant activation of follicle morphogenesis in interfollicular
epithelium (�N�N only; arrowheads). DAPI (blue) marks nuclei. (B) Quantification of the data in A. (C) Immunoblot analyses with (1)
a C-terminal �-catenin Ab that recognizes �N and endogenous �-catenin and (2) an anti-�-actin Ab (control) to show stable and
dose-dependent expression of the �N transgene. (D) Anti-�-catenin immunohistochemistry of paraffin-embedded d55 skin sections
treated for detection of cytoplasmic and nuclear �-catenin protein. Note prominent staining in a few cells at the base of the activated
SC niche (arrowheads) and in early hair germs (additional data in Supplementary Fig. S1). Staining is elevated in �N and �N�N
follicles. (Mx) Matrix; (Bu) bulge; (Epi) epidermis; (SG) sebaceous gland; (HG) hair germ; (HF) hair follicle. Bars, 100 µm.
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transition (Fig. 1D; Supplementary Fig. S1). This was
even more pronounced in the �N follicles. Moreover,
nuclear �-catenin persisted and became more prevalent
in the developing hair germ—that is, the TA progeny of
the activated SCs. Interestingly at other times in the hair
cycle, no signs of precocious SC activation and TA prog-
eny conversion were detected in the �N follicles, despite
the continuously elevated levels of �-catenin in these
animals. Based upon these findings, the effects of stabi-
lized �-catenin in SC activation appeared to depend upon
some additional factor(s) generated during telogen. This
stimulus is likely to come from the DP–bulge interac-
tion that happens during this phase of the cycle.

Precocious activation of SCs without gross
perturbations in niche morphology

Tissue culture studies have led to the proposal that Wnts
might affect SCs by promoting self renewal (for review,
see Reya and Clevers 2005). To evaluate whether �-ca-
tenin stabilization might lead to self-renewal and an in-
crease in bulge size, we conducted a three-dimensional
reconstruction of wild-type, �N, and �N�N bulges.

Remarkably, transgene expression did not seem to af-
fect either the development or the basic biochemistry of
the bulge (Fig. 2). Thus, normal bulge-preferred expres-
sion was detected with a number of markers, and inspec-
tion of XYZ planar sections revealed relatively normal
bulge size and shape over the first two hair cycles. Quan-
tification by microscopy and fluorescence activated cell
sorting (FACS) documented that during this time, the
numbers of follicles and CD34/�6 integrin-positive cells
remained constant (Fig. 2E,F). The bulge consists of two
discrete layers of cells (Blanpain et al. 2004), and both
basal (�6highCD34high) and suprabasal (�6lowCD34high)
compartments maintained normal cell numbers. These
findings showed clearly that sustained �-catenin stabili-
zation caused precocious SC activation under conditions
where no gross perturbations occurred in the morphol-
ogy, size, or classical features of follicle SC biology.

Precocious SC activation occurs synchronously
and is accompanied by transient proliferation

To understand how �N �-catenin causes SC activation
without altering bulge equilibrium, we first tested
whether transgene expression affects the quiescence of
slow-cycling cells within the niche. To do so, we admin-
istered bromodeoxyuridine (BrdU) to wild-type and �N
mice at relevant ages, and then used FACS to analyze
how the cell cycle profiles of niche cells change over the
hair cycle.

Even though bulge cells are quiescent relative to their
TA progeny, they still undergo cycling and incorporate
BrdU (Taylor et al. 2000; Blanpain et al. 2004). During
anagen (d28), �N �-catenin expression did not affect the
numbers of BrdU-labeled bulge cells, whether basal or
suprabasal (Fig. 3A). In addition, anti-caspase 3 labeling

was not detected in either �N or wild-type bulges (data
not shown). Thus, the quiescent and slow-cycling char-
acteristics of the bulge were maintained in the d28 ana-
gen-phase bulge even in the presence of elevated stabi-
lized �-catenin.

In wild-type mice, early anagen coincides with a tran-
sient increase in BrdU incorporation within the bulge
and a constitutive burst of proliferation in the develop-
ing hair matrix. At d49, when the wild-type SC niche
was still quiescent, the �N bulge displayed two times or
more the number of BrdU-labeled cells (Fig. 3B). This
difference was largely restricted to the basal population,
perhaps indicating that the suprabasal bulge cells are not
activated at anagen onset (Fig. 3B).

