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Uncontrolled	Hedgehog	(Hh)	signaling	leads	to	the	development	of	basal	cell	carcinoma	(BCC),	the	most	
common	human	cancer,	but	the	cell	of	origin	for	BCC	is	unclear.	While	Hh	pathway	dysregulation	is	common	
to	essentially	all	BCCs,	there	exist	multiple	histological	subtypes,	including	superficial	and	nodular	variants,	
raising	the	possibility	that	morphologically	distinct	BCCs	may	arise	from	different	cellular	compartments	
in	skin.	Here	we	have	shown	that	induction	of	a	major	mediator	of	Hh	signaling,	GLI2	activator	(GLI2ΔN),	
selectively	in	stem	cells	of	resting	hair	follicles	in	mice,	induced	nodular	BCC	development	from	a	small	subset	
of	cells	in	the	lower	bulge	and	secondary	hair	germ	compartments.	Tumorigenesis	was	markedly	accelerated	
when	GLI2ΔN	was	induced	in	growing	hair	follicles.	In	contrast,	induction	of	GLI2ΔN	in	epidermis	led	to	the	
formation	of	superficial	BCCs.	Expression	of	GLI2ΔN	at	reduced	levels	in	mice	yielded	lesions	resembling	
basaloid	follicular	hamartomas,	which	have	previously	been	linked	to	low-level	Hh	signaling	in	both	mice	and	
humans.	Our	data	show	that	the	cell	of	origin,	tissue	context	(quiescent	versus	growing	hair	follicles),	and	level	
of	oncogenic	signaling	can	determine	the	phenotype	of	Hh/Gli-driven	skin	tumors,	with	high-level	signaling	
required	for	development	of	superficial	BCC-like	tumors	from	interfollicular	epidermis	and	nodular	BCC-like	
tumors	from	hair	follicle	stem	cells.

Introduction
Identifying the cells of origin of human neoplasms remains a 
major challenge in cancer biology (1). Skin is a useful organ for 
exploring this issue experimentally because it is highly accessible 
and contains well-defined stem cell and transit-amplifying cell 
compartments and because robust approaches have been devel-
oped for the generation of mouse models of epithelial skin cancer 
that faithfully recapitulate many of the features seen in human 
skin cancer (reviewed in refs. 2, 3). Moreover, the influence of 
tissue regeneration on tumorigenesis can be easily studied dur-
ing epidermal wound healing or during different phases of the 
hair growth cycle. This is a repetitive, physiological process that 
comprises periods of epithelial proliferation, differentiation, and 
hair elongation (anagen); apoptosis-driven hair follicle regression 
(catagen), which spares the follicle stem cell compartments; and 
a resting phase (telogen), during which hair follicle stem cells 
are largely quiescent (4). Programmed activation of epithelial 
stem cells takes place at the onset of each anagen phase, followed 
by brisk proliferative expansion of hair follicle progenitor cells 
(5), providing a unique opportunity to compare the responsive-
ness to oncogenic stimuli of quiescent stem cells versus their  
transit-amplifying progeny.

Non-melanoma skin cancers are the most common neoplasms 
in humans, and the great majority of these tumors are basal cell 
carcinomas (BCCs) (6). Nearly all BCCs exhibit uncontrolled acti-
vation of the Hedgehog (Hh) signaling pathway, one of a handful 
of critical pathways that orchestrate embryonic patterning and 

development and can contribute to tumor formation when deregu-
lated after birth (7). Whereas physiologic Hh signaling is spatially 
restricted, generally intermittent, and dependent on the presence 
of secreted Hh ligands (8), oncogenic Hh signaling in BCC is con-
tinuous and Hh ligand–independent (6). Mutation-driven, deregu-
lated Hh signaling in BCC occurs most frequently due to loss of the 
Hh receptor/signaling repressor PTCH1 or mutational activation 
of the signaling effector smoothened (SMO) (reviewed in ref. 9). 
Regardless of the initiating oncogenic event, expression of target 
genes regulated by Hh-responsive Gli transcription factors is highly 
elevated in essentially all BCCs. Moreover, findings in several mouse 
models strongly support the idea that uncontrolled Hh/Gli signal-
ing plays a pivotal role in, and may be sufficient for, the develop-
ment of BCC and related skin tumors (reviewed in refs. 9, 10).

Studies examining the normal functions of Hh signaling in dif-
ferent organs have provided clues as to where, and how, deregu-
lated Hh signaling contributes to the development of cancer (7). In 
skin, physiologic Hh signaling is activated in growing hair follicles, 
where it is required for proliferation of hair follicle epithelium dur-
ing morphogenesis (11–13). Hh responses in mice are mediated by 
Gli2, the primary transcriptional effector of Hh signaling (14, 15), 
which regulates follicle proliferation by inducing cyclins D1 and 
D2 (15). The Hh pathway is also required for postnatal growth of 
hair follicles (16). Since Hh signaling is a major regulator of physi-
ologic hair growth via stimulation of proliferation of epithelial 
hair follicle progenitors, it has been argued that these cells possess 
intracellular signaling machinery rendering them preferentially 
susceptible to Hh pathway–driven tumorigenesis as well. This 
concept is in keeping with studies underscoring the morphologi-
cal and biochemical similarities between human hair follicles and 
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BCCs (17–19), which have led to the proposal that BCCs are fol-
licle-derived tumors (reviewed in refs. 20, 21).

