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Epithelial progenitor cells in skin give rise to multiple
lineages, comprising the hair follicle, an associated
sebaceous gland, and overlying epidermis; however,
the signals that regulate sebocyte development are
poorly understood. We tested the potential involve-
ment of the Hedgehog pathway in sebaceous gland
development using transgenes designed to either
block or stimulate Hedgehog signaling in cutaneous
keratinocytes in vivo. Whereas inhibition of the
Hedgehog pathway selectively suppressed sebocyte
development, Hedgehog pathway activation led to a
striking increase both in size and number of seba-
ceous glands. Remarkably, ectopic Hedgehog signal-
ing also triggered the formation of sebaceous glands
from footpad epidermis, in regions normally devoid
of hair follicles and associated structures. These ec-
topic sebaceous glands expressed molecular markers
of sebocyte differentiation and were functional, se-
creting their contents directly onto the skin’s surface
instead of into a hair canal. The Hedgehog pathway
thus plays a key role in sebocyte cell fate decisions
and is a potential target for treatment of skin disor-
ders linked to abnormal sebaceous gland function,
such as acne. (Am J Pathol 2003, 163:2173–2178)

Epithelial progenitor cells in skin give rise to epidermis as
well as the epithelial component of skin appendages,
including hair follicles and associated sebaceous
glands.1,2,3 Early-stage follicles consist of an epithelial

thickening, called a placode, and an adjacent mesenchy-
mal condensate in the developing dermis.4 The follicle
epithelium grows downward through the dermis and into
the subcutaneous fat, where it surrounds the conden-
sate-derived hair follicle papilla to form the hair bulb.
Rapidly proliferating matrix cells in the hair bulb give rise
to the hair shaft and inner root sheath lineages, which are
driven upward toward the skin’s surface during hair mat-
uration. Surrounding these cell layers is the follicle outer
root sheath, which is continuous with the interfollicular
epidermis and contains epithelial stem cells in a region
called the bulge.5,6 The final differentiated cell type to
appear in the developing follicle is the oil-rich sebocyte,
which arises from cells within the superficial hair follicle.7

Over the course of several days, the expanding pool of
sebocytes forms a gland located outside of the hair fol-
licle, with sebocytes releasing their contents into the hair
canal not far below the skin’s surface.

Proper hair follicle development is dependent on a
series of inductive signals traveling between epithelial
and mesenchymal follicle progenitors.8 Recent studies
have begun to identify some of the molecules regulating
follicle morphogenesis and cell fate, and similar to many
other organ systems, hair follicles use both the Wnt and
Hedgehog pathways to guide their assembly. Wnt sig-
naling regulates follicle initiation and reactivation of folli-
cle growth during postnatal hair cycling.9–12 At later
stages of follicle maturation, the Wnt pathway also plays
an important role in terminal differentiation of hair lineag-
es.13,14 Hedgehog signaling plays a complementary role,
as it is essential for the proliferative expansion of hair
follicle epithelium but is not required during follicle initia-
tion or hair lineage differentiation.15–17

Given the involvement of Hedgehog proteins in regu-
lating cell lineage specification in several other organs,18

we tested the potential involvement of this pathway in cell
fate decisions in skin using both loss-of-function and
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gain-of-function transgenic mouse models. We find that
inhibition of Hedgehog signaling in cutaneous keratino-
cytes selectively blocks the formation of sebocytes. In
contrast, ectopic activation of the Hedgehog pathway
promotes sebocyte development, even in regions that
normally do not contain hair follicles or associated seba-
ceous glands. Our findings strongly implicate Hedgehog
signaling in sebocyte cell fate decisions, and suggest
that modulation of the Hedgehog pathway may provide a
novel means of regulating sebaceous gland function.

Materials and Methods

Construction and Breeding of Transgenic Mice

Because Hedgehog signaling modulates gene expres-
sion via Gli proteins,19–21 we generated transgenic mice
expressing a skin-targeted dominant-negative Gli mutant
designed to block Hedgehog responsiveness in cutane-
ous epithelium. We produced a Gli2�C4 cDNA22 by di-
gesting pcDNA3.1Flag-Gli2 (kindly provided by Drs. Hiro-
shi Sasaki and Chi-chung Hui) with ApaI, adding a
fragment containing a stop codon flanked by ApaI sites,
and re-ligating. Gli2�C4 cDNA was released from
pcDNA3.1 using PmeI, and subcloned into the SnaBI site
of the bovine K5 cassette23 to generate K5-Gli2�C4. All
subcloning was verified by sequencing. The insert was
purified and injected into C57BL/6 � SJL F2 mouse eggs
by the University of Michigan Transgenic Core. Five
transgenic founders were produced, and further charac-
terization of these mice and their progeny will be described
in detail elsewhere. Studies reported in this manuscript
were performed using F1 litters from crosses with C57BL/6J
breeders (Jackson Laboratories, Bar Harbor, ME).