By d51–d53, as new hair germs were beginning to de-
velop in wild-type follicles, a few BrdU-labeled cells
were seen at the niche base (Fig. 3C). The proliferative
hair germs of �N follicles were more advanced at this
age, and this was reflected by the increase in BrdU-la-
beled cells within the bulge (lower set of panels in Fig.
3C). Quantitative analyses again revealed a more than
two times increase in BrdU-labeled cells in �N versus
wild-type bulges. Interestingly, however, by d60, when
�N�N follicles had progressed to full anagen, the bulges
behaved as in the previous anagen (d28), displaying
markedly reduced proliferation (Fig. 3D). These bulges
showed no anti-caspase 3 labeling nor did they display
morphological signs of apoptosis in anagen or telogen
(Supplementary Fig. S2). Based upon these observations,
transgenic follicle niches appeared able to return to their
quiescent state following precocious activation.

�-Catenin is required for SC maintenance and niche
biology

To determine whether �-catenin affects follicle SCs and
their biology, we used conditional inducible gene target-
ing to ablate �-catenin expression when backskin fol-
licles were in telogen (see Materials and Methods).
Within 7–10 d after topical application of tamoxifen, fol-
licles were nearing the end of telogen. By this time,
�-catenin was quantitatively lost from the skin epithe-
lium, including the SC niche, of the �-catenin fl/fl, K14-
CreER animals (Fig. 4A). Since �-catenin loss is known to
impair embryonic hair follicle development (Huelsken et
al. 2001), we first established that when shaved, condi-
tional �-catenin-null skin did not grow back a normal
hair coat (Fig. 4B).

Interestingly, the deleterious effects on hair follicle
formation appeared to initiate in the SC niche. In the
absence of �-catenin, SC niches failed to label with Abs
against classical SC markers within 2 wk of treatment
(Fig. 4C). This was best exemplified at the boundaries of
treatment, where �-catenin(+), CD34(+) bulges were of-
ten adjacent to �-catenin(−), CD34(−) bulges. Within this
first week, the overall morphology and architecture of
the �-catenin-null niche was still intact (example
shown).

We next determined the consequences of �-catenin
loss to niche quiescence. The bulge was first described as
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Figure 2. SC biochemistry and homeostasis is maintained even in the presence of elevated stabilized �-catenin. Mouse backskin
follicles from K14-GFPactin (green) mice were stained with the indicated primary antibodies, followed by Texas red-conjugated
secondary antibodies. (All images were taken at 40× magnification.) (A–C) Confocal immunofluorescence detects established bulge
markers at different stages of the hair cycle irrespective of the level of �N �-catenin expression. Note: As previously reported (Tumbar
et al. 2004), labeling for the basement membrane protein tenascin C (TenC) extends to the early hair germ. (D) Three-dimensional
confocal analysis of K14GFPactin skin shows that bulge morphology and size are unaffected by the level of �N �-catenin expression.
(E) Quantification shows that the number of d28 and d49 follicles per field (at 10× magnification) are analogous in wild-type (WT) and
�N skin. (F) FACS analysis of the cells from d28 and d49 backskins of wild-type and �N mice shows that the proportion of basal
(�6highCD34high) and suprabasal (�6lowCD34high) bulge cells does not change with �N expression. Graphs at the right compile data from
three experiments encompassing triplicate samples each from three different litters. Abbreviations are as in the legend for Figure 1.
(Cb) Club hair; (DP) dermal papilla.

Lowry et al.

1600 GENES & DEVELOPMENT



a group of slow-cycling SCs based on their characteristic
retention of BrdU incorporation following a chase period
(Cotsarelis et al. 1990). A 72-h pulse of BrdU was admin-
istered to d28 anagen phase fl/fl control and fl/fl Cre+
mice, and then chased for 4 wk. At d44, the animals were
given tamoxifen, and at d57, the skins were analyzed. As
expected, there were many label-retaining cells (LRCs)
within the bulges of untreated or �-catenin expressing
d57 follicles (Fig. 4D). In stark contrast, LRCs were not
found in �-catenin-null SC niches. The loss of label re-

tention appeared to be directly attributable to enhanced
proliferation, as judged by immunolabeling with Abs
against the proliferating nuclear antigen Ki67 (Fig. 4E).
Again, this difference was best visualized in skin sec-
tions bordering treatment, where adjacent �-catenin-
positive and -negative bulges were sometimes found (ex-
ample shown).

The activation of proliferation and loss of SC markers
within the bulge preceded the major morphological and
biochemical aberrations described by Huelsken et al.