Although the molecular hallmark of nearly all BCCs is elevated 
Hh signaling, which is the oncogenic driver for these tumors, there 
is considerable morphological heterogeneity among BCCs, with 
nodular and superficial subtypes being among the most common 
(22, 23). Superficial BCCs are thin, pink lesions ranging in size from 
a few millimeters to several centimeters in diameter and are charac-
terized histologically by downgrowths of basaloid-appearing cells 
that appear to arise directly from interfollicular epidermis. Nodular 
BCCs are generally more substantive and may appear as a pink or 
red papule in the skin, with masses of basaloid cells situated within 
the dermis and occasionally extending into the subcutaneous fat. 
In contrast to superficial BCC, histological sections of nodular BCC 
frequently show no connection to the overlying epidermis, raising 
the possibility that this BCC subtype may arise from epithelial cells 
in hair follicles that extend deep into the dermis.

A recent study investigated the cell of origin of mouse BCC using 
an oncogenic form of Smo that was induced in hair follicles and 
interfollicular epidermis in Cre-inducible mouse models (24). The 
investigators concluded that murine BCCs derive almost exclu-
sively from the epidermis, with a small minority of tumors aris-
ing from hair follicle infundibulum. Intriguingly, targeting of Smo 
directly to hair follicle stem cells did not produce tumors, suggest-
ing that the stem cell niche is refractory to Hh pathway–driven 
transformation. These results were unanticipated, since data from 
several other mouse models point to the hair follicle as the site 
of origin for BCC (25–34). However, none of these earlier studies 
directly targeted the stem cell compartment, making it impossible 
to formally exclude the possibility that tumor initiation occurs in 
another compartment(s) but proliferative expansion into a detect-
able tumor can only take place when cells have migrated into the 
hair follicle. Moreover, we have previously shown that expression of 
oncogenic SMO in skin leads to benign tumors resembling basaloid 
follicular hamartomas rather than BCCs, which appear to require a 
higher level of Hh signaling for their development (25, 35, 36).

Here, we tested whether hair follicle stem cells or their progeny 
can give rise to Hh-activated nodular skin tumors using a novel 
mouse model that combines Cre-lox and tet-regulated systems to 
achieve tight control of GLI2 activator (GLI2ΔN) expression in 
epithelial compartments of the hair follicle. We show that nodular 
BCC-like tumors arise from hair follicle stem cells or their transient-
amplifying progeny, while superficial BCC-like tumors arise from 
the interfollicular epidermis. Expression of low levels of GLI2ΔN in 
skin leads to the development of benign tumors resembling basa-
loid follicular hamartomas previously described in mice express-
ing an activated SMO allele (35, 36), rather than nodular BCC-like 
tumors. Our data support the concept that both the cell of origin 
and the level of oncogenic signaling influence the phenotype of 
Hh/Gli-activated skin tumors, with follicle stem cell–derived, nod-
ular BCC-like tumors requiring high-level Hh pathway activity.

Results
Conditional GLI2ΔN expression in hair follicle stem cells and their prog-
eny. We generated a conditional, triple-transgenic model that 
combines Cre-lox and tet-regulated gene-switch technologies to 
achieve tight control of transgene expression, both spatially and 
temporally, in hair follicle stem cells or a wide variety of other cell 
populations. The 3 components of this model include a transgenic 
Cre driver; a ROSA26 promoter–based, Cre-inducible (lox-STOP-

lox) reverse tet transcriptional activator (rtTA) strain (37), which 
we designate R26-LSL-rtTA; and a tetO-regulated effector strain, in 
which transgene expression can be induced by doxycycline when 
rtTA transactivator is present (Figure 1A). Targeting specificity is 
governed by the choice of Cre driver, while the oncogenic stimu-
lus is provided by the specific tetO effector mouse, making this a 
versatile model for manipulating essentially any oncogenic path-
way in any organ, if appropriate Cre and tetO lines are available. 
Importantly, because rtTA induction is Cre dependent and under 
the control of the ubiquitously expressed ROSA26 promoter, rtTA 
will be expressed in all cells that have undergone a Cre-mediated 
recombination event, as well as their progeny. In addition, by alter-
ing the doxycycline treatment regimen, transgene expression can 
be induced to different levels. For the experiments in this study, we 
generated tetO-GLI2ΔN mice, since we had previously shown that 
GLI2ΔN and the analogous mouse allele, Gli2ΔN2, are potent acti-
vators of oncogenic Hh signaling and drive BCC-like skin tumor 
development in mice (38, 39).

Nodular BCC-like skin tumors arise from resting hair follicle stem cells. 
To test whether hair follicle stem cells are competent to form skin 
tumors in response to GLI2ΔN, we used K15-CrePR1 mice, which have 
previously been shown to have Cre recombinase activity in stem cells 
in the bulge and secondary hair germ of the telogen follicle follow-
ing treatment with the progesterone analog RU486 (ref. 40, Figure 1,  
B and C, and Supplemental Figure 1; supplemental material avail-
able online with this article; doi:10.1172/JCI46307DS1). We gen-
erated K15-CrePR1;R26-LSL-rtTA;tetO-GLI2ΔN (iK15;rtTA;GLI2ΔN) 
triple-transgenic mice, which we treated with RU486 to activate 
Cre function, and induced rtTA following Cre-mediated excision of 
the elements inhibiting its expression. We then treated mice with 
doxycycline starting at 7 weeks of age to induce GLI2ΔN expression. 
Because the first few hair cycles in dorsal mouse skin are synchro-
nized, essentially all hair follicles in this region are in a prolonged 
telogen (resting) phase of the hair cycle at this time (ref. 41 and Fig-
ure 1D), so any effects of GLI2ΔN on cell proliferation will not be 
obscured by physiologic hair follicle growth in anagen.

