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Sonic hedgehog (Shh) signaling plays a critical role in hair follicle development and skin cancer, but how it
controls these processes remains unclear. Of the three Gli transcription factors involved in transducing Shh
signals in vertebrates, we demonstrate here that Gli2 is the key mediator of Shh responses in skin. Similar to
Shh−/− mice, Gli2−/− mutants exhibit an arrest in hair follicle development with reduced cell proliferation and
Shh-responsive gene expression, but grossly normal epidermal differentiation. By transgenic rescue
experiments, we show that epidermal Gli2 function alone is sufficient to restore hair follicle development in
Gli2−/− skin. Furthermore, only a constitutively active form of Gli2, but not wild-type Gli2, can activate
Shh-responsive gene expression and promote cell proliferation in Shh−/− skin. These observations indicate that
Shh-dependent Gli2 activator function in the epidermis is essential for hair follicle development. Our data
also reveal that Gli2 mediates the mitogenic effects of Shh by transcriptional activation of cyclin D1 and
cyclin D2 in the developing hair follicles. Together, our results suggest that Shh-dependent Gli2 activation
plays a critical role in epithelial homeostasis by promoting proliferation through the transcriptional control of
cell cycle regulators.
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The development of hair follicles during embryogenesis
is dependent on reciprocal inductive interactions be-
tween the epithelium and mesenchyme (Hardy 1992).
Classical studies propose that a signal originating from
the mesenchyme instructs specific clusters of ectoder-
mal cells to elongate into epithelial placodes. The plac-
odes then signal to the underlying mesenchyme direct-
ing the condensation of fibroblasts into rudimentary der-
mal papillae, and subsequently, the dermal condensates
stimulate the proliferation and differentiation of epithe-
lial cells. In postnatal skin, epithelium of the hair follicle
continuously cycles through periods of active growth
(anagen), followed by regression (catagen) and a resting
phase (telogen). At the beginning of each anagen, stem
cells located in the bulge of the hair follicles respond to
signals from the dermal papillae and give rise to both
follicular and epidermal keratinocytes (for review, see

Fuchs and Raghavan 2002). Recent experiments indicate
that multiple epithelial and mesenchymal signals are in-
volved in these inductive interactions (for review, see
Millar 2002). Many of the signaling cascades involved in
embryonic hair development are redeployed during adult
hair development, and hyperactivation or inappropriate
maintenance of these signaling pathways can result in
skin disorders and cancers.
The secreted signaling molecule Sonic hedgehog (Shh)

plays an important role in both embryonic and adult hair
development. During embryogenesis, Shh is expressed in
the proliferating epithelial cells at the distal tip of the
developing follicle (Bitgood and McMahon 1995; Iseki et
al. 1996). In mice lacking Shh, mature hair follicles fail
to develop although hair follicle formation is initiated
and the dermal condensates form, suggesting that Shh is
required for the proliferation and subsequent down-
growth of the follicular epithelium, and for the matura-
tion of the dermal papillae (St-Jacques et al. 1998; Chiang
et al. 1999; Karlsson et al. 1999). In adult mice, Shh ex-
pression is up-regulated in early anagen, and ectopic ap-
plication of Shh can prematurely induce anagen in rest-
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ing telogen follicles (Sato et al. 1999). Furthermore, treat-
ment with Shh-blocking antibodies causes a reversible
alopecia, as follicles cannot cycle and are arrested in telo-
gen, indicating that Shh is also required for hair cycling
in postnatal skin (Wang et al. 2000b). Importantly, hy-
peractivation of the Shh signaling pathway is found in a
variety of hair follicle tumors, including basal cell carci-
nomas (BCCs), the most common human cancers (Dah-
mane et al. 1997; Oro et al. 1997; Xie et al. 1998).
The Gli family of zinc finger transcription factors me-

diates Hedgehog (Hh) signaling in Drosophila and verte-
brates (Aza-Blanc and Kornberg 1999; Ingham and Mc-
Mahon 2001). InDrosophila, a single Gli protein Cubitus
interruptus (Ci) possesses both activator and repressor
functions. The repressor form is generated by proteolytic
cleavage of Ci, which is inhibited by Hh signaling (Aza-
Blanc et al. 1997). In addition to blocking the formation
of the Ci repressor, Hh signaling also promotes the acti-
vator function of Ci through poorly understood molecu-
lar events (see Ingham and McMahon 2001). In mam-
mals, Shh signal transduction involves at least three Gli
proteins (Gli1, Gli2, and Gli3). Similar to Ci, Gli2 and
Gli3 likely function as both activators and repressors. In
contrast, Gli1 appears to be solely an activator. It is be-
lieved that Gli2 and Gli3 are the primary transducers of
Shh signaling, whereas Gli1, whose expression is tran-
scriptionally regulated by Gli2 and Gli3, plays a second-
ary role in potentiating the Shh response. Mutant studies
revealed that Gli2 and Gli3 performmost of the activator
and repressor functions, respectively, in developing
mouse embryos (Ding et al. 1998; Motoyama et al.
1998a; Bai and Joyner 2001). In contrast, Gli1 function is
dispensable for development, as Gli1 null mice are viable
and do not exhibit any anomalies (Park et al. 2000). How-
ever, the three Gli proteins possess overlapping develop-
mental functions, as both Gli1;Gli2 and Gli2;Gli3 mu-
tant mice exhibit more severe phenotypes than the
single mutant mice (Mo et al. 1997; Motoyama et al.
1998a; Park et al. 2000).
Although Shh signaling plays a critical role in both

embryonic and adult hair development, the function of
Gli transcription factors in these processes is not known.
Molecular analysis of BCC has revealed that overexpres-
sion of Gli1 and, to a lesser extent, Gli2 are common
features of BCC and indicators of hyperactivated Shh sig-
naling (Dahmane et al. 1997; Grachtchouk et al. 2000).
Indeed, overexpression of Gli1 and Gli2 in the mouse
epithelium resulted in the formation of BCC-like tu-
mors, indicating that the activator functions of Gli tran-
scription factors play a key role in the initiation of these
basaloid tumors in postnatal skin (Grachtchouk et al.
2000; Nilsson et al. 2000). To determine the role of Gli
proteins in embryonic hair development, we have ana-
lyzed the phenotypes ofGli2,Gli3, and Shhmutant skin,
and performed transgenic rescue experiments. We show
that Gli2 is the key mediator of Shh signaling during
embryonic hair development asGli2−/− skin phenocopies
the arrested hair follicle phenotype of Shh−/− mutants,
with reduced Shh target gene expression and cell prolif-
eration. Our results also demonstrate that the hair fol-

licle defects of Gli2−/− skin are primarily in the epithe-
lium. Importantly, we find that the activation of Gli2 is
Shh-dependent and is tightly linked to the control of cell
proliferation, partly through transcriptional regulation of
the cell cycle regulators cyclin D1 and cyclin D2.

