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Follicle stem cells (SCs) residing in the bulge region of a hair follicle (HF) can give rise to multiple lineages during the
hair cycle and wound healing. The activation and self-renewal of follicle SCs must be tightly regulated to maintain the
HF and epidermal homeostasis. Here we show that, in young mice, disruption of epidermal Smad4, the common mediator
of transforming growth factor-� (TGF-�) signaling, stimulated the activation of follicle SCs, leading to hyperplasia of
interfollicular epidermis (IFE), HFs, and sebaceous glands (SGs). Increased proliferation of follicle SCs ultimately
exhausted the SC niche, indicated by the loss of bromodeoxyuridine (BrdU) label–retaining cells (LRCs), loss of keratin
15 (K15), and CD34 expression. In addition, the colony-forming efficiency of Smad4 mutant keratinocytes was significantly
decreased. Increased nuclear localization of �-catenin and increased expression of c-Myc were correlated with the
overactivation and depletion of follicle SCs. We concluded that Smad4 plays a pivotal role in follicle SC maintenance.

INTRODUCTION

Follicle stem cells (SCs) residing in the bulge of hair follicles
(HFs) continuously self-renew and differentiate into inter-
follicular epidermis (IFE), HFs, and sebaceous glands (SGs)
and are thus necessary for the maintenance of skin ho-
meostasis and for hair regeneration (Blanpain and Fuchs,
2006). Follicle SCs derived cells can also be recruited to
regenerate the various epithelial cell types of hairy skin after
injury (Blanpain et al., 2004; Morris et al., 2004; Tumbar et al.,
2004; Levy et al., 2005). The bulge area serves as a niche in
which the self-renewal and activation of multipotent follicle
SCs are tightly regulated. Although the Wnt/�-catenin,
Sonic hedgehog, and Notch signaling pathways have been
shown to regulate the activation and differentiation of folli-
cle SCs, the molecular mechanism underlying the follicle SC
maintenance remains poorly understood (Fuchs, 2007).

Bone morphogenetic protein (BMP) signaling has been
shown to play essential roles in HF morphogenesis, as well
as in regulating follicle SC activation and the differentiation
of postnatal HFs. BMPs are differentially expressed in vari-
ous HF cell lineages, with constitutive BMP type 1a receptor
(BMPR1A) expression seen in all the HF epithelial cells
including follicle SCs (Kobielak et al., 2003). Ectopic overex-
pression of BMP4 or targeted disruption of the BMP antag-
onist Noggin results in disturbed HF induction and progres-
sive hair loss. Overexpression of Noggin reveals that BMP

signaling plays important roles in induction of the anagen
phase (Botchkarev et al., 1999), hair shaft differentiation (Ku-
lessa et al., 2000), and regulation of HF size (Sharov et al.,
2006). Blockade of BMP signaling by deletion of the Bmpr1A
leads to aberrant de novo HF morphogenesis accompanied
by hair matrix cell hyperplasia and the formation of follic-
ular tumors (Andl et al., 2004; Ming Kwan et al., 2004).
Recently, several lines of evidence have suggested that BMP
signaling in the follicle SC niche inhibits follicle SC activa-
tion and HF anagen induction (Zhang et al., 2006; Kobielak et
al., 2007). The dynamic expression of Noggin in follicle SCs
during the HF cycling triggers the cyclic inactivation of BMP
signaling which correlates with the activation of follicle SCs
during the early anagen phase (Zhang et al., 2006). A very
recent study reveals that cyclic dermal BMP signaling reg-
ulates SC homeostasis during hair regeneration by the inter-
organ macroenvironment (Plikus et al., 2008).