We modified the K5 transgenic cassette23 to enable
Cre-mediated expression of M2SMO, which encodes a
constitutively activated form of the hedgehog signaling
effector SMO,24 in skin. A fragment containing an EGFP
cDNA with bovine growth hormone polyA signal, flanked
by loxP sites in reverse orientation, was inserted into the
NotI site of the K5 transgenic cassette. M2SMO cDNA24

was subcloned into the NheI site, yielding a construct
with the following elements: bovine K5 promoter, rabbit
�-globin intron, loxP, EGFP, bovine growth hormone polyA,
loxP, M2SMO, and 2xSV40 polyA, which we designated
K5-flxGFP-M2SMO. Eight transgenic founders were pro-
duced and several mouse lines established, and these
will be characterized in a subsequent publication. To
activate M2SMO expression, K5-flxGFP-M2SMO mice
were crossed with either K5-Cre or K5-CreERT225 mice to
generate double-transgenic progeny. Whereas recombi-
nase activity in mice harboring the K5-CreERT2 trans-
gene was previously shown to be dependent on treat-
ment with 4-hydroxytamoxifen,25 low-level recombination
took place in untreated double-transgenic mice de-
scribed in this report (see Figure 2I). This most likely
reflects the variable sensitivity of different floxed alleles to
Cre-mediated recombination.26 All mice were housed
and maintained according to University of Michigan in-
stitutional guidelines.

Tissue Harvesting and Oil Red O Staining

For hematoxylin and eosin (H&E) staining, we fixed skin
overnight in neutral-buffered formalin, transferred to 70%
EtOH, processed, and embedded in paraffin. Skin was
also embedded in Optimum Cutting Temperature com-
pound for frozen sections. Oil Red O staining was per-
formed using a modification of a protocol kindly provided
by Dr. Karin Müller-Decker (Deutsches Krebsforschungs-
zentrum, Heidelberg, Germany). Frozen sections were
fixed in 1% neutral-buffered formalin for 5 minutes,
washed in deionized water, and incubated in 60% iso-
propanol for 5 minutes. Sections were stained with fil-
tered Oil Red O working solution, prepared immediately
before use by making a 6:4 mixture of stock (0.5% Oil
Red O in 99% isopropanol) and deionized water. Sec-
tions were transferred to 60% isopropanol, washed in
deionized water, counterstained using hematoxylin, and
mounted using 50% glycerol in PBS. A similar protocol
was used for Oil Red O staining of whole-mounts, except
samples were subsequently washed and stored in deion-
ized water.

Semiquantitative RT-PCR

We isolated RNA from skin lysates prepared using Trizol
(Invitrogen, Carlsbad, CA), according to the manufactur-
er’s instructions. Semiquantitative reverse-transcription-
polymerase chain reaction (RT-PCR) was performed us-
ing 1-�g samples of total RNA for first-strand DNA
synthesis (Superscript II RT kit, Invitrogen). Primers were
selected to span an intron whenever possible, or PCR
was performed in the absence of reverse transcriptase to
rule out the possibility that amplification products were
derived from contaminating DNA. PCR conditions are
available on request; the following primers were used:
actin (421 bp) forward 5�-TACCACAGGCATTGTGAT-
GGA-3�, reverse 5�-CAACGTCACACTTCATGATGG-3�27;
c-Myc (548 bp) forward 5�-AGTGCATTGATCCCTCAGT-
GGTCTTTCCCTA-3�, reverse 5�-CAGCTCGTTCCTCC-
TCTGACGTTCCAAGACGTT-3�; Gli1 (364 bp) forward
5�-GTCGGAAGTCCTATTCACGC-3�, reverse 5�-CAGT-
CTGCTCTCTTCCCTGC-3�; M2SMO (435 bp) forward
5�-AAGCGGATCAAGAAGAGCA-3�, reverse 5�-GAG-
GCAGTCGAGGAATGGTA-3�; Mc5r (490 bp) forward
5�-AAATCCGATGCCAAGAAGTG-3�, reverse 5�-GG-
TAGCGCAAGGCATAGAAG-3�; Scd3 (809 bp) forward
5�-CTTGGATAACCACCCTGGGTG-3�, reverse 5�-CTC-
CTCTGGAACATCACCAGCTTC-3�;28 Shh (241 bp)
forward 5�-TCTGTGATGAACCAGTGGCC-3�, reverse
5�-GCCACGGAGTTCTCTGCTTT-3�.29