Although dorsal skin appeared grossly normal after 3 weeks of 
doxycycline treatment, multiple microscopic skin tumors were 
detected at this time. Tumor nodules were located within the der-
mis and comprised masses of basaloid-appearing cells with scant 
cytoplasm resembling human BCC (Figure 1E). The histology of 
early-stage tumors suggested that they are derived from the sec-
ondary hair germ, with more proximal regions of the bulge largely 
unaffected (Figure 1, B and E). In keeping with the expression 
pattern of the promoter in K15-CrePR1 mice (40), the sebaceous 
glands, upper hair follicle, and epidermis were largely unaffected 
(Figure 1E). Hair follicle–associated tumors were observed at mul-
tiple other sites, including the tail, ear, dorsal paw, and snout (Fig-
ure 1F). Tumors on the snout and dorsal paws developed more 
rapidly than at other sites, with grossly visible tumors seen at  
3 weeks of treatment when only microscopic tumors were evident 
elsewhere. Large tumors sometimes contained regions of central 
necrosis (not shown), as occasionally seen in human BCCs.

In addition to a nodular BCC-like morphology, immunophe-
notyping revealed a pattern of lineage markers characteristic of 
human BCC. Tumors expressed keratins K5 and K17 and Sox9 (42); 
exhibited undetectable or negligible levels of keratins K1 and K6; 
and were hyperproliferative, based on Ki67 immunostaining (Fig-
ure 2A). Immunostaining for MYC revealed expression of epitope-
tagged GLI2ΔN in tumor cells, with relatively few MYC-positive cells 
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Figure 1
BCC-like skin tumors arise from hair follicle stem cells. (A) General scheme showing triple-transgenic model combining Cre-lox and tet/doxy-
cycline-regulated technologies to achieve tight spatial and temporal control of transgene expression. The 3 components include mouse strains 
carrying: (i) a tissue-specific promoter (TSP) driving expression of a hormone-inducible Cre allele fused to a steroid binding domain (CreSBD); 
(ii) a Cre-inducible “tet on” rtTA, under the control of the ubiquitously expressed ROSA26 promoter (R26-LSL-rtTA) (37); and (iii) an oncogene 
downstream of multiple tetO sequences and minimal CMV promoter that is induced by rtTA when doxycycline (doxy) is present. (B) Cellular 
compartments in a quiescent (telogen) hair follicle. Most hair follicle stem cells are localized to the bulge and secondary hair germ compartments. 
(C) Compartments in which K15-CrePR1 mice can drive recombination in K15-CrePR1;R26-LSL-rtTA;tetO-GLI2ΔN (iK15;rtTA;GLI2ΔN) mice to 
activate rtTA expression. (D) Synchronized hair growth cycle in postnatal mouse skin, with approximate mouse ages and timing of doxycycline 
treatment/GLI2ΔN transgene induction indicated. (E) Spontaneous development of microscopic skin tumors from telogen hair follicle stem cells 
in dorsal skin of iK15;rtTA;GLI2ΔN mice, after 3 weeks of doxycycline treatment. Note tumor development from lowermost follicle in a region cor-
responding to the secondary hair germ. Original magnification, ×200 (left panel); ×400 (right panels). (F) Spontaneous tumor development from 
K15+ follicle stem cells at other body sites 3 weeks after GLI2ΔN induction. Original magnification, ×100 (tail, dorsal paw, and snout); ×200 (ear).
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in normal-appearing hair follicles (Figure 2A), suggesting that the 
recombination efficiency using our protocol was relatively low. This 
was corroborated using RU486-treated K15-CrePR1;R26R mice car-
rying a Cre-inducible lacZ reporter allele (data not shown). In situ 
hybridization of early tumors revealed expression of GLI2ΔN trans-
gene and Hh target genes Gli1 and Ptch1 (Figure 2B), which serve as 
molecular markers of deregulated Hh signaling in human BCC (9, 
10). These results establish that K15-expressing stem cells in resting 
hair follicles of dorsal skin are competent to form nodular BCC-like 
skin tumors, which appear to arise preferentially from the secondary 
hair germ or lowermost bulge stem cell compartments.

Nodular BCC-like skin tumors arise from the Lrg5-expressing subset of 
follicle stem cells. Although the location of early-stage tumors in 
iK15;rtTA;GLI2ΔN mice (Figure 1E) suggests that they are derived 
from cells in the secondary hair germ or lowermost bulge, given 
the expression pattern of K15-driven recombination (Figure 1C) 

we cannot rule out the possibility that tumor initiation occurs in 
a cell within the bulge compartment but proliferative expansion 
requires migration into the neighboring secondary hair germ. To 
define more precisely which stem cell population in the telogen 
follicle can give rise to GLI2ΔN-driven BCC-like skin tumors, we 
used Lgr5-CreER mice, which drive recombination in a more limited 
distribution comprising the secondary hair germ and a subset of 
cells in the lowermost portion of the bulge (ref. 43, Figure 3A, and 
Supplemental Figure 1), to generate Lgr5-CreER;R26-LSL-rtTA;tetO-
GLI2ΔN (iLgr5;rtTA;GLI2ΔN) mice. Mice were treated with tamoxi-
fen to activate Cre function, and doxycycline was again started at 
week 7 to activate GLI2ΔN expression at a time when hair follicles 
in dorsal skin are in telogen (Figure 3B).