The Wnt/�-catenin pathway has been well characterized
and shown to function in regulating follicle SC proliferation
and fate determination. In the resting follicle, SCs are in a
quiescent, Wnt-inhibited state (DasGupta and Fuchs, 1999;
Tumbar et al., 2004). Activation of Wnt/�-catenin signaling
is critical for HF morphogenesis and plays a key role in
driving follicle SCs along hair differentiation lineages (Mer-
rill et al., 2001; Zhang et al., 2006). �-Catenin stabilization is
essential for promoting the transition from quiescent follicle
SCs into proliferating transit-amplifying cells (Lowry et al.,
2005). Recent studies suggest that BMP signaling could in-
hibit �-catenin stabilization in the follicle SC niche through
regulation of PTEN/phosphatidylinositol 3�-kinase (PI3K)/
Akt signaling pathway (Zhang et al., 2006; Kobielak et al.,
2007).

BMP/transforming growth factor-� (TGF-�) signals trans-
duce through transmembrane receptors and intracellular
mediator Smads (Shi and Massague, 2003). Microarray pro-
filing of bulge SCs has revealed that a variety of genes in the
BMP and TGF-� pathways are preferentially expressed in
the bulge relative to the proliferating basal cells of the epi-
dermis (Blanpain et al., 2004; Morris et al., 2004; Tumbar et al.,
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2004). Overexpression of Smad2 results in disorganized epi-
dermis, indicating an important role of Smad2 in regulating
TGF-�–mediated epidermal homeostasis (Ito et al., 2001).
The up-regulated BMP/TGF-� signals in bulge SCs are cor-
related with nuclear localization of phospho-Smad1 and
phospho-Smad2 together with activated target genes and/or
Smad-interacting proteins (Tumbar et al., 2004; Mou et al.,
2006), indicating a role for Smad-mediated BMP/TGF-� sig-
nals in maintaining the special quiescent nature of resting
follicle SCs. However, the function of Smads in follicle SC
maintenance remains largely undefined.

We and others have previously reported that targeted
ablation of Smad4 in the epidermis and outer root sheath of
HFs results in progressive hair loss and skin tumor forma-
tion (Yang et al., 2005; Qiao et al., 2006). A recent study has
shown that Smad4 loss associated depletion of desmoglein-4
expression contributes to hair follicle degeneration in Smad4
mutants (Owens et al., 2008). In the current study, we re-
ported that Smad4 disruption in the epidermis leads to acti-
vation of follicle SCs, which caused hypertrophic of IFE,
HFs, and SGs. This hypertrophic phenotype is transient,
because activated SCs are eventually exhausted in the folli-
cle. We further provide evidence that an increase in nuclear
�-catenin and up-regulation of c-Myc may be responsible for
the depletion of follicle SCs in Smad4 mutant mice.

MATERIALS AND METHODS

Mouse Strains and Genotyping
Mouse genotyping of the keratinocyte specific Smad4 gene knockout mice was
performed as described in Yang et al. (2005). All animal studies were ap-
proved by the Review Board of Institute of Biotechnology.

Oil Red O and LacZ Staining
Oil Red O staining was performed on frozen skin sections from Smad4
mutants and control littermates aged 3, 6, and 12 mo. Slides were stained in
0.5% Oil Red O in 100% propylene glycol for 30 min and counterstained with
Mayer’s hematoxylin. Skin tissues of postnatal day 45 (P45) mouse were fixed
in 4% paraformaldehyde for 2 h and then subjected to LacZ staining.

Histological Analysis and Immunofluorescence
Dorsal skin was embedded in Cryomatrix (Thermo Scientific, Waltham, MA)
and sectioned at 10 �m. Frozen sections were fixed in 4% paraformaldehyde,
and immunofluorescence was performed as described in Yuan et al. (2008).
Primary antibodies used in this study were K14 at 1:1000, K1 at 1:1000,
involucrin at 1:1000 (Covance Laboratories, Madison, WI), Ki67 at 1:1000
(Abcam, Cambridge, MA), bromodeoxyuridine (BrdU) at 1:100 (Abcam),
CD34 at 1:200 (eBioscience, San Diego, CA), K15 at 1:100 (Chemicon, Te-
mecula, CA), active-�-catenin at 1:100 (Upstate Biotechnology, Lake Placid,
NY), and p-Akt at 1:200 (Cell Signaling, Beverly, MA). Antigens were visu-
alized with FITC or TRITIC-conjugated secondary antibodies (Zymed Labo-

ratories, South San Francisco, CA). Nuclear DNA was stained with the DAPI
reagent (Sigma, St. Louis, MO).