Results

Gli2 function is essential for hair follicle development

To identify the Gli transcription factors that mediate
Shh responses during hair follicle development, we ex-
amined the skin phenotypes of Gli2 and Gli3 mutant
mice. Similar to wild-type skin, epithelial placodes form
around embryonic day 14.5 (E14.5) in Shh−/−,Gli2−/−, and
Gli3−/− skin (Fig. 1A–D). At E18.5, although both wild-
type and Gli3−/− skin contains follicles at all stages of
development (stages 1–5; Fig. 1E,H), all Shh−/− follicles
and the majority of Gli2−/− follicles are arrested at the
early hair plug stage (Fig. 1F,G). Advanced-stage wild-
type and Gli3−/− follicles grow deep into the dermis and
show compartmental organization and maturation of the
dermal papilla, as indicated by a high level of alkaline
phosphatase activity (Fig. 1I,L). In contrast, only rudi-
mentary mesenchymal condensates are found in Shh−/−

and Gli2−/− follicles (Fig. 1J,K). However, some “escape”
hairs, which develop to more advanced stages, can be
found in E18.5 Gli2−/− skin; about 8% of Gli2−/− follicles
develop to stage 4 or higher (p < 0.005) as compared with
77.5% of wild-type follicles (Fig. 4B, below, and summa-
rized in Fig. 4W). Similar to Shh−/− skin,Gli2−/− skin also
shows a significant reduction (25%; p < 0.001) of pelage
follicles as compared with wild-type littermates (data
not shown).
Although pelage (trunk) follicle morphogenesis is

completely abolished in Shh−/− skin, we find that vibris-
sae (whisker) follicles can develop in Shh−/− mice as well
as in Gli2−/− mice. As revealed by K17 expression, which
marks all developing epithelial appendages at E14.5,
wild-type whisker pad on the upper lip consists of a ver-
tical row of four large follicles alternating with five rows
of varying numbers of follicles (Fig. 1M). Gli2−/− mice
have fewer and less developed vibrissae follicles as re-
vealed by K17 expression (Fig. 1O). Despite their pro-
found craniofacial defect, Shh−/− mice develop vibrissae
follicles (Fig. 1N,S). In contrast, Gli3−/− mice have extra
vibrissae follicles (Fig. 1P). Therefore, although the de-
velopmental mechanisms of vibrissae and pelage fol-
licles appear similar (Davidson and Hardy 1952), the re-
quirement for Shh signaling is different.
Because Gli2−/− mice die embryonically, postnatal

skin development was analyzed by xenografting experi-
ments. This strategy allowed us to investigate whether
or not (1) the arrest in folliculogenesis was due to a de-
velopmental delay, and (2) the follicle defect was second-
ary to a systemic defect in Gli2−/− mice. Skin biopsies,
consisting of both the epithelium and dermis, were re-
moved from E18.5 embryos, grafted onto the back of im-
munocompromised mice, and allowed to further develop
for 3–5 wk. Both wild-type (n = 4) and Gli3−/− (n = 5)
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grafts produced coats of dense fur, with histological hair
structures comparable to those found in normal adult
skin (Fig. 4H,K, below; data not shown). In contrast,
Gli2−/− grafts (n = 16) produced essentially hairless skin
(Fig. 4I, below). Occasional hairs were detected in some
Gli2−/− grafts; based on their paucity, these hairs likely
represent the escape hairs that are able to fully mature.
Histological analysis revealed that Gli2−/− grafts exhibit
a thickened epidermis interspersed between disorga-
nized invaginations, which contain keratinized and pig-
mented hair-like material (Fig. 4L, below). Furthermore,
Gli2−/− grafts also display sebaceous gland development,
which was not found in Shh−/− grafts (St-Jacques et al.
1998; Chiang et al. 1999). These results indicate that
Gli2 plays a critical role in hair follicle development and
that Gli2−/− mice display a skin phenotype similar to,
but milder than, that of Shh−/− mice.

Cell proliferation, but not keratinocyte differentiation,
is affected in Gli2−/− skin

Shh−/− skin shows a dramatic reduction in cell prolifera-
tion within the developing follicle but displays expres-
sion of many keratinocyte differentiation markers (St-
Jacques et al. 1998). Similarly, Gli2−/− skin also shows a

consistent reduction in cell proliferation throughout fol-
liculogenesis, as shown by bromodeoxyuridine (BrdU) in-
corporation (Fig. 2A–D), and expression of proliferating
cell nuclear antigen (PCNA; Fig. 2E,F) and Ki67 (data not
shown). Although both epithelial and dermal layers in
Gli2−/− skin show reduced proliferation, only the follic-
ular epithelium was significantly affected (Fig. 2I). The
expression of keratinocyte differentiation markers K5,
K10, and loricrin, which mark the stratum basale, stra-
tum spinosum, and stratum corneum, respectively, are
not affected in Gli2−/− skin (Fig. 2A–H). These results
indicate that keratinocyte differentiation proceeds nor-
mally in Gli2−/− skin. Furthermore, TUNEL staining re-
vealed that the arrest in Gli2−/− follicle development is
not due to altered apoptosis (data not shown). These re-
sults show that Gli2 plays an essential role in cell pro-
liferation, but not in keratinocyte differentiation and cell
death, in the developing follicle.