Similar to iK15;rtTA;GLI2ΔN mice, in which both the bulge and 
secondary hair germ compartment are targeted, iLgr5;rtTA;GLI2ΔN 
mice developed tumors on dorsal skin (Figure 3C) as well as tail, 

Figure 2
Nodular skin tumors arising from K15+ stem cells express BCC markers. (A) Immunostaining showing BCC-like keratin profile (K5 and K17 
expressed, K1 and K6 not expressed). Tumor cells also express the BCC marker Sox9 and are highly proliferative, based on Ki67 immunostaining. 
BCC-like tumors also express MYC-tagged GLI2ΔN transgene product. Original magnification, ×200. (B) In situ hybridization showing transcripts 
for Hh target genes Gli1 and Ptch1 in early-stage microscopic tumors, along with GLI2ΔN, detected using transgene-specific riboprobe against 
the SV40 poly(A) tail. Original magnification, ×200.
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ear, dorsal paw, and snout (Figure 3D). The kinetics of tumor 
induction in different body sites was similar to that of tumors 
arising in K15-targeted mice, with tumors appearing first on the 
snout and dorsal paws. The morphology of tumors was also simi-
lar to that arising in K15-targeted mice, and analysis of early-stage 
tumors revealed their derivation from the secondary hair germ or 
lowermost bulge region, with other compartments of the hair fol-
licle and epidermis unaffected (Figure 3, C and D). These results 
identify the Lgr5+ subset of follicle stem cells as a source of pro-
genitors for GLI2ΔN-driven BCC-like skin tumors and suggest 
that stem cells in the secondary hair germ and lowermost bulge are 
preferentially susceptible to Hh pathway–driven tumorigenesis.

Stem cells in the follicle bulge are resistant to GLI2ΔN-induced hyper-
plasia. The nearly exclusive development of GLI2ΔN-expressing 
tumors from cells in secondary hair germs of iK15;rtTA;GLI2ΔN 
mice (Figure 1E), despite K15-driven targeting to stem cells in the 
bulge as well, suggested that bulge cells may be resistant to trans-
formation by GLI2ΔN. To explore this possibility and to assess 
the responsiveness of other epithelial cell populations in skin, we 
targeted GLI2ΔN expression broadly to the entire basal layer com-
partment throughout the resting hair follicle, sebaceous gland, 
and epidermis using K14-rtTA;tetO-GLI2ΔN (K14;GLI2ΔN) bitrans-
genic mice. Doxycycline treatment was started at 7 weeks, and 
mice were euthanized and tissue was collected for analysis after 

2 and 5 days of GLI2ΔN transgene induction. By day 5, there was 
prominent expansion of proliferating basaloid cells in nearly all 
epithelial compartments of skin, including the epidermis, hair fol-
licle infundibulum, sebaceous gland progenitors, and secondary 
hair germ (Figure 4A). In striking contrast, basaloid hyperplasia 
was not apparent in hair follicle epithelium between the hair germ 
and sebaceous gland, which includes the bulge compartment and 
adjacent central isthmus (Figure 1B and Figure 4A).

GLI2ΔN was detected by MYC immunostaining in hyperplas-
tic basaloid cells of the epidermis, sebaceous gland, hair follicle 
infundibulum, and secondary hair germ, and at each of these sites 
there was a striking increase in proliferative activity detected by 
proliferating cell nuclear antigen (PCNA) immunostaining, which 
increased between 2 and 5 days of treatment (Figure 4B). Cells in 
the bulge region also expressed GLI2ΔN (Figure 4, B and E), but 
the fraction of these cells that was PCNA- or Ki67-positive was 
lower than that of GLI2ΔN-expressing epithelial cells in other 
regions (Figure 4, B and D). Coimmunostaining for PCNA and the 
bulge cell marker K15 confirmed that cells induced to proliferate 
in GLI2ΔN-expressing mice were normally quiescent bulge kerati-
nocytes, both in tail and dorsal skin (Figure 4C). Thus, although 
basaloid hyperplasia suggestive of neoplastic transformation was 
not observed in the bulge during the time frame of this experi-
ment, at least some cells in this stem cell compartment activated 

Figure 3
Robust BCC-like skin tumor development from the Lgr5+ subset of follicle stem cells. (A) Lgr5-CreER–driven recombination is limited to the sec-
ondary hair germ and lowermost bulge region. (B) Hair growth cycle and timing of doxycycline treatment/GLI2ΔN expression. TAM, tamoxifen. (C) 
Spontaneous development of microscopic skin tumors from telogen hair follicle stem cells in dorsal skin of iLgr5;rtTA;GLI2ΔN mice after 3 weeks of 
doxycycline treatment. Note early tumor development from the secondary hair germ. Original magnification, ×200 (left panels); ×400 (right panels). 
(D) Spontaneous nodular BCC-like tumor development from Lgr5+ follicle stem cells at other body sites. Original magnification, ×200.
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expression of proliferation markers in response to GLI2ΔN. Given 
the lack of basaloid hyperplasia in bulge cells (Figure 4A) and 
the absence of bulge-derived microscopic tumors (Figure 1E), we 
performed immunostaining to test whether GLI2ΔN expression 
leads to apoptosis. In contrast to controls, bulge compartments 

of K14;GLI2ΔN mice treated with doxycycline for 5 days contained 
cells expressing activated caspase-3 (Figure 4F). Thus, the selec-
tive resistance of bulge cells to GLI2ΔN-induced hyperplasia and 
tumorigenesis may be due to elimination via apoptosis of aber-
rantly proliferating cells in this stem cell compartment.