BrdU Label–retaining Analyses
Ten-day-old mice were injected intraperitoneally with 50 �g/g body weight
BrdU (Sigma) every 12 h for 48 h. Mice were killed at least 2 mo after the last
injection. Whole mounts of mouse tail epidermis preparation and immuno-
fluorescence were performed as previously described (Braun et al., 2003). A
laser scanning confocal microscope (Bio-Rad, Hercules, CA; Radiance 2100)
was used to obtain fluorescence images.

Clonogenicity Assays and Immunofluorescence
Keratinocytes from back skin of 6–8-wk-old mice were obtained as described
previously (Frye et al., 2003); although the Smad4 mutant HFs resisted degen-
eration into catagen, we could peel off the epidermis and hypertrophic anagen
HFs thoroughly from the dermis at �2 mo old (Supplemental Figure S1).
Cells, 1 � 105, were plated per 60-mm dish on mitomycin C–treated 3T3
feeder layer. After 32 d, colonies were photographed and stained with 0.5%
rhodamine B. For immunofluorescence, cells were subsequently fixed in
formaldehyde 4% and then immunostained and stained with DAPI for DNA
before mounting as described in Sun et al. (2008).

Western Blot Analysis
Tissue proteins were obtained from the extracts of epidermis of mice at P42
and Western blot performed as described in Yang et al. (2005). Antibody
reaction was done with antibodies against active-�-catenin (Upstate), �-cate-
nin (Santa Cruz Biotechnology, Santa Cruz, CA), c-Myc (Santa Cruz), PTEN
(Cell Signaling), p-Akt (Cell Signaling), GSK-3� (Cell Signaling), �1-integrin
(Santa Cruz), and �-actin (Sigma).

Flow Cytometry
Primary mouse keratinocytes were isolated from back skin of 72-d-old mice as
described previously (Blanpain et al., 2004). Cells were labeled with anti-�6-
integrin antibody conjugated to phycoerithrin (eBioscience) and anti-CD34
conjugated to FITC (eBiosciences) for 45 min at room temperature with
rotation. Cells were then analyzed using BD FACScalibur sorter and
CellQuest FACS analysis system.

RESULTS

The Hypertrophy Phenotypes in Smad4 Mutant Epidermis
Are Transient
In our previous study, we generated keratinocyte-specific
Smad4 knockout mice (Smad4co/co;K5-Cre) using the K5-Cre
transgenic mice (Yang et al., 2005). The Smad4co/co;K5-Cre
mutant mice began to exhibit progressive hair loss after P20.
By 12 mo of age, 70% of the mutant mice developed visible
skin tumors (Yang et al., 2005). We further observed that the
majority of (22/25) tumors occurred in mice younger than 9
mo (Supplemental Figure S2). About 10% of mutant mice
survived as long as 15 mo without any skin tumors.

We performed Oil Red O staining to analyze the histolog-
ical changes in the epidermis of 3-, 6-, and 12-mo-old
Smad4co/co;K5-Cre and control mice (Figure 1). At 3 mo, the

Figure 1. Hypertrophy phenotypes withered in aged
Smad4 mutant mice. (A–F) Histological analysis by Oil
Red O staining performed on dorsal skin of 3- (A and
D), 6- (B and E), and 12-mo-old (C and F) wild-type
(Cre/�/�, A–C) and Smad4 mutant mice (Cre/Co/Co,
D–F). Bar, 50 �m.
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Smad4 mutant epidermis displayed significantly thickened
IFE, hypertrophic HFs, and enlarged SGs compared with
wide type littermates (Figure 1, A and D). Surprisingly, we
found the cellularity of the IFE, HFs and SGs to be decreased
in Smad4 mutants at 6 mo of age compared with that at 3 mo
(Figure 1, D and E). By 12 mo, the thickness of mutant
epidermis was significantly reduced compared with con-
trols, and all HF infundibula were found to have degener-
ated into cysts that contained a large amount of keratose
debris (Figure 1, C and F).