Figure 3. Premature activation of the �N hair
cycle is accompanied by a precocious activation
of proliferation in the normally quiescent SC
niche. (A,B) d28 (A) or d48 (B) wild-type (WT) and
�N mice were given 4- or 24-h pulses of BrdU
prior to FACS analyses of backskin bulge cells for
label incorporation. Note that at d28, the num-
bers of S-phase (BrdU-labeled) bulge cells are
similar for wild-type and �N follicles. By d49,
however, many more S-phase cells are present in
the �N bulge. (C) At d51–d53, matched �N and
wild-type littermates were given a 48-h pulse of
BrdU, followed by immunofluorescence analyses
to compare the numbers of S-phase bulge cells to
that of HFs that had precociously entered anagen.
Quantification is at the left. Note that all images
are taken at 40× except the �N Telo-Ana which
is at 20×. Note that the number of BrdU-labeled
bulge cells is higher in �N follicles that have
precociously entered anagen, and in this case, la-
beling is not exclusive to the bulge base. (D) By
d65, �N�N follicles have proceeded to full ana-
gen and have regained quiescence as judged by
BrdU staining. Wild-type follicles at this time are
only just beginning the transition from telogen to
anagen and are thus proliferative as measured by
BrdU incorporation.
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(2001; see also Fig. 4F), and therefore represent the ear-
liest and most direct effects of loss of �-catenin in SCs.
Taken together, our study revealed an early impact of
�-catenin ablation on the telogen-phase follicle SC niche
that resulted in a failure of SCs to undergo proper acti-
vation at the onset of anagen. In addition, however, these
studies suggested a more profound role for �-catenin,
namely, on SC maintenance, as judged by the inability of
�-catenin-null skin to preserve the quiescence and nor-
mal biochemistry of the bulge niche.

Interestingly, both gain and loss of function of �-ca-
tenin promoted increased proliferation, but for very dif-
ferent reasons leading to very different outcomes.
Elevated �-catenin appeared to lower the threshold for
activation by a putative DP signal to commit SCs to a
hair follicle fate. By contrast, loss of �-catenin resulted in
a loss of follicle SC character and a conversion to an
epidermal fate.

�-Catenin stabilization in the SC niche preferentially
activates TA genes associated with proliferation
but not TA genes associated with differentiation

The established role of �-catenin as a transcriptional co-
activator for Lef1/Tcf enhancer elements suggested that
�-catenin stabilization might act directly to alter the
gene expression in the SC niche. To avoid the well-es-

tablished late effects of potent Wnt signaling on the hair
lineage (DasGupta and Fuchs 1999; Merrill et al. 2001)
and to capture the effects that occur when SCs are
first activated, it was essential to first purify SCs from
wild-type and from �N �-catenin skin. Moreover, since
we observed a hair cycle-dependent difference in SC
behavior, it was important to transcriptionally pro-
file SCs from both growing (d28) and resting (d49)
follicles, two time points where the follicles are mor-
phologically indistinguishable in wild-type and �N
�-catenin animals.

After verifying the purity of our FACS isolated popu-
lations (for details, see Blanpain et al. 2004), we per-
formed microarray analyses in duplicate. Overall expres-
sion profiles of SC populations were remarkably similar,
and the majority of genes scored as unchanged. This said,
comparative analyses uncovered a number of distin-
guishing features of SCs at two different stages of the
hair cycle and under conditions where levels of stabi-
lized �-catenin were either wild-type or elevated to a
level that specifically elicited precocious SC activation
in a synchronous fashion (Table 1). The short lists of
genes that scored as up- or down-regulated by �1.8× in
the duplicates of one SC population relative to others
provided “molecular signatures” for each population and
revealed new insights into how SCs change behavior in
response to changes in the microenvironment. The

Figure 4. Loss of �-catenin leads to a loss of SC niche cell identity. The posterior backs of d49 mice homozygous floxed �-catenin
(fl/fl) ± a Cre-ERtm transgene (Cre) were shaved and topically treated with tamoxifen to activate Cre. Seven to 10 d later, Tm-treated
skins were frozen and sectioned for either (1) immunofluorescence with the Abs color-coded on each frame (A,C–E) or (2) hematoxylin
and Oil-red-O staining (positive for sebaceous gland [SG] secretions) (F). DAPI was used in some cases to stain nuclei (blue). (B) Mice
at 4 wk after Tm treatment to show that only wild-type (WT) mice regrew their hair coat. (Bu) Bulge; (HG) hair germ; (Cl) companion
layer (K14-promoter silent). Dotted white lines denote bulge and HG boundaries. Note: fl/fl, Cre skin regions in C and E are near
boundaries of Tm treatment, and hence provide a convenient internal control to illustrate correlation between complete loss of
�-catenin expression and corresponding loss of bulge markers.
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