Gli2 mediates the majority of Shh responses
in the developing skin

To determine whether Gli2 is responsible for transduc-
ing Shh signals in embryonic skin, we examined expres-
sion of two universal Shh targets, Ptc1 and Gli1, in

Figure 1. Arrest of Gli2−/− pelage follicle
development phenocopies the skin defects
of Shh−/− mutants. Development of pelage
follicles and whiskers in wild-type (A,E,I,
M,R), Shh−/− (B,F,J,N,S), Gli2−/− (C,G,K,
O,T), andGli3−/− (D,H,L,P,U) mutants. (A–
D) Pelage follicle development in E14.5
skin. Yellow line marks the boundary be-
tween epithelium (e) and dermis (d). (E–H)
Pelage follicle development in E18.5 skin.
Numbers denote stage of hair follicle mor-
phogenesis. (I–L) E18.5 skin sections
stained for alkaline phosphatase (blue) and
laminin-5 (red). Arrowheads mark the de-
veloping dermal papilla, which show high
alkaline phosphatase activity. (M–P) Pat-
terning of vibrissae follicles in E14.5 heads
as revealed by K17 RNA expression. In M,
numbers indicate the normal tract pattern
and arrowheads mark the four intervening
whiskers. Arrow indicates the whisker
formed in Shh−/− mice (N), and asterisk
marks the extra whisker tract in Gli3−/−

mutants (P). (R–U) Histology of vibrissae
follicles in E18.5 skin. Arrow indicates the
characteristic concentric rings on cross-
sections of Shh−/− vibrissae follicles. Bars,
50 µm.
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Gli2−/− skin and in cultured dermal fibroblasts derived
fromGli2−/− mice. Ptc1 and all threeGli genes are highly
expressed in both the epithelial and mesenchymal com-
partments of early hair follicles (Hui et al. 1994; data not
shown). In later stage follicles, the expression levels of
Ptc1 and Gli1 remain high in the developing epithelial
compartments and dermal papilla, with lower levels lin-
gering in the interfollicular layers (Fig. 3B,D). In contrast,
the expression levels of Gli2 and Gli3 are dramatically
reduced in both germ layers, with Gli2 being expressed
at a slightly higher level in the developing follicle (Fig.
3E,F). Previous studies have shown that the skin expres-
sion of Ptc1 and Gli1 is almost completely lost in Shh−/−

mice (St.-Jacques et al. 1998; Chiang et al. 1999). Al-
though Shh is still strongly expressed in Gli2−/− follicles
(Fig. 3G), expression of Ptc1 and Gli1 is greatly reduced
in Gli2−/− skin (Fig. 3H,J) suggesting that Gli2 mediates
most of the Shh responses during folliculogenesis. In

contrast, a low level of Gli3 expression, which is com-
parable to that detected in wild-type follicles, can be de-
tected in Gli2−/− follicles (Fig. 3F,L). Similar to Shh−/−

mutants (St.-Jacques et al. 1998), the expression of Ptc2
is also not affected in Gli2−/− follicles (Fig. 3I).
To further establish the role of Gli2 in mediating Shh

responses in the skin, we isolated dermal fibroblasts
from E18.5 wild-type and Gli2−/− skin, and we examined
the Shh-dependent activation of Gli1 and Ptc1 expres-
sion in primary cultures. When treated with recombi-
nant Shh, wild-type fibroblasts exhibited a dose-depen-
dent increase of Gli1 and Ptc1 expression, as revealed by
reverse transcriptase PCR (RT–PCR) analysis (Fig. 3M).
In contrast, Gli2−/− fibroblasts failed to show any in-
crease of Gli1 and Ptc1 expression even at the highest
Shh concentration tested. These results indicate that
Gli2 is critical for transducing Shh signals in both epi-
thelial and mesenchymal cells in skin.

Epidermal Gli2 rescues the follicular defects
of Gli2−/− skin

Shh signaling plays a key role in the proliferation of ep-
ithelial cells: Shh promotes keratinocyte proliferation by
opposing cell cycle arrest in culture (Fan and Khavari
1999); abnormal activation of Shh signaling results in the
formation of basaloid tumors of epithelial origin in both
humans and mice (Dahmane et al. 1997; Oro et al. 1997;
Xie et al. 1998; Grachtchouk et al. 2000; Nilsson et al.,
2000); and both Shh−/− and Gli2−/− mice have profound
proliferation defects in the epithelial compartment of
the follicles (St-Jacques et al. 1998; Fig. 2A–F). To further
define the function of Gli2 in the developing skin, we
examined whether the K5–Gli2 transgene, which targets
Gli2 expression to the epithelial basal layer and outer
root sheath of differentiated hair follicles (Grachtchouk
et al. 2000), can restore Shh responsiveness in the epi-
thelium of Gli2−/− skin and alleviate the Gli2−/− follicu-
lar defects. We first established and characterized a
stable line of K5–Gli2 transgenic mice (data not shown).
Despite being expressed embryonically, K5–Gli2 trans-
genic mice do not exhibit any apparent defects in hair
follicle development, but develop spontaneous tumors
later in life, predominantly on their ears, similar to K5–
Gli2 transgenic founders (Grachtchouk et al. 2000). The
K5–Gli2 transgene was then introduced into the Gli2
mutant background. Because K5–Gli2;Gli2−/− mice die at
birth, intercrosses between K5–Gli2;Gli2+/− and Gli2+/−

mice were performed to generate E14.5 and E18.5 K5–
Gli2;Gli2−/− mice.
Consistent with the notion that Gli2 mediates Shh

responses in the epithelium, the K5–Gli2 transgene re-
stores epithelial expression of Gli1 and Ptc1 in E14.5
K5–Gli2;Gli2−/− skin (Fig. 4N–P; data not shown). At
E18.5, whereas mostGli2−/− follicles are arrested at stage
2 of folliculogenesis (Fig. 4B,F), strikingly, K5–
Gli2;Gli2−/− follicles develop to more advanced stages
(Fig. 4C,G), which are comparable to wild-type follicles
(Fig. 4A,E). Similar to wild-type follicles (Fig. 4E,N,Q),
K5–Gli2;Gli2−/− follicles exhibit correct compartmental-

Figure 2. Gli2−/− mutant follicles are arrested because of a de-
fect in proliferation. Immunofluorescence of differentiation,
and cell proliferation markers of wild-type (A,C,E,G) andGli2−/−