We also performed immunofluorescence in Smad4 mutant
and control epidermis to determine the expression levels of
keratin14 (K14, Figure 2, A–F), keratin1 (K1, Figure 2, G–L),
and involucrin (Figure 2, M–R), which are markers, respec-
tively, for the basal layer of the epidermis and the HF outer
root sheaths, the spinous layers of the epidermis and inner
root sheaths of HFs, and the granular layers of the epider-
mis. The results showed that IFE and HF hypertrophy di-
minished gradually in Smad4 mutants (Figure 2, A–R; Sup-
plemental Figure S3).

Loss of Smad4 Resulted in a Transient Increase in
Epidermal Cellular Proliferation
We next used Ki67 immunofluorescence to examine prolif-
eration in the skin of mouse back (Figure 3, A–F) and tail
(Figure 3, G–L) at 3, 6, and 12 mo, respectively. At 3 mo,
there was a significantly increased proliferation in Smad4
mutant epidermis (Figure 3D) compared with wild-type
(Figure 3A). The number of Ki67-positive cells in Smad4
mutants (Figure 3E) had decreased to control epidermal
levels by 6 mo (Figure 3B). By 12 mo, the number of Ki67-
positive cells in Smad4 mutants was further declined (Figure
3F). Whole mount Ki67 labeling of mouse tail epidermis
(Figure 3, G–L) confirmed the transient increased prolifera-
tion in Smad4 mutant mice (Figure 3, J and M).

Smad4 Deletion Resulted in Overactivation of Follicle SCs
The withering of the hypertrophy phenotypes after a tran-
sient increase in proliferation suggested that the follicle SCs
may have been induced to exit from their compartment. To

Figure 2. Dynamic changes of epidermis markers ex-
pression in postnatal Smad4 mutant epidermis and HFs.
Immunofluorescence staining with K14 (A–F), K1 (G–
L), and involucrin (M–R) on dorsal skin of 3- (A, D, G,
J, M, and P), 6- (B, E, H, K, N, and Q), and 12-mo-old (C,
F, I, L, O, and R) wild-type (A–C, G–I, and M–O) and
Smad4 mutant mice (D–F, J–L, and P–R). Bar, 40 �m.

L. Yang et al.

Molecular Biology of the Cell884



test this hypothesis, we first examined the expression pat-
tern of Smad4 in the bulge. As shown in Figure 4A, Smad4
is normally expressed in the bulge SCs of HF at telogen
(P45). �-Galactosidase staining done in the P45 K5-Cre;RO-
SA26 double transgenic mice revealed Cre-mediated recom-
bination in the bulge SCs at telogen (Figure 4B). No Smad4
expression was detected in P45 Smad4Co/Co;K5-Cre mutant
HFs (Figure 4C). These data indicated that the Smad4 expres-
sion was successfully disrupted in the follicle SC compart-
ment. We further investigated whether BrdU label–retaining
cells (LRCs; Cotsarelis et al., 1990) in the HF bulge were
affected in Smad4 mutants. Ten-day-old mice received an
injection of BrdU every 12 h for a total of four injections.
After a 60-d chase, keratinocytes in the bulge of wild-type
tail epidermis retained the BrdU label (Figure 4D, bracket).
Ki67 labeling was confined to the lower bulb region of the
HF, indicating that most of the follicle SCs in wild-type tail

epidermis was quiescent. In contrast, the LRC zones were
expanded in Smad4-deleted mice (Figure 4E, bracket). In-
creased numbers of Ki67-positive LRCs were found in
Smad4 mutant tail HFs (Figure 4, E and G, arrows, 11.2 �
5.0% in Smad4 mutants (n � 16) vs. 2.9 � 2.5% in controls,
(n � 10), p � 0.01), indicating that more Smad4 mutant LRCs
were dividing.

Smad4 Deletion Led to Depletion of the Follicle SC
Compartment
Continued proliferation of LRCs eventually resulted in loss
of the label after a 77-d chase, scarcely any LRCs were
evident in the back skin of Smad4 mutant mice (Figure 5B),
whereas in wild-type back skin, many LRCs could be found
in the bulge (Figure 5A, arrow).