Results

Sonic hedgehog (Shh) is produced and secreted by
developing hair follicle keratinocytes and activates sig-
naling both in the follicular epithelium and mesen-
chyme.30,31 Gli proteins mediate transcriptional re-
sponses to Hedgehog family members,19,20 and the
Gli2�C4 transactivation-domain mutant blocks Gli func-
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tion in a dominant-negative manner.22 To inhibit Hedge-
hog signaling selectively in cutaneous epithelium, we
used the bovine K5 promoter23 to generate K5-Gli2�C4
transgenic mice. The K5 promoter is active in the epider-
mal basal layer, embryonic hair follicle progenitor cells,
and follicle outer root sheath, including the bulge region
which harbors multipotent stem cells.5,6

Hair follicles in K5-Gli2�C4 mice were shorter than in
control littermates but expressed multiple markers for
epidermal and hair follicle cell lineages (H. Sheng et al,
manuscript in preparation). However, while 7-day-old
control dorsal skin contained numerous hair follicle-asso-
ciated sebaceous glands (Figure 1A), these structures
were rarely seen in dorsal skin from K5-Gli2�C4 litter-
mates (Figure 1B). Sebaceous glands were also deficient
in transgenic mice at 13 days of age (not shown), but
analysis at later times was not possible because of im-
paired viability of these mice. Staining with Oil Red O to
identify lipids revealed subcutaneous adipose tissue in
both control and K5-Gli2�C4 skin, but sebaceous glands
were conspicuously absent in the transgenic skin sam-
ples (Figure 1, C and D). Extensive sebaceous gland
development normally occurs during the perinatal period,
reflected by the accumulation of transcripts encoding the
sebocyte markers Scd328 and Mc5r32 between day 1 and
9 in control skin (Figure 1E). In skin from 9-day-old K5-
Gli2�C4 mice, however, Scd3 mRNA was nearly unde-
tectable and Mc5r transcripts were present at levels com-
parable to day 1. In retrospect, there was also a selective
deficiency of sebaceous glands in Shh mutant skin al-

lowed to mature on immunodeficient hosts.15,16 Since
multiple markers for epidermal and hair follicle lineages
are detected both in Shh mutant15,16 and K5-Gli2�C4
skin, Shh/Gli signaling appears to be specifically re-
quired for sebocyte development.

Shh acts on target cells by inhibiting the function of its
receptor Ptch, which normally represses the signal trans-
ducer Smo.33 To expand the pool of keratinocytes in
which the Shh pathway is active, we generated K5 pro-
moter-driven mice using a gain-of-function SMO mutant
designated M2SMO, which is largely resistant to inhibi-
tion by Ptch.34 We bypassed the perinatal lethality previ-
ously reported in K5-M2SMO mice24 by modifying the K5
transgenic cassette to enable Cre-dependent induction
of M2SMO, as described in the Materials and Methods.
K5 promoter-driven M2SMO expression resulted in an
increase in both the number and size of sebaceous
glands in haired skin (Figure 2, A and B). The appear-
ance of ectopic sebocytes within the epidermis (Figure
2B, inset) suggested that Hedgehog signaling could act
as a switch directing competent keratinocytes to enter
the sebocyte lineage. To further explore this possibility,
we examined regions of volar skin that are normally de-
void of hair follicles or sebaceous glands. In striking
contrast to controls, volar skin from M2SMO-expressing
mice was thicker and contained numerous, well-formed
ectopic sebocytes (Figure 2, C and D). Much of the
adjacent epidermis contained typical keratinocytes, sug-
gesting that only a subset of epidermal cells was capable
of forming sebocytes in response to M2SMO. Intriguingly,