Figure 4
Impaired responsiveness of follicle bulge stem cells to acute induction of GLI2ΔN. (A) Histology of epithelial compartments in tail skin of control 
and K14-rtTA;tetO-GLI2ΔN (K14;GLI2ΔN) bitransgenic mice reveals basaloid cell hyperplasia in epidermis, sebaceous gland, and secondary hair 
germ (yellow asterisks in right panels), but not in the bulge or central isthmus (marked with black and dotted yellow bars, respectively). Original 
magnification, ×200 (upper panels); ×600 (lower panels). (B) Immunostaining for MYC reveals GLI2ΔN transgene expression in basal epithelial 
compartments, with the exception of cells in the central isthmus (white brackets). Coimmunostaining for GLI2ΔN (MYC) and PCNA reveals 
increased proliferation in all compartments expressing GLI2ΔN, although the fraction of PCNA+ cells is lower in the bulge than other compart-
ments (D). Original magnification, ×200 (upper panels); ×600 (lower panels). (C) Coimmunostaining for the bulge marker K15 and PCNA confirms 
proliferation in bulge stem cells in tail as well as dorsal skin. Original magnification, ×400. (D) Proliferative response to GLI2ΔN is approximately 
50% lower in bulge cells than in epidermal or sebaceous gland cells. (E) Progressive increase in number of Ki67+ normally quiescent bulge cells 
2 and 5 days after activation of GLI2ΔN transgene expression by using doxycycline. Data in D and E are presented as mean ± SEM; *P < 0.05, 
**P < 0.005. (F) Increased apoptosis in bulge compartment of GLI2ΔN-expressing mice compared with controls, based on immunostaining for 
activated caspase-3 (arrows). Original magnification, ×600.
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In addition to bulge cells, the central isthmus (Figure 1B), which 
contains the recently described Lgr6+ stem cell compartment (44), 
was also relatively unaltered in K14;GLI2ΔN mice (Figure 4A). 
Remarkably, despite the predicted expression pattern of the K14 
promoter, which is expected to target all basal layer compartments 
(Supplemental Figure 1), basal cells in the central isthmus frequently  
had strikingly reduced or undetectable levels of GLI2ΔN relative to 
other basal layer populations (Figure 4B, brackets). Similar results 
were seen in K5-rtTA;tetO-GLI2ΔN mice (data not shown), in which 
transgene expression is also targeted to basal cell compartments in 
skin. While these results are in keeping with the idea that Hh signal-
ing is tightly regulated in different stem cell compartments of the 
resting follicle via modulation of Gli protein levels (45–47), they may 
also reflect a reduction in or loss of K14 and K5 promoter activity 
in this region of the resting hair follicle. Collectively, the results of 
short-term GLI2ΔN induction studies indicate that, with the nota-
ble exception of cells residing within the bulge and possibly the cen-
tral isthmus, multiple epithelial progenitor or stem cell populations 
in skin can give rise to basaloid hyperplasia following induction of 
GLI2ΔN expression, and that cells in each of these compartments 
may be competent to form BCC-like skin tumors.

BCC-like skin tumors can arise from hair follicle, sebaceous gland, and epi-
dermal lineages. Because the severe phenotype of K14;GLI2ΔN mice 
precluded analysis beyond 10 days of transgene induction, to iden-
tify cell populations in skin that are competent to form BCC-like 
tumors, we again used the triple-transgenic model (Figure 1A), but 
with a conditional K5-CreER driver that can be activated in basal cell 

compartments in skin (Figure 5A, Supplemental Figure 1, and ref. 
48). Low-dose tamoxifen was administered to K5-CreER;R26-LSL-
rtTA;tetO-GLI2ΔN (iK5;rtTA;GLI2ΔN) mice to drive recombination 
in a limited number of K5-expressing cells, and GLI2ΔN expression 
was induced with doxycycline. Using this approach, we first noted 
skin abnormalities after 14 days, and by 21 days of treatment, his-
tology revealed BCC-like tumors in skin from multiple body sites, 
including the tail, snout, dorsal paws, ears, and hairless volar skin 
(Figure 5B). As predicted based on cell populations responding 
to short-term GLI2ΔN induction (Figure 4), tumors appeared to 
arise from secondary hair germs, sebaceous glands, and epidermis, 
with epidermis-associated tumors (Figure 5B) resembling human 
superficial BCC. Taken together, these data reveal that oncogenic 
Hh signaling can drive BCC-like skin tumor development from sev-
eral different epithelial progenitor populations in skin, although 
the BCC subtype (superficial versus nodular) is defined by the cell 
of origin (epidermis versus hair follicle, respectively).

Accelerated BCC-like tumor development from anagen hair follicles. Fol-
licles during the second, prolonged telogen phase can be induced 
into a synchronized and premature anagen phase by either chemi-
cal (Nair) or physical (hair plucking) depilation, providing a con-
venient method for triggering synchronized hair follicle growth 
with precise timing (Figure 6A). Previous studies suggested that 
anagen hair follicles are particularly susceptible to Hh pathway–
driven tumorigenesis (29, 32), raising the possibility that activated 
follicle stem cells or transit-amplifying progeny are tumor pro-
genitors in this setting. To examine this possibility, we induced 
GLI2ΔN expression in iK15;rtTA;GLI2ΔN or iLgr5;rtTA;GLI2ΔN 
transgenic mice in early anagen, rather than telogen (Figure 6A). 
Dorsal hair was clipped during the second telogen phase of the 
hair cycle; unscheduled anagen was induced using either Nair or 
hair plucking; and 1 day later, GLI2ΔN transgene was induced by 
administration of doxycycline. As expected, induction of anagen 
in control mice led to hair follicle elongation and grossly appar-
ent hair growth, whereas anagen-induced regions of skin in 
iK15;rtTA;GLI2ΔN mice contained grossly evident tumors by 14–15 
days of transgene expression (Figure 6, B and C). Telogen follicles 
in surrounding skin were largely unaffected (Figure 6C), with the 
exception of occasional microscopic tumors as described above 
(Figure 1E). Similar results were seen using iLgr5;rtTA;GLI2ΔN 
mice (data not shown). The differential response of telogen ver-
sus anagen follicles was highly consistent: telogen dorsal skin 
of all iK15;rtTA;GLI2ΔN mice examined (n = 7) appeared grossly 
normal after 2 weeks of GLI2ΔN induction, while 100% of mice 
(n = 18) with anagen-induced dorsal skin had gross evidence of 
tumor development at the same time point. The accelerated devel-
opment of BCC-like tumors in anagen versus telogen hair folli-
cles does not appear to be related to gross differences in GLI2ΔN 