To confirm that Smad4 deletion led to depletion of the
follicle SC compartment, we next examined the expression

Figure 3. Loss of Smad4 resulted in a transient in-
creased proliferation in epidermis and HFs. (A–F) Ki67
immunofluorescence on mice dorsal skin sections at 3
(A and D), 6 (B and E), and 12 mo (C and F), respec-
tively. In Smad4 mutant epidermis there was an increase
in the number of Ki67-positive keratinocytes at 3 mo (D)
compared with that of wide-type mice (A), whereas it
decreased gradually at 6 (E) and 12 mo (F). (G–L) Ki67
immunofluorescence of whole mount mouse tail epi-
dermis at 3 (G and J), 6 (H and K), and 12 mo (I and L)
confirmed the transient increased proliferation in Smad4
mutants. (M) Percentage of Ki67-positive cells; n � 6 for
each time point and genotype. **p � 0.01. Bar, (A–F) 50
�m; (G–L) 100 �m.
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of the HF bulge marker CD34. CD34 was detected in the
bulge of P72 wild-type mice but not in that of their mutant
littermates (Figure 5, C and D). The expression of another
bulge marker, keratin 15 (K15), was also found to have been
lost in the mutant tail epidermis (Figure 5, E and F). We

subsequently examined the expression of K15 in mutant
epidermis between P22 and P72. Comparable expression of
K15 was detected in P22 and P29 mutants (Figure 5, G–J).
The expression of K15 was significantly decreased at P40
(Figure 5, K and L) and was completely absent in mutants at

Figure 4. Smad4 deletion result in overactivation of
follicle SCs. Immunohistochemistry staining of Smad4
in HFs of wild-type (A) and Smad4 mutants (C). (B)
LacZ staining of a HF in a K5-Cre;ROSA26 double trans-
genic mouse. (D–G) Costaining of BrdU and Ki67 were
performed after a 60-d chase. LRCs concentrated in the
bulge of wild-type tail epidermis (D and F, brackets),
whereas Ki67-labeled cells were concentrated most in
the bulb (D and F, arrows). In Smad4 mutants, the LRC
zones were expanded (G, brackets), and increased num-
bers of LRCs were colabeled with Ki67 (E and G, ar-
rows). SG, sebaceous gland. Bar, (A–C) 25 �m; (D and
E) 100 �m; (F and G) 40 �m.

Figure 5. Smad4 deletion led to depletion of the follicle SC compartment. (A and B) Costaining of BrdU and Ki67 after a 77-d chase. Note
that LRCs were detected in the bulge of HFs of wild-type controls (A, bracket), but barely detected in Smad4 mutants (B). (C–N)
Immunofluorescence of CD34 and K15 marks the HF bulge of wild-type mice (C, E, G, I, K, and M), whereas in Smad4 mutant mice they were
gradually lost (D, F, H, J, L, and N). Bar, (A, C, G, and N) 35 �m; (B and D–F) 70 �m.
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P72 (Figure 5, M and N). The gradually diminishing expres-
sion of CD34 in the bulge is also illustrated in Supplemental
Figure S4. The number of CD34-positive cells that expressed
high levels of a6-integrin was significantly decreased in
Smad4 mutants at P72 (13.2 � 5.5% in controls vs. 2.0 � 1.3%
in Smad4 mutants, n � 4; Figure 6, A and B).

To further study the effect of Smad4 inactivation on SC
function, we carried out assays of clone formation. After a
32-d culture, wild-type SCs gave rise to large, round clones
(Figure 6C) containing tightly arranged, small, round cells
(Figure 6E). In contrast, Smad4 mutant cells produced small,
irregularly shaped, and fully differentiated colonies (Figure
6, D and F). Immunofluorescent detection of K14 revealed
that clones derived from both wild-type and Smad4 mutant
keratinocytes were K14 positive (Figure 6, G and H). Nota-
bly, Smad4 mutant, but not wild-type, keratinocytes ex-
pressed the terminal differentiation marker involucrin (Fig-

ure 6, I and J). Mutant keratinocytes contained a greater
percentage of Ki67-positive cells at early stages of culture
compared with controls (day 10, Figure 6, K, L, and S). A
comparable percentage of Ki67-positive cells was detected in
mutant and control keratinocytes cultured for 15 and 22 d
(Figure 6, M–P and S). When cultured for 30 d, the majority
of mutant keratinocytes were differentiated, and the percent-
age of proliferating cells was lower than controls (Figure 6,
Q—S). These results suggested that the SC compartment
might be reduced in Smad4 mutant epidermis.