(B,D,F) skin at E14.5 (A–B) and E18.5 (C–H). (A–D) Staining of
Keratin14 (red) and BrdU (green) at E14.5 (A,B) and E18.5 (C,D).
(E–F) Staining of Loricrin (red) and PCNA (green) in E18.5 skin.
(G–H) Staining of Keratin10 in E18.5 skin. (I) BrdU-positive cells
in E18.5 skin. Gli2−/− hair follicles show a twofold reduction in
epithelial proliferation (p < 0.0005). Bars, 50 µm.
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ization (Fig. 4G) and high levels of Gli1 and Ptc1 expres-
sion (Fig. 4P,S). Within the follicular epithelium, kera-
tinocyte proliferation in K5–Gli2;Gli2−/− skin was re-
stored to 95% of wild-type levels (Fig. 4T–V; p < 0.001),
revealing a critical role of Gli2 in epithelial proliferation.
Furthermore, xenografting experiments established that
K5–Gli2;Gli2−/− grafts (n = 4) develop further and pro-
duce functional hairs, with density and histology com-
parable to wild-type grafts (Fig. 4H–M). When Gli2 func-
tion is restored in Gli2−/− epithelium, hair follicle devel-
opment proceeds normally, establishing that the primary
skin defect of Gli2−/− mutants lies in the epithelium.
Importantly, despite the similarities between the follic-
ular defects of Gli2−/− and Shh−/− mice, the K5–Gli2
transgene is incapable of rescuing the arrest of Shh−/−

follicles (Fig. 4D), and K5–Gli2;Shh−/− follicles do not
express Shh target genes Ptc1 and Gli1 (data not shown;
see Fig. 6, below). These results suggest that Gli2 re-
quires a Shh-dependent event in order to function as an
activator in the epithelium.

Epithelial expression of Gli2 and �NGli2
by a Cre–loxP based transgenic approach

To determine a possible Shh-dependence of Gli2 activa-
tor function, we examined whether a constitutive active
form of Gli2 can bypass the requirement of Shh signaling
for activation of Shh target genes, stimulation of epithe-
lial proliferation, and hair follicle development. �NGli2,
which lacks the N-terminal repression domain, has been
shown to be hyperactive in cultured cells and transgenic
mouse embryos (Sasaki et al. 1999), suggesting that it
may function as a constitutive activator form of Gli2.

We used a Cre–loxP-based conditional transgenic ap-
proach to achieve epithelial expression of Gli2 and
�NGli2 in Gli2 and Shh mutant backgrounds.
We subcloned the Gli2 and �NGli2 cDNAs down-

stream of the �geo cassette in the Z/AP double reporter
construct (Fig. 5A; Lobe et al. 1999). Through ES cell-
mediated transgenesis and subsequent analysis, oneZ/AP–
Gli2 transgenic line and oneZ/AP–�NGli2 transgenic line,
which show similar level of transgene expression in the
skin, were selected for the following studies. The triple
polyadenylation sites (3xpA) located at the 3� end of the
�geo cassette terminate transcription and keep the Gli2
transgene and the associated human alkaline phosphatase
reporter gene silent (Fig. 5B–D; data not shown). However,
both the Gli2 transgene and the alkaline phosphatase re-
porter gene can be efficiently activated by Cre-mediated
excision of the floxed �geo cassette (Fig. 5E–G).
We first validated this transgenic approach by testing

the effectiveness of the Z/AP–Gli2 transgene in rescuing
the follicular defects of Gli2−/− skin. A K5–Cre transgene
(Tarutani et al. 1997), which uses a K5 promoter similar
to the K5–Gli2 transgene, was used to drive Cre-medi-
ated activation of the Z/AP–Gli2 transgene in the epi-
thelium and outer root sheath. As shown by histology,
the expression of Gli1 and Ptc1, and BrdU incorporation,
K5–Cre;Z/AP–Gli2;Gli2−/− mice (n = 6) develop hair fol-
licles (Fig. 6,O–Q) similar to those of wild-type mice (Fig.
6A,D–F). In the absence of Cre-mediated activation of
the Gli2 transgene, Z/AP–Gli2;Gli2−/− follicles (data not
shown) are indistinguishable from Gli2−/− follicles (Fig.
6B,G–I). These results confirm the notion that restora-
tion of Gli2 function in the epithelium rescues the fol-
licular defects of Gli2−/− skin.

Figure 3. Shh responsiveness is reduced in Gli2−/− skin. Ex-
pression of Shh (A,G), Ptc1 (B,H), Ptc2 (C,I), Gli1 (D,J), Gli2
(E,K), and Gli3 (F,L) in E18.5 wild-type (A–F) and Gli2−/− (G–L)
skin. The expression of the Shh-responsive genes, Ptc1 and
Gli1, is dramatically reduced in Gli2−/− mutants (H,J). (M) Shh
induces Gli1 and Ptc1 expression in dermal fibroblasts iso-
lated from wild-type skin, as revealed by RT–PCR analysis.
This Shh response is lost in Gli2−/− dermal fibroblasts.
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Similar to K5–Cre;Z/AP–Gli2;Gli2−/− mice, K5–Cre;Z/
AP–�NGli2;Gli2−/− mice (n = 6) also develop advanced
stage hair follicles (Fig. 6U), exhibit a high level of Gli1
and Ptc1 expression (Fig. 6W,X), and show increased
BrdU incorporation (Fig. 6Y), indicating that the Z/AP–
�NGli2 transgene is capable of rescuing the follicular
defects of Gli2−/− skin. However, some minor morpho-
logical differences are noted with the rescued follicles,
which appear thickened along the shaft and base, and
penetrate the dermis less deeply than do wild-type or
K5–Cre;Z/AP–Gli2;Gli2−/− follicles. Interestingly, Gli1

and Ptc1 are ectopically expressed in the interfollicular
epithelium of K5–Cre;Z/AP–�NGli2;Gli2−/− mice (Fig.
6W,X), suggesting that �NGli2 is acting in a Shh-inde-
pendent manner.