Figure 5
Induction of GLI2ΔN expression leads to BCC-like tumors derived 
from all 3 epithelial skin lineages. (A) Widespread potential recom-
bination pattern for K5-CreER transgenic driver used to generate 
iK5;rtTA;GLI2ΔN mice. (B) Treatment with low-dose tamoxifen to drive 
recombination in a limited number of cells yielded BCC-like tumors in 
tail arising from epidermis (1), sebaceous gland (2), and lower follicle 
(3), with the bulge compartment (asterisk) unaffected. Superficial BCC-
like tumor development in hairless skin confirms that these tumors can 
arise from interfollicular epidermis. Original magnification, ×200 (tail and 
ear); ×100 (dorsal paw and snout); ×400 (volar).
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transgene expression, protein accumulation, or transcriptional 
activity, based on in situ analysis of Hh/Gli target genes Gli1 and 
Ptch1 (Supplemental Figure 2). Together, these experiments pro-
vide evidence that BCC development occurs preferentially (but not 
exclusively) during the anagen phase of the hair cycle (29, 32) and 
are the first to our knowledge to directly test this concept using a 
conditional mouse model to activate oncogenic Hh signaling at 
different stages of the hair cycle.

BCC-like tumors can arise from the anagen follicle outer root sheath. 
Tumor cells frequently appeared contiguous with the follicle 
outer root sheath (Figure 6, B and C), raising the possibility that 
this transit-amplifying progenitor cell population (32) is a poten-
tial source of tumor progenitors in anagen. To address whether 
tumor nodules could arise directly from outer root sheath cells, 
we delayed transgene activation until 7 days after anagen induc-
tion (mid-anagen, Figure 6A) to allow for the proliferative expan-

Figure 6
Anagen accelerates GLI2ΔN-driven tumorigen-
esis. (A) Hair growth cycle in dorsal skin show-
ing timing of depilation (to induce anagen) and 
doxycycline treatment (to activate GLI2ΔN 
expression in either early or mid-anagen). (B) 
Depilation of control mice activates hair follicle 
growth, with anagen follicles extending into the 
subcutaneous adipose layer. Tangential sec-
tion (right panel) shows outer root sheath com-
partment of the anagen follicle (arrowheads) 
and pigmented hair shafts (asterisks). Original 
magnification, ×100 (left and middle panels); 
×400 (right panel). (C) Induction of GLI2ΔN in 
iK15;rtTA;GLI2ΔN mice during early anagen 
leads to widespread tumor development from 
growing hair follicles in 2 weeks, at a time when 
spontaneous tumors in adjacent skin are rare 
(left panel). In some areas, tumors are con-
tiguous with and appear to replace the outer 
root sheath compartment of the anagen follicle 
(arrowheads in right panel). Original magnifi-
cation, ×40 (left panel); ×100 (middle panel); 
×400 (right panel). (D) GLI2ΔN induction for 
1 week in mature hair follicles (mid-anagen) 
shows tumor derivation directly from the outer 
root sheath. Immunostaining for transgene 
(right panel) reveals GLI2ΔN expression in all 
regions exhibiting BCC-like changes. Dashed 
lines delineate hair follicles. Typical BCC-like 
tumors develop after an additional week of 
transgene expression (lower panels). Original 
magnification, ×100 (upper-left panel); ×400 
(upper-middle and -right panels); ×40 (lower-
left panel); ×100 (lower-middle panel); ×400 
(lower-right panel).
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sion needed to assemble a mature anagen hair follicle (41). One 
week after transgene induction in mature anagen hair follicles, 
microscopic, GLI2ΔN-expressing tumor nodules were detected 
arising directly from the outer root sheath (Figure 6D), support-
ing the idea that this compartment contains cells capable of trans-
formation by deregulated Hh/Gli signaling and may provide an 
expanded pool of potential tumor progenitors that accounts for 
the increased incidence of BCCs during anagen (29, 32). After an 
additional week of GLI2ΔN expression, large, nodular tumors had 
formed that filled much of the dermis in regions where anagen 
hair growth had been activated (Figure 6D).

Activated SMO is a weak oncogene in mouse skin that can be mimicked 
by low-level GLI2ΔN. Our findings using GLI2ΔN as the oncogenic 
driver establish that hair follicle stem cells in telogen are compe-
tent to form nodular skin tumors and that tumorigenesis is accel-
erated during anagen. We had previously shown that oncogenic 
human SMO (M2SMO) is a weak Hh pathway activator in skin 
and yielded basaloid follicular hamartomas rather than nodular 
BCCs or other BCC-like tumors, which are associated with high-
level Hh signaling activity in both mice and humans (35, 36, 49). 
To further explore this issue in the context of stem cell targeting, 
we used tetO-SmoA1 mice that we had previously generated (50) to 
produce K15-CrePR1;R26-LSL-rtTA;tetO-SmoA1 (iK15;rtTA;SmoA1) 
triple-transgenic mice, and again performed transgene induction 
studies during early anagen (Figure 7A). In striking contrast to the 
nodular tumors seen in anagen-activated dorsal skin of GLI2ΔN-
expressing mice (Figure 6C), mice expressing SmoA1 exhibited 
modest outer root sheath hyperplasia (Figure 7B) but no evidence 
of frank tumor development. These findings indicate that SmoA1, 
using the same modeling strategy that yields robust tumors in 

response to GLI2ΔN, is not sufficient to drive BCC-like tumori-
genesis from K15+ follicle stem cells or their progeny.