The Increased Nuclear Localization of �-Catenin and
Increased c-Myc Expression in Smad4 Mutant Epidermis
Stabilization of �-catenin is essential for promoting the tran-
sition from quiescent bulge SCs into transit-amplifying cells
(Lowry et al., 2005). Increased nuclear staining of active

Figure 6. Significantly decreased colony-forming efficiency of Smad4 mutant keratinocytes. (A and B) Flow cytometry of �6-integrin and
CD34 double-labeled keratinocytes from dorsal epidermis of wild-type and Smad4 mutant mice at P72. (C–J) Clonal forming assay with 1 � 105 total
keratinocytes from 6- to 8-wk-old control (C, E, G, and I) and Smad4 mutant mice (D, F, H, and J). Microscopic view of wild-type (E) and Smad4
mutant (F) colonies. Immunofluorescence on wild-type and Smad4 mutant keratinocytes in culture for K14 (G and H), involucrin (I and J),
and Ki67 (K–R). Bar, (E–J) 20 �m; (K and L) 25 �m; (M–R) 50 �m.
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�-catenin was observed in bulge keratinocytes of Smad4
mutants at telogen (Figure 7, A–D). Western blots confirmed
the increased level of active �-catenin in Smad4 mutants,
whereas total level �-catenin was not altered (Figure 7G).
Pten, phospho-Akt (the active form of Akt), and phospho-
GSK-3� were at normal levels in Smad4 mutant epidermis
compared with that in controls (Figure 7G). C-Myc has been
reported as a downstream target of �-catenin/TCF–signal-
ing pathways (He et al., 1998), and both increased and de-
creased c-Myc levels have been shown to deplete epidermal
SCs by modulating adhesive interactions with the local mi-
croenvironment (Waikel et al., 2001; Braun et al., 2003; Frye et
al., 2003; Zanet et al., 2005). We found an increase in c-Myc
expression in Smad4 mutant epidermis, whereas �1-integrin
expression was not altered (Figure 7G); in contrast, �6-
integrin levels were diminished in Smad4 mutant SC niche
where CD34 was expressed (Figure 7, E and F).

DISCUSSION

This study revealed an essential role for Smad4 in the reg-
ulation of follicle SCs. We have shown that disruption of
Smad4 in mouse epidermis, including bulge follicle SCs,
results in persistent activation of follicle SCs, ultimately
leading to their depletion. We further show that both �-cate-
nin and c-Myc are up-regulated in Smad4 mutants, indepen-
dent of overactivation of the PI3K/AKT signaling pathway.

Many studies have indicated that TGF-�–signaling path-
ways, in particular BMP signals, play crucial roles in the
regulation of follicle SC activation. Microarray profiling of
follicle SCs has led to the identification of genes in the TGF-�
pathways that are preferentially expressed in the bulge
(Fuchs, 2007). Latent TGF-�–binding protein 1 and p-Smad2
expression in the bulge are confirmed by immunofluores-
cence (Morris et al., 2004; Tumbar et al., 2004). Recent studies