�NGli2 activates Shh target gene expression
and promotes epithelial cell proliferation
in the absence of Shh

To test whether �NGli2 is a Shh-independent activator
of Shh target genes, we generated K5–Cre;Z/AP–Gli2;

Figure 4. Epithelial Gli2 is sufficient to restore Shh responsiveness, stimulate proliferation, and rescue hair follicle development.
(A–G) Sections of E18.5 wild-type (A,E), Gli2−/− (B,F), K5–Gli2;Gli2−/− (C,G), and K5–Gli2;Shh−/− dorsal skin at low (A–D) and high
(E–G) magnification. (B) Although most Gli2−/− follicles are arrested at stages 1–2, some “escape” follicles (arrowhead) can develop
further. (H–M) Appearance (H–J) and histology (K–M) of wild-type (H,K), Gli2−/− (I,L), and K5–Gli2;Gli2−/− (J,M) skin xenografts after 50
d of incubation. (N–S) Dark-field illuminations of Ptc1 expression in E14.5 follicles in wild-type (N), Gli2−/− (O), and K5–Gli2;Gli2−/−

(P) skin. Gli1 expression by DIG in situ in wild-type (Q), Gli2−/− (R), and K5–Gli2;Gli2−/− (S) skin. (T–V) Staining of BrdU (green) and
K14 (red) in E18.5 wild-type (T), Gli2−/− (U), and K5–Gli2;Gli2−/− (V) skin. (W) Differences in the progression of hair follicle develop-
ment at E18.5: wild type (red), Gli2−/− (green), and K5–Gli2;Gli2−/− (blue). Bars: E–G,K–M, 50 µm; H–J, 2.5 cm.
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Shh−/− and K5–Cre;Z/AP–�NGli2;Shh−/− mice. Similar
to K5–Gli2;Shh−/− mice, K5–Cre;Z/AP–Gli2;Shh−/− mice
(n = 7) show a skin phenotype indistinguishable from
those of Shh−/− mice. All these mutant skin samples ex-
hibit hair follicles arrested at the early hair peg stage (Fig.
6C,N) and show no epithelial or dermal expression of
Shh target genes, Gli1 (Fig. 6J,R) and Ptc1 (Fig. 6K,S).
Furthermore, there is little incorporation of BrdU (Fig.
6L,T), emphasizing the defect in proliferation, particu-
larly in the epithelial compartment. Strikingly, the ex-
pression of Gli1 and Ptc1 (Fig. 6Z,AA) is restored in the
developing follicles of K5–Cre;Z/AP–�NGli2;Shh−/−

mice (n = 10) at levels comparable to those of wild-type
follicles (Fig. 6D,E). Furthermore, ectopic expression of
these Shh target genes is also detected suprabasally in
the interfollicular epithelium of these mutants, as de-
scribed earlier for K5–Cre;Z/AP–�NGli2;Gli2−/− mu-
tants. These results provide genetic evidence indicating
that �NGli2 is indeed a constitutively active form of
Gli2, which can activate Gli1 and Ptc1 expression in a
Shh-independent manner.
We next examined whether �NGli2 can promote epi-

thelial cell proliferation in the absence of Shh. Increased
follicular keratinocyte proliferation was observed in
K5–Cre;Z/AP–�NGli2;Shh−/− skin, where the number
of BrdU positive cells was 2.6-fold higher (p < 0.005)
as compared with Shh−/− mutants (Fig. 6L,BB). A simi-
lar increase in PCNA staining was also observed in
the follicles and interfollicular epithelium of K5–

Cre;Z/AP–�NGli2;Shh−/− mutants (data not shown).
These observations demonstrate the Shh-indepen-
dent activity of �NGli2 as an effector of epithelial cell
proliferation.
Although epithelial expression of Gli1 and Ptc1 as

well as cell proliferation are elevated in K5–Cre;Z/AP–
�NGli2;Shh−/− mice, the mutant skin does not exhibit a
complete rescue of hair follicle development. When
compared with Shh−/− follicles (Fig. 6C), the majority of
K5–Cre;Z/AP–�NGli2;Shh−/− follicles are much larger
and penetrate deeper into the dermis (Fig. 6V). Addition-
ally, they exhibit more advanced follicular compartmen-
talization, including hair follicles with concave bases
and stronger alkaline phosphatase activity of more
rounded dermal condensates (see Supplemental Mate-
rial). Although precise developmental staging of these
follicles is difficult (Paus et al. 1999), expanded expres-
sion of K17, which marks the outer root sheath in later
stages of hair follicle development, in K5–Cre;Z/AP–
�NGli2;Shh−/− mice further suggests that these follicles
have bypassed some aspects of Shh follicle arrest (data
not shown; McGowan and Coulombe 1998). Taken to-
gether, these results demonstrate that the activator func-
tion of Gli2 during folliculogenesis is Shh-dependent.
However, the fact that �NGli2, a constitutive Gli2 acti-
vator, is not sufficient to program normal hair follicle
development in the absence of Shh suggests that Shh
signaling may play additional roles to the activation of
Gli2 in the skin.

Figure 5. Inducible transgenic expression of Gli2 and �NGli2 in the developing epithelium. (A) Schematic of the conditional
Cre–loxP transgenic approach. The double reporter Z/AP construct (Lobe et al. 1999) contains a strong ubiquitous promoter that drives
expression of reporter genes and Gli2. The first reporter, �geo, which is followed by three polyadenylation signals, is flanked by loxP
sites (red arrowheads), which can be excised in the presence of Cre. The second reporter, human placental alkaline phosphatase
(hPLAP), and Gli2 are expressed only after Cre excision. This strategy was used to target epidermal expression of full-length Gli2 and
N-terminally truncated Gli2, �NGli2 (Sasaki et al. 1999). Expression of the Z/AP–�NGli2 transgene in E18.5 skin in the absence
(B,C,D) and presence (E,F,G) of K5–Cre. (B) In the absence of Cre, lacZ expression was found in all layers of interfollicular epithelium,
infundibulum, and outer root sheath (ORS) of developing hair follicles. (C) hPLAP was not expressed in the absence of Cre; however,
endogenous alkaline phosphatase activity is detected in dermal papillae. (D) In situ hybridization revealed low levels of endogenous
Gli2 expression in the epithelium and dermis. In the presence of Cre, K5–Cre;Z/AP–�NGli2 embryonic skin shows efficient excision
of the �geo cassette (E), and induction of hPLAP (F) and Gli2 transgene (G) expression in the epidermis. Bar, 50 µm.
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The Shh-dependent activator function of Gli2
regulates cyclin D1 and cyclin D2 transcription
in developing hair follicles