Figure 1. Dominant-negative inhibition of Gli activity blocks sebocyte development. A and B: H&E staining of skin from 7-day-old control and K5-Gli2�C4
transgenic mice. Clusters of sebocytes are seen associated within the superficial portion of control hair follicles (dashed red lines and arrowheads in A, but
not in aberrant hair follicles arising in transgenic skin in B). C and D: Oil Red O staining for lipids. Note the presence of large, amorphous masses of adipocytes
staining in subcutaneous fat layer (SQ fat) in both the control (C) and transgenic (D) skin sections. Staining of sebaceous glands is limited to control skin (inset
and arrowheads in C). Despite the reduced length of follicles in K5-Gli2�C4 mice (compare B and D with A and C), the transgenic hair follicles express multiple
markers for hair follicle lineages (in preparation) and assemble abortive, pigmented hair shafts (arrows in D). E: Semiquantitative RT-PCR for sebocyte markers
reveals up-regulation of Scd3 and Mc5r in control skin between postnatal day 1 and day 9, reflecting expansion of the sebocyte lineage during this time. Expression
of transcripts encoding sebocyte markers in skin from day 9 K5-Gli2�C4 samples (Gli2�C4) was similar to that of day 1 control samples.
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during early stages of development, ectopic sebocytes
arose from cells at the base of epidermal invaginations
(Figure 2D, inset), one of the sites where epidermal stem
cells have been proposed to reside in non-hairy skin.35

The ectopic sebocytes in M2SMO-expressing volar
skin stained with Oil Red O and were frequently orga-
nized into glands (Figure 2, E and F). In the absence of
hair follicles, many of these glands released their con-
tents into ducts leading directly to the skin’s surface
(Figure 2F, inset), instead of into hair canals. Thus, the
ectopic sebocytes exhibited a remarkable degree of au-
tonomy with regard to assembly into glandular structures
with rudimentary ducts. To better assess the extent of
ectopic sebaceous gland development, footpads were
removed from control and M2SMO transgenic mice,
stained with Oil Red O, and examined as whole mounts.
Large numbers of ectopic, Oil Red O-positive sebaceous
glands were detected in footpads from M2SMO trans-
genic mice, but not controls (Figure 2, G and H). Semi-
quantitative RT-PCR analysis confirmed expression of
sebocyte markers in volar skin samples from M2SMO-
expressing mice but not controls (Figure 2I). As ex-
pected, the transgenic samples contained M2SMO
mRNA and elevated levels of the Shh target gene Gli1,

confirming enhanced Hedgehog pathway activity.
M2SMO samples did not contain detectable levels of Shh
mRNA, arguing that the appearance of sebocytes in
transgenic skin was not the result of up-regulated Shh
expression. In light of recent studies documenting en-
hanced sebocyte development in mice expressing MYC
in skin,36,37 it is noteworthy that c-Myc expression ap-
peared to be up-regulated in volar skin of M2SMO mice,
compared to controls.

Discussion

The results of our studies strongly implicate Hedgehog
signaling in the development of sebocytes from compe-
tent progenitor cells. Although sebaceous glands are
normally derived from hair follicles, ectopic Hedgehog
signaling leads to sebocyte formation within the epider-
mis of hairy skin, as well as hairless volar skin. Previous
work using hairless skin38,39 or even corneal epithelium40

has demonstrated the presence of multipotent progenitor
cells capable of giving rise to hair follicle and sebocyte
cell lineages. However, these studies entailed the use of
tissue or cell-suspension recombinants, and did not iden-

Figure 2. Enhanced activation of Shh signaling in keratinocytes leads to formation of hyperplastic and ectopic sebaceous glands. A and B: H&E staining of control
and M2SMO-expressing dorsal mouse skin at 6.5 months of age. Note small size of normal sebaceous glands in control skin (arrowheads in A) compared with
increased number and size of sebaceous glands in transgenic skin (arrowheads in B). In addition to glandular structures within the dermis, individual sebocytes
or small aggregates are also found ectopically within the epidermis (inset in B). C and D: H&E staining of volar paw skin from control and transgenic mice at
13 months of age. Note thickened epidermis and cornified cell layers typically seen in skin from this region, with a conspicuous absence of hair follicles and
sebaceous glands (C). Ectopic sebaceous glands (arrowheads in D) develop from volar epidermis of mice expressing M2SMO. Sebaceous gland development
is initiated at the base of epidermal downgrowths (inset in D). E and F: Oil Red O staining for lipids in control and transgenic volar skin. As expected, no staining
is detected in control skin in E, whereas multiple sebocytes are stained in transgenic mouse skin in F. Many of the ectopic sebaceous glands secrete Oil Red
O-positive material directly onto the skin’s surface (see inset). G and H: Whole-mount analysis of footpads from control and transgenic mice. A large number
of Oil Red O-positive sebaceous glands are detected in transgenic (H) but not control (G) footpad. I: Semiquantitative RT-PCR analysis showing expression of
sebocyte markers (Scd3, Mc5r) in volar skin from M2SMO-expressing transgenic mice (M2SMO) and control skin containing hair follicles (hf), but not in control
volar skin. Transgene-specific primers confirm expression of M2SMO in transgenic samples, which also contain elevated levels of the Shh target gene Gli1.
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tify molecular signals that determine the fates of progen-
itor cells. The appearance of sebaceous glands in re-
sponse to ectopic M2SMO expression in keratinocytes
points to the Hedgehog pathway as a critical determinant
of sebocyte cell fate. This concept is further strengthened
by the finding that formation of sebocytes, but not other
cutaneous epithelial cell types, is inhibited by blocking
Gli protein function in K5-Gli2�C4 mice. Normal seba-
ceous gland development is thus likely to be controlled,
at least in part, by expression of Shh and downstream
targets in developing hair germs but not epidermis.30,31