revealed that cyclic dermal BMP signals control follicle SC
activation during hair regeneration (Plikus et al., 2008),
whereas dynamic expression of Noggin, a BMP antagonist
leads to activation of follicle SCs and initiation of the anagen
phase (Zhang et al., 2006). Conditional ablation of BMPR1A
resulted in activation of epidermal SCs and loss of a quies-
cent niche (Zhang et al., 2006; Kobielak et al., 2007). In this
study, we showed that Smad4 was expressed in bulge SCs
and that targeted disruption of Smad4 caused overactivation
of follicle SCs, leading to significantly thickened IFE and
hypertrophic HFs and SGs. The exit from the SC compart-
ment was accelerated in young Smad4 mutants, indicated by
an expanded LRC zone and a transit increase in prolifera-
tion. Several lines of evidence suggested that conditional
deletion of Smad4 resulted in the depletion of follicle SCs. In
relatively young Smad4 mutant mice (P72), some keratino-
cytes in the expanded LRC zone were also marked by Ki67.
Continued proliferation of LRCs eventually led to the loss of
main features of follicle SCs, BrdU label retention, and K15
expression. The expression of CD34 which were important
for bulge SC tumorigenesis (Trempus et al., 2007) were also
lost. Together, these data indicate that, in Smad4 mutants,
overactivated SCs generated more transient amplifying
cells, at the expense of their self-renewal. As the population
of SCs was exhausted, the number of transient amplifying
cells was gradually decreased in Smad4 mutants. Conse-
quently, the hypertrophic phenotypes in IFE, HFs, and SGs
withered in aged Smad4 mutant mice (6 and 12 mo) and
there was scarcely any skin tumorigenesis in Smad4 mutant
older than 9 mo (Supplemental Figure S2). Additional evi-
dence for follicle SC depletion came from the colony-form-
ing experiments. Smad4 mutant keratinocytes gave rise to
abortive clones consisting of large, terminally differentiated
keratinocytes after a 32-d culture. These findings suggest an
important role of Smad4 in maintaining homeostasis of fol-

Figure 7. The increased nuclear localization of �-cate-
nin and increased c-Myc expression in Smad4 mutant
epidermis. (A–D) The immunofluorescence of active-�-
catenin in the HFs of the control (A and C) and Smad4
mutant mice (B and D) at P42. (E and F) The immuno-
fluorescence of �6-integrin and CD34 in HFs showed
that �6-integrin was down-regulated in SC niche of
Smad4 mutants at P42. (G) The expression of total
�-catenin, active-�-catenin, PTEN, p-Akt, p-GSK-3�, c-
Myc, and �1-integrin in epidermis of P42 Smad4 mu-
tant and control mice were detected by Western blot
analyses. Bar, (A and B) 35 �m; (C and D) 15 �m; (E
and F) 25 �m.
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licle SCs. Surprisingly, wound healing experiments showed
that 10-mo-old Smad4 mutants were able to heal the wound
at a rate comparable to that of controls (Supplemental Figure
S6, G and H), although the reepithelialization rate was sig-
nificantly reduced compared with that at 2 mo (Supplemen-
tal Figure S6, F, H, and J). This finding suggests that follicle
SCs are not necessary for cutaneous wound healing, which
is supported by a recent observation that an extended epi-
dermal response heals cutaneous wounds in the absence of
a follicular SC contribution (Langton et al., 2008).

Our findings may not completely concur with the reports
that induced conditional inactivation of BMPR1A leads to
overproduction of HF stem/progenitor cells (Zhang et al.,
2006) or expansion of early progenitors of bulge cells (Ko-
bielak et al., 2007). The deletion of Smad4 would be expected
to disrupt the cellular responses to both TGF-� and BMP
signals, resulting in a discrepancy between Smad4 and
BMPR1A in epithelial differentiation as well as follicle SC
homeostasis maintenance. In our previous study, we found
that Smad4 mutants showed defective programmed regres-
sion of HFs, which is in line with the observations that loss
of TGF-�1 results in failure of catagen induction (Foitzik et
al., 2000; Yang et al., 2005). Moreover, the Smad4 mutant mice
exhibit failure in hair cycling and skin tumor formation,
which resemble the phenotypes of BMPR1A-deficient mice
(Andl et al., 2004; Ming Kwan et al., 2004; Yang et al., 2005;
Zhang et al., 2006). Deletion of Smad4 may intercept BMP in
repressing follicle SCs activation; however, we could not
exclude the possibility that Smad4-mediated TGF-� signal-
ing is also required for the maintenance of the follicle SCs.
How BMP signals are orchestrated with other TGF-� signals
or antagonists to regulate the activation, proliferation, and
maintenance of follicle SCs needs to be further investigated.