Shh signaling promotes proliferation of primary human
keratinocytes by opposing cell cycle arrest (Fan and Kha-
vari 1999). Recent studies further demonstrate that Hh
signaling can sustain cell cycle progression through up-
regulation of G1 cyclins, including cyclin D1, cyclin D2,
and cyclin E (Kenney and Rowitch 2000; Long et al.
2001). To investigate the role of Gli2 in cell cycle con-
trol, we examined whether the Shh-dependent activation
of Gli2 is involved in the regulation of D-type cyclins. In
embryonic mouse skin, cyclin D1 is expressed at low
levels in the basal layer of the interfollicular epithelium
and throughout the developing follicles, cyclin D2 ex-
pression is prominent at the distal tip of developing fol-
licles and appears to overlap with Shh expression, and
cyclin D3 expression is detectable at very low levels in
overlapping regions with cyclin D1 expression (Fig. 7A,B;
data not shown). Whereas cyclin D1 expression is re-
duced in bothGli2−/− and Shh−/− skin (Fig. 7B,C), we find

that there is little and no expression of cyclin D2 in
Gli2−/− and Shh−/− follicles, respectively (Fig. 7E,F). Im-
portantly, when Gli2 function is restored in the devel-
oping epithelium, cyclin D1 and cyclin D2 expression
are restored to their endogenous patterns and levels in
K5–Cre; Z/AP–Gli2;Gli2−/− rescued follicles (Fig. 7G,I).
�NGli2, but not Gli2, can induce cyclin D1 and cyclin
D2 expression in the absence of Shh (Fig. 7H,J,L,N), in-
dicating that their transcription is regulated in part by
the Shh-dependent activator function of Gli2. Interest-
ingly, �NGli2 induces ectopic expression of cyclin D1,
but not cyclin D2, in the suprabasal layers (Fig. 7K–N).
These results suggest that the Shh-dependent activator
function of Gli2 promotes epithelial proliferation in em-
bryonic skin through the transcriptional control of D-
type cyclins.

Discussion

Although it is known that Shh signaling is intimately
involved in hair follicle development and skin tumori-

Figure 6. The activator function of
Gli2 is required for hair follicle devel-
opment and is Shh-dependent. Hema-
toxylin-eosin staining of dorsal skin
sections from E18.5 wild-type (A),
Gli2−/− (B), Shh−/− (C), K5–Cre;Z/AP–
Gli2;Gli2−/− (M), K5–Cre;Z/AP–Gli2;
Shh−/− (N), K5–Cre;Z/AP–� NGli2;
Gli2−/− (U), and K5–Cre;Z/AP–�NGli2;
Shh−/− (V) mice. In situ hybridization
analysis of Shh target gene expression,
Ptc1 (D,G,J,O,R,W,Z) and Gli1 (E,H,
K,P,S,X,AA). Staining of BrdU (green)
and K14 (red) in E18.5 wild-type (F),
Gli2−/− (I), Shh−/− (L), K5–Cre;Z/AP–
Gli2;Gli2−/− (Q), K5–Cre;Z/AP–Gli2;
Shh−/− (T), K5–Cre;Z/AP–�NGli2;
Gli2−/− (Y), and K5–Cre;Z/AP–�NGli2;
Shh−/− (BB) skin. Bars, 50µm.
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genesis, the details of the effectors and downstream
events it coordinates in the skin remain elusive. Here,
we show that Gli2 is the major activator mediating Shh
responses during embryonic hair follicle development in
mice. The Gli2−/− follicle defect phenocopies the ar-

rested follicular development of Shh−/− mutant mice,
with reduced Shh-responsive gene expression and de-
creased cell proliferation. Through tissue-specific trans-
genic rescue experiments in mutant backgrounds, we
have further dissected the role of Shh signaling in the
developing skin and established that activation of Gli2
function in the epidermis by Shh signaling is essential
for embryonic hair follicle development. (See Fig. 8 for a
model.)

Gli2 is a major mediator of Shh signaling in the skin

Using a combination of genetic approaches, we illustrate
that Gli2 is required for embryonic hair development.
Gli2−/− skin shows defects in pelage follicle development
strikingly similar to those observed in Shh−/− skin: arrest
at early hair peg stage, reduced cell proliferation, and
down-regulation of Shh target gene expression in both
epithelial and dermal compartments. However, some es-
cape hairs can still be found in Gli2−/− skin. It is possible
that Gli2 is not essential for the development of all pel-
age follicles, as there are several types of follicles in mice
whose development initiate at different embryonic
stages and appear to have different genetic requirements

Figure 7. Gli2 activator regulates cyclin D1 and cyclin D2 ex-
pression in the developing epithelium. Expression of cyclin D1
(A,B,C,G,H,K,L) and cyclin D2 (D,E,F,I,J,M,N) in E18.5 wild-
type (A,D), Gli2−/− (B,E), Shh−/− (C,F), K5–Cre;Z/AP–Gli2;
Gli2−/− (G,I), K5–Cre;Z/AP–Gli2;Shh−/− (H,J), K5–Cre;Z/AP–
�NGli2;Gli2−/− (K,M), and K5–Cre;Z/AP–�NGli2;Shh−/− (L,N)
mutants. Bar, 50 µm.

Figure 8. Model for Shh regulation of Gli activator and repres-
sor forms in the embryonic hair follicle. In the developing hair
follicles, Shh triggers a cascade of events leading to the forma-
tion of a potent transcriptional activator Gli2ACT and inhibiting
the formation of Gli repressors (e.g., Gli3). As the balance shifts
to predominantly Gli activator forms, the expression of Shh-
responsive genes, Ptc1 and Gli1, is induced. Gli1 itself is a po-
tent transcriptional activator that can further potentiate the
expression of Shh-responsive genes. Other Shh-responsive genes
controlled by Gli activators include cell cycle regulators, such
as cyclin D1 and cyclin D2, which are required for the prolif-
eration of epidermal cells in the hair germ. In the absence of
Shh, Gli activators will not be formed and Gli repressors will
predominate. In our transgenic rescue experiments, we show
that both Gli2 and �NGli2 can rescue hair follicle development
in Gli2−/− skin, and that wild-type Gli2 requires Shh for its
activation, whereas �NGli2 can bypass the requirement of Shh.
Furthermore, our results suggest a role for Gli repressor in the
developing skin, as �NGli2 cannot fully restore hair follicle
development in Shh−/− skin, which is expected to possess a high
level of Gli repressors (Gli3). (Black boxes) Endogenous Gli;
(grey ovals) transgenic Gli.
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(for review, see Millar 2002). Alternately, a possible re-
dundancy of Gli function in Shh signaling could exist in
skin. This latter view is supported by the observation
that escape hairs are not found in Gli2−/−;Gli3+/− skin
(data not shown). Together, these observations suggest
that Gli2 is the major mediator of Shh signaling in the
skin.
By transgenic rescue experiments, we show that the