We previously proposed that the absence of nodular BCC-like 
tumors in mice expressing activated SMO was due to relatively 
weak oncogenic signaling, based on the low expression level of 
Gli target genes in lesions resembling basaloid follicular hamar-
tomas (arising in SMO mice) compared with BCCs (arising in Gli2 
mice) (35). To directly test whether the level of Gli transcriptional 
activity is a determinant of tumor phenotype, we modified the 
doxycycline dosing regimen to induce different levels of GLI2ΔN 
in skin. Whereas GLI2ΔN-expressing mice treated with standard 
doses of doxycycline (GLI2ΔN-high) produced nodular and super-
ficial BCC-like tumors, mice treated with low-dose doxycycline 
(GLI2ΔN-low) developed slow-growing basaloid tumors similar to 
those in mice expressing oncogenic SMO in skin (Figure 8A and 
refs. 35, 36). Although these lesions resemble human basaloid fol-
licular hamartomas in several respects (49, 51, 52), as previously 
discussed (35), we favor a more conservative classification as basa-
loid hamartomas, with variable degrees of sebaceous hyperplasia.

Immunostaining for Ki67 revealed diffusely increased pro-
liferation in BCC-like tumors in GLI2ΔN-high mice, with a low 
level of proliferation limited to the periphery of basaloid hamar-
tomas in GLI2ΔN-low or SMO mice (Figure 8B), reflecting find-
ings in human BCC and basaloid follicular hamartomas (49). 
MYC immunostaining to detect GLI2ΔN confirmed markedly 
reduced expression levels in hamartomatous proliferations aris-
ing in GLI2ΔN-low mice relative to uniformly robust expression in 
BCC-like tumors in GLI2ΔN-high mice (Figure 8C). These results 
support the concept that low-level oncogenic Hh/Gli signaling is 
an effective inducer of basaloid hamartomas, but not the nodu-
lar BCC-like skin tumors that are seen with higher-level signaling  
(25, 26, 31, 33, 35, 45).

Discussion
The cellular origin of BCC has been approached largely through 
descriptive studies using human tissue specimens and has been 
rather poorly understood. In the past, experimental studies rig-
orously addressing this have been hampered in part by the fact 
that BCCs rarely develop in wild-type mice, even after exposure to 
physical or chemical carcinogens that are potent inducers of BCC 
development in rats (reviewed in ref. 53). However, genetic models 
wherein different components of the Hh pathway are altered in 
cutaneous epithelia have yielded BCCs and related tumor types in 
mouse skin with high penetrance (reviewed in refs. 9, 10). Using 
multiple mouse models to control the timing and level of oncogen-
ic Hh signaling activity and, most importantly, the particular cell 
populations where Hh signaling was altered, we have conclusively 
established that the transformation potential and varied BCC-like 
tumor phenotypes in skin are dictated by (a) the cell population 

Figure 7
Oncogenic Smo drives outer root sheath hyperplasia but not nodu-
lar BCC-like tumor development. (A) Schematic depicting timing of 
depilation and transgene activation in iK15;rtTA;SmoA1 mice. (B) In 
contrast to analogous GLI2ΔN-expressing mice, which produce nodu-
lar BCC-like tumors when the same experimental approach is used 
(Figure 6C), activation of SmoA1 in early anagen leads to hyperplasia 
of the outer root sheath (compare distance between arrowheads in 
upper- and lower-right panels) but no evidence of BCC-like tumors. 
Original magnification, ×200.
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being targeted, (b) timing (relative to the hair cycle), and (c) level 
of oncogenic Hh signaling.

We find that multiple epithelial compartments in skin are compe-
tent to form BCC-like tumors in response to GLI2ΔN, but the par-
ticular tumor subtype differs based on the cells in which GLI2ΔN 
is active, indicating that while an oncogenic Hh signal is sufficient 
to drive tumorigenesis, tumor phenotype is strongly influenced 
by its cell of origin. Postnatal induction of GLI2ΔN in telogen fol-
licle stem cells leads to the development of nodular BCC-like skin 
tumors (Figures 1 and 3), while induction in interfollicular epi-
dermis or epidermis from hairless skin yields superficial BCC-like 
tumors (Figure 5); however, additional studies will be required to 
ascertain how closely these superficial tumors in mice mimic their 
human counterparts. An epidermal origin for superficial BCCs in 
humans is supported by histological studies examining microscop-
ic tumors, which are first detected in interfollicular epidermis or 
the uppermost portion of the hair follicle, the infundibulum (54). 
Collectively, both human and mouse data argue that hair follicles 
are not required for the development of superficial BCCs, most of 
which appear to arise from interfollicular epidermis.

In contrast to superficial BCCs, several previous reports point to 
the follicle as a potential site of origin for nodular BCC in mouse 
(25–34) and rat (55), but the involvement of follicle stem cells in 
the development of these tumors was not addressed. Using K15 
and Lgr5 promoter–driven Cre alleles, we show that progenitors of 

nodular, BCC-like tumors reside within the secondary hair germ 
and lower bulge stem cell compartments of the hair follicle (Fig-
ures 1, 3, and 5). Our data are in keeping with recently reported 
lineage-tracing studies in irradiated Ptch+/– mice that had devel-
oped basaloid skin tumors, nearly all of which appear to arise from 
K15-expressing cells (56). The presence of mixed BCC growth pat-
terns in up to nearly 40% of human BCC samples (22) raises the 
possibility that nodular BCCs can expand upward to also involve 
epidermis as superficial BCCs, or vice versa, since hair follicle stem 
cell progeny migrate into the epidermis during wound healing (44, 
57–59). Given the resistance of cells in much of the bulge to Hh-
driven transformation (Figure 2 and ref. 24), it will be interesting 
to determine whether injury-induced mobilization and migration 
of these cells or their progeny into epidermis renders them compe-
tent to form tumors outside of the hair follicle stem cell niche.

In short-term induction studies using K14-rtTA;tetO-GLI2ΔN 
mice, we found that cells in the telogen bulge were resistant to 
GLI2ΔN-induced transformation. This appeared to be due to (a) 
impaired accumulation of GLI2ΔN in this cellular compartment, 
(b) a blunted proliferative response in bulge cells that do express 
detectable levels of GLI2ΔN, and (c) activation of apoptosis in bulge 
cells (Figure 4), which may eliminate potential tumor progenitors 
in this stem cell compartment. Induction of apoptosis has also 
been reported in neural stem cells engineered to express Gli1 (60), 
suggesting that this response may serve as a protective mechanism 

Figure 8
Low-level expression of GLI2ΔN gives rise to basaloid hamartomas instead of nodular BCC-like tumors. (A) Histology showing nodular BCC-
like tumors in iK5;rtTA;GLI2ΔN mouse treated with 1 gm/kg doxycycline in chow and 200 μg/ml doxycycline in drinking water (GLI2ΔN-high), 
compared with basaloid hamartomas in K5;rtTA;GLI2ΔN mice treated with 2 μg/ml doxycycline (GLI2ΔN-low) in drinking water, which resemble 
lesions that arise in mice harboring a Cre-inducible M2SMO allele (SMO). (B) Ki67 reveals limited proliferation at the periphery of basaloid ham-
artomas arising in GLI2ΔN-low and SMO mice, compared with diffuse proliferation in nodular BCCs in GLI2ΔN-high mice. Dashed lines in right 
panels outline the extent of epithelial cells comprising hamartomas. HF indicates an anagen hair follicle matrix with robust Ki67 immunostaining. 
(C) MYC immunostaining to detect GLI2ΔN confirms low-level expression in GLI2ΔN-low mice. Original magnification, ×200 (A–C).
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against deregulated, high-level Hh/Gli signaling in other stem cell 
populations. Epithelial cells residing within the central isthmus, 
just above the follicle bulge, also appeared largely unaffected in 
these mice (Figure 4A). In this compartment, however, many cells 
did not contain detectable GLI2ΔN protein (Figure 4D), but addi-
tional studies will be required to assess whether this reflects focal 
deficiencies in transcription driven by the K14 and K5 promoters or 
modulation of Gli proteins at the post-translational level, which is 
likely to involve proteosome-mediated degradation (45–47).

The timing of GLI2ΔN transgene induction relative to the hair 
cycle has a profound effect on BCC-like tumor development. This 
is best studied in dorsal skin, where the kinetics of hair cycling is 
well defined (Figure 1D and ref. 41) and telogen follicles can be 
reliably induced to enter anagen by hair plucking or depilation. 
Although microscopic BCC-like tumors arose spontaneously 
from a subset of telogen hair follicles in dorsal skin by 2 weeks 
of GLI2ΔN expression, gross evidence of tumor development dur-
ing the same time period was seen in skin containing anagen hair 
follicles (Figure 6). Accelerated tumorigenesis does not appear to 
be related to markedly greater accumulation of GLI2ΔN protein 
in anagen, as might have been expected (32, 45), since telogen-
derived tumors and anagen-derived tumors had comparable lev-
els of immunostaining for GLI2ΔN (Supplemental Figure 2). In 
addition, the transcriptional activity of GLI2ΔN also appears to be 
similar in telogen-initiated and anagen-initiated tumors, based on 
Gli1 and Ptch1 expression (Supplemental Figure 2).

Since anagen is characterized by robust proliferation of tran-
sit-amplifying stem cell progeny to reconstruct a mature fol-
licle, accelerated tumorigenesis may reflect the ability of a small 
number of GLI2ΔN-expressing nascent tumor cells in telogen to 
rapidly expand into a detectable tumor mass under these growth-
promoting conditions. This raises the possibility that in human 
BCC, quiescent follicle stem cells carrying mutations leading to 
Hh pathway activation may remain dormant until mobilized dur-
ing early anagen or in response to another regenerative stimulus, 
when their selective growth advantage can lead to tumor forma-
tion. The rapid development of BCC-like nodules directly from the 
anagen outer root sheath (Figure 6D) is in keeping with this idea, 
and this finding identifies this transit-amplifying cell population 
as the likely cell of origin for BCCs that arise during anagen.

In addition to the important roles of cell of origin and hair 
cycling, we also show that GLI2ΔN expression levels define tumor 
phenotype, with low-level GLI2ΔN yielding basaloid hamartomas 
mimicking skin lesions in SMO-expressing mice (35, 36), rather 
than nodular BCC-like tumors (Figure 8). These data provide 
direct evidence supporting the hypothesis that a sufficiently high 
level of Hh signaling must be achieved to drive development of 
nodular BCC-like tumors (35). In addition, induction of onco-
genic Smo in follicle stem cells, using the same strategy that yields 
multiple BCC-like tumors in response to GLI2ΔN, gives rise to a 
hyperplastic outer root sheath but no BCC-like tumors (Figure 7). 
These results are in general agreement with a recent study in which 
clonal, postnatal activation of a Cre-inducible Smo mutant failed 
to produce tumors from follicle stem cells or their progeny, but did 
lead to the development of basaloid skin tumors derived primarily 
from interfollicular epidermis (24). However, these lesions do not 
have the typical histological or gross appearance of nodular BCCs, 
which is in keeping with the idea that only high-level Hh signaling 
leads to BCC development (35). Establishing a definitive diagno-
sis in mouse models of cancer that is based on comparisons with 

human pathology can be challenging, particularly in skin, where 
there are major differences in tissue architecture between these two 
species. Nevertheless, the pattern of lineage markers, robust prolif-
eration, and occasional areas of central necrosis seen in GLI2ΔN-
expressing tumors described in this report are in keeping with the 
diagnosis of