We have provided evidence showing that overactivation
of �-catenin might contribute to the depletion of follicle SCs
in Smad4 mutants. Transient increased levels of �-catenin or
transient activation of �-catenin leads to accelerated transi-
tion from the resting to the growth phase of the hair cycle
and new follicle formation (Van Mater et al., 2003; Lo Celso
et al., 2004; Silva-Vargas et al., 2005). Activated �-catenin is
usually restricted to in the bulge region when follicle SCs are
activated during the early anagen phase (DasGupta and
Fuchs, 1999; Zhang et al., 2006). Our previous study showed
that cyclin D1 and c-Myc, the direct targets of Wnt/�-cate-
nin signaling, are both significantly up-regulated in Smad4
mutants (Yang et al., 2005). In this study, we further showed
that increased nuclear staining of �-catenin in the bulge
region was correlated with the overactivation of follicle SCs.
A recent study has provided genetic evidence showing that
cyclic dermal BMP signaling prevents the activation of bulge
SCs, a process usually involving periodic �-catenin activity
(Plikus et al., 2008). Consistently, enhanced �-catenin stabi-
lization is presented in BMPR1A-deficient mice and is ac-
companied by the activation of the PI3K/AKT pathway
(Zhang et al., 2006; Kobielak et al., 2007). However, no alter-
ation of Pten, p-Akt and p-GSK-3� were detected in Smad4
mutants, suggesting that Smad4 functions differently from
BMPR1A in maintaining follicle SCs homeostasis.

Balanced c-Myc expression appears to be crucial for the
maintenance of follicle SCs, because its overexpression in
transgenic mice depletes follicle SCs and drives them to
terminal differentiation (Arnold and Watt, 2001; Waikel et
al., 2001). Conditional loss of endogenous c-Myc also leads to
a loss of epidermal SCs and precocious differentiation of
basal epidermal cells (Zanet et al., 2005). Previous studies
have shown that expression of c-Myc could be activated by
�-catenin in colorectal cancer cells (He et al., 1998). In this

study, we showed that up-regulation of c-Myc was corre-
lated with increased nuclear localization of �-catenin in
Smad4 mutants. The consistently up-regulated c-Myc led to
transient epidermal hyperproliferation and skin tumor for-
mation (Yang et al., 2005) and eventually caused the deple-
tion of follicle SCs. Up-regulation of c-Myc in Smad4 mutants
could also be due to blocked cellular responsiveness to
TGF-�, because in vitro studies have demonstrated that
TGF-� inhibits cell growth through transcriptional repres-
sion of c-Myc (Frederick et al., 2004).

Previous studies have suggested that c-Myc activation
depletes the epidermal SC niche by reducing adhesive in-
teractions with the local microenvironment (Frye et al., 2003).
In this study, we showed that c-Myc activation was associ-
ated with down-regulation of �6-integrin expression, sug-
gesting a potential role for c-Myc–induced suppression of
adhesion in the stimulation of follicle SCs to differentiate. A
c-Myc binding site has been found about 350–360 base pairs
upstream of the transcription start site of human �6-integrin
promoter (Nishida et al., 1997). Coexpression of H-Ras and
c-Myc in a hematopoietic cell line significantly inhibits the
expression of �6-integrin and leads to a loss of adhesiveness
to laminin (Nagashima et al., 2001). Notably, sustained acti-
vation of c-Myc together with down-regulation of �6-inte-
grin expression leads to apoptosis and differentiation of
human embryonic SCs (Sumi et al., 2007).

In summary, we have shown that targeted ablation of
Smad4 in epidermis leads increased �-catenin nuclear local-
ization independent of overactivation of the PI3K/Akt path-
way. It also leads to c-Myc activation, which reduces �6-
integrin expression and results in the depletion of follicle
SCs. These data suggest a critical role for Smad4 in the
normal maintenance of follicle SCs and potentially in related
disorders.
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