primary defect of Gli2−/− skin is in the epithelium. Al-
though the development of dermal papillae is severely
affected inGli2−/− skin andGli2−/− dermal fibroblasts fail
to respond to Shh in vitro, restoration of Gli2 activity in
the epithelium alone can fully rescue hair follicle devel-
opment in Gli2−/− skin. Consistent with our results, it
has been shown that Shh is insufficient to maintain the
hair follicle-inducing characteristics of purified dermal
papilla fibroblasts (Kishimoto et al. 2000). We propose
that Gli2 can induce a secondary epithelial signal, which
is subsequently required for maintenance and matura-
tion of the dermal papilla.

Gli2 activator function is Shh-dependent

K5–Gli2 does not rescue Shh−/− follicles, suggesting that
Gli2 activator function is Shh-dependent. To test this,
we used a conditional Cre–loxP transgenic approach to
express a Shh-independent form of Gli2 in the epidermis
(Lobe et al. 1999). �NGli2, which lacks the N-terminal
repression domain, is a hyperactive form of Gli2 in acti-
vating Shh target gene expression both in vitro and in
vivo (Sasaki et al. 1999). Importantly, �NGli2, but not
Gli2, can induce Gli1 and Ptc1 expression in Shh−/− skin
and induce ectopic expression ofGli1 and Ptc1 in regions
normally lacking Shh response. These results indicate
that �NGli2 functions as a constitutive activator of Gli1
and Ptc1 expression. In Drosophila, the activator func-
tion of Ci has been shown to be Hh dependent; an un-
cleavable form of Ci, which is incapable of forming the
repressor form, cannot induce the expression of target
genes in the absence of Hh signaling (Méthot and Basler
1999). Although Gli2 can activate transcription in over-
expression studies (see Sasaki et al. 1999), our data here
clearly illustrate that the activator function of Gli2 in
vivo is indeed Shh-dependent.
Although our results demonstrate the Shh-dependent

activator function of Gli2, it remains unclear whether
Gli2 also acts as a repressor. Several studies have sug-
gested that, similar to Ci and Gli3, Gli2 can undergo
proteolytic cleavage (Aza-Blanc et al. 2000; Wang et al.
2000a). Furthermore, in transgenic flies, Gli2 can func-
tion as a repressor and, interestingly, this repressor func-
tion is shown to be Shh-independent (Aza-Blanc et al.
2000). Although the physiological significance of the
Gli2 repressor function has yet to be established, a study
in which Gli1 was knocked into the Gli2 locus provides
some insights into the functional similarity and differ-
ence between Gli1 and Gli2 in adult hair development
(Bai and Joyner 2001). Whereas Gli1 can compensate for
the lack of Gli2 function in Gli2Gli1KI mice during em-
bryonic development, remarkably, adult Gli2Gli1KI mice

develop skin defects, including alopecia and ulcers.
These observations suggest that Gli1 could not perform
an essential function of Gli2 during adult hair develop-
ment. Although the molecular mechanisms await fur-
ther investigation, it is plausible that Gli2 may possess a
repressor function, which is lacking in Gli1, and this
Gli2 repressor function plays a key regulatory role in the
adult hair cycle.

�NGli2 can activate Gli1 and Ptc1 expression, and re-
store cell proliferation in Shh−/− epithelium, but the res-
cue of hair follicle development is not complete in K5–
Cre;Z/AP–�NGli2;Shh−/− skin. Additionally, the “res-
cued” follicles appear abnormal because they lack
polarized downgrowth observed in wild-type skin (Fig.
6A,U). Although we have restored the activator function
of Gli2, K5–Cre;Z/AP–�NGli2;Shh−/− epithelium still
contains high levels of Gli3 repressor function that
might hinder hair follicle development. Indeed, an el-
evated level of Gli3 repressor has been shown to prevent
ventral neural tube development and limb development
in Shh−/− mice (Litingtung and Chiang 2000; Litingtung
et al. 2002). To address this possibility in skin, it will be
important to study embryonic hair development in K5–
Cre;Z/AP–�NGli2;Shh−/−;Gli3−/− mice, in which the
Gli2 activator function is provided and the Gli3 repres-
sor function is removed in the epithelium.

Gli2 activator function is required for
epithelial proliferation

In various developmental contexts, hedgehog signals
have been linked to proliferative responses in target
cells. Quiescent cells can be stimulated to enter the cell
cycle in response to mitogenic signals, such as Shh,
which induce the expression of D-type cyclins required
to pass the G1 restriction point. Shh has been shown to
promote proliferation of cerebellar granule neuron pre-
cursors through up-regulation of cyclin D1, cyclin D2,
and cyclin EmRNA and protein levels (Kenney and Row-
itch 2000). Indian hedgehog signaling, which is required
for chondrocyte proliferation, also regulates cyclin D1
expression in developing bone (Long et al. 2001). We
show here that Shh signaling controls cyclin D1 and cy-
clin D2 expression in the developing follicle epithelium,
suggesting a conserved role of Hh signaling in the regu-
lation of D-type cyclins in diverse tissues. Shh-depen-
dent activator function of Gli2 induces restricted expres-
sion of cyclin D2 and increased expression of cyclin D1,
suggesting that the expression of cyclin D1 is controlled
by both Shh-dependent and Shh-independent signals in
embryonic skin. D-type cyclins are tightly regulated at
both the transcriptional and posttranscriptional levels
(Fantl et al. 1995; Sicinski et al. 1996). Similar to RNA
expression, cyclin D1 and D2 proteins are down-regu-
lated in Shh and Gli2 mutant skin and induced by Gli2
activator function (data not shown), with the exception
that cyclin D1 protein is not stabilized in the suprabasal
layers. Although no embryonic skin phenotype has been
reported for either cyclin D1−/− or cyclin D2−/− mutant
mice (Fantl et al. 1995; Sicinski et al. 1996), the overlap-
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ping expression and possibly redundant functions of the
D-type cyclins in proliferating embryonic tissues could
explain these observations. Indeed, cerebellar granule
precursor neurons isolated from cyclin D1−/− or cyclin
D2−/− mutants show wild-type proliferative responses on
Shh stimulation in culture (Kenney and Rowitch 2000).
Importantly, our results illustrate that Gli2 activates