M2SMO can bypass this requirement, even in hairless
skin, by activating Hedgehog signaling in a ligand-inde-
pendent manner.41

Sebaceous gland hyperplasia is also occasionally
seen in other mouse models with deregulated Hedgehog
signaling in skin, including K5-Gli142 and K5-Gli2 mice43

(data not shown). However, additional studies are
needed to define the precise conditions required for
Hedgehog-pathway-driven formation of this specialized
cell type. Interestingly, ectopic expression of Shh in em-
bryonic mouse skin is sufficient to drive the formation of
basal cell carcinoma-like proliferations but not seba-
ceous glands,44 in keeping with studies suggesting that
both the timing45 and level46 of Hedgehog signaling ac-
tivity are important determinants of skin phenotype. In
addition to regulating normal sebaceous gland develop-
ment, it will be interesting to ascertain whether Hedgehog
signaling is involved in the formation of sebaceous gland
tumors and hyperplasias.

In contrast to its role in sebocyte development, Shh is
not required for terminal differentiation of hair lineag-
es,15,16 which is controlled by members of the Wnt sig-
naling pathway.1,2 Moreover, inhibition of Wnt target
genes using a dominant-negative Lef-1 promotes sebo-
cyte development while inhibiting differentiation of hair
lineages.13,14 Taken together with these findings, our
data raise the interesting possibility that sebocyte cell
fate is governed by the relative levels of stimulatory
(Hedgehog) and inhibitory (Wnt) signals acting on multi-
potent progenitors. Further studies will be required to test
this hypothesis, and to ascertain whether the effects of
mesenchymal cell types on sebaceous gland develop-
ment47,48 can be attributed to modulation of either of
these developmental signaling pathways. The potential
influence of cross-talk involving Hedgehog and Wnt49 or
BMP50 pathways will also need to be examined. In addi-
tion, it will be important to explore the relationship be-
tween the Hedgehog pathway and other molecules im-
plicated in sebocyte development, including c-Myc,36,37

PPAR�,51,52 and COX-2.53

Hair follicles and sebaceous glands both undergo cy-
clic changes after birth,54 and Shh plays a major role in
regulating proliferation of follicle epithelium during times
of active growth.17 Thus, in addition to its involvement in
the initiation of sebaceous gland formation, the Hedge-
hog pathway is also likely to play a role in postnatal
function of sebaceous glands. Acne is the most common
skin disease in humans, and in its most severe forms it
can lead to significant disfigurement and emotional dis-
tress.55 Although a number of factors contribute to the

development of acne, there is compelling evidence that
oil-producing sebaceous glands play a central role in the
pathogenesis of this disease.56 Agents aimed at inhibit-
ing Hedgehog signaling may thus provide a novel means
of reducing sebaceous gland activity and thereby im-
proving acne. In keeping with this possibility, retinoids
used in the treatment of acne can inhibit sebocyte differ-
entiation,57 and have also been shown to reduce Gli
transcriptional activity in cultured keratinocytes.58

Note Added in Proof

While this manuscript was under review, a report was
published implicating Indian hedgehog in the proliferation
of sebocyte progenitors (Niemann C, Unden AB, Lyle S,
Zouboulis CC, Toftgard R, Watt FM: Indian hedgehog
and b-catenin signaling: role in the sebaceous lineage of
normal and neoplastic mammalian epidermis. Proc Natl
Acad Sci USA 2003, 100(Suppl 1):11873–11880).
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