cyclin D2 expression in a Shh-dependent manner, pro-
viding a molecular link between Hh signaling and cell
cycle regulation. By microarray analysis, cyclin D2 has
been identified as a putative transcriptional target of
Gli1 in cultured epithelial cells (Yoon et al. 2002). Be-
cause both the human and mouse cyclin D2 promoters
contain a consensus binding site for Gli proteins, it is
highly plausible that cyclin D2 represents a direct tran-
scriptional target of Gli2 in the epithelium. A recent
study has demonstrated that Ci can control cell growth
and proliferation by directly regulating the expression of
cyclin D and cyclin E in Drosophila imaginal disc devel-
opment (Duman-Scheel et al. 2002). Together, these ob-
servations suggest that up-regulation of D-type cyclins
by Hh-dependent Gli activator function is evolutionarily
conserved between mammals and flies. Hh signaling
may additionally modulate cell cycle in a Gli-indepen-
dent manner. It has been shown that Ptc1 sequesters
cyclin B1 in the cytoplasm and Shh can counteract this
action, allowing nuclear localization of cyclin B1 (Barnes
et al. 2001). More comprehensive analysis of cell cycle
regulators is necessary to provide a better understanding
of how Shh signaling regulates epidermal proliferation
required for hair follicle development to proceed.
In this study we have shown that Shh signaling pro-

motes the activation of Gli2 and, through transcriptional
regulation of cyclin D1 and D2, Gli2 controls epithelial
cell proliferation in embryonic skin. Similar Shh-depen-
dent Gli2 activities may be involved in the regeneration
of the secondary hair germs from hair follicle progenitors
at the telogen–anagen transition during the adult hair
cycle. By unraveling how Gli2 mediates these Shh-de-
pendent mitogenic effects during development, we may
gain important insight into the mechanisms by which
abnormal activation of Shh signaling leads to uncon-
trolled expansion of tumor cells in skin cancers.

Materials and methods

Mutant and transgenic Mice

The generation and genotyping of mutant and transgenic mice
were described previously: Gli2 and Gli3 (Mo et al. 1997); Shh
(Chiang et al. 1996); K5–Gli2 (Grachtchouk et al. 2000); K5–Cre
(Tarutani et al. 1997). Detailed procedures for the generation of
the Z/AP transgenic mice are available upon request. In brief,
Gli2 and �NGli2 cDNAs (Sasaki et al. 1999) were cloned 3� of
the loxP-flanked �geo-3xpA cassette and 5� of the IRES-hPLAP
cassette in a pCAGG vector, and transgenic mice that carry a
single copy of the Z/AP transgenes were generated through em-
bryo stem cell-mediated transgenesis (Lobe et al. 1999).

Histology, alkaline phosphatase, and lacZ staining

Embryos were harvested and prepared for histology as described
(Mo et al. 1997). Quantitative histomorphometry was carried

out according to morphological and histological criteria (Paus et
al. 1999) for 50 longitudinal hair follicles in sections of animals
of each genotype (n = 8). Means and SEM were calculated from
pooled data and differences were judged as significant if the p
value was <0.05, as determined by an independent Student’s
t-test for unpaired samples. Staining for alkaline phosphatase
and lacZ activities were carried out as described (Lobe et al.
1999).

In situ hybridization

In situ hybridizations were carried out on paraffin sections as
described (Mo et al. 1997; Motoyama et al. 1998a). Whole mount
in situ hybridization was performed on embryos up to E15.5
(Motoyama et al. 1998a). The probes used in this study were as
follows: Shh, Gli1, Gli2, Gli3 (Mo et al. 1997); Ptc1, Ptc2 (Mo-
toyama et al. 1998b); K17 (P. Coulombe); cyclin D1 (V. Wallace);
and cyclin D2 (Ambion).

Immunohistochemistry, BrdU, and TUNEL labeling

Immunohistochemistry was carried out as described (Chiang et
al. 1999). Dilutions and other details concerning antibodies are
available on request. For these studies, the following primary
antibodies were used: laminin-5 (Chemicon); K14, K10, K6, K5,
and Loricrin (Covance); AE13 (T.T. Sun); BrdU (Becton-Dickin-
son); Ki67 (DAKO); cyclin D1 (Oncogene); cyclin D1, cyclin D2,
cyclin D3, PCNA, and p63 (Santa Cruz). Biotinylated secondary
antibodies (Vector Labs) followed by either fluorescent strepta-
vidin (Vector Labs) or the ABC Vectastain kit and VIP color
substrate kit (Vector Labs) were used for visualization. For
BrdU-labeling experiments, pregnant mice were injected with
0.1 mg BrdU/g body weight and embryos were collected after 2
h and processed as described (Motoyama et al. 1998a). For apo-
ptosis studies, an ApoAlert DNA fragmentation assay kit (Clon-
tech) was used according to the manufacturer’s directions. Sec-
tions were examined and photographed using either an Ax-
ioskop microscope or an Axiovert LSM 510 confocal microscope
(Carl Zeiss).

Skin grafts

Full-thickness epidermal grafts from E18.5 embryos were trans-
planted onto dorsal excisions of the same size on adult nude
mice. Grafts were allowed to develop for 4–6 wk prior to har-
vesting (St-Jacques et al. 1998).

RT–PCR analysis of dermal cells

Separation of E18.5 epithelium and dermis for the isolation of
dermal cells was as described (Dlugosz et al. 1995). Briefly, der-
mal cells were cultured for 3 d in 6-well plates, treated with
recombinant Shh-N (gift from P. Beachy), and harvested 3 d
later. RNA was isolated using Trizol and RT–PCR was per-
formed as described (Chiang et al. 1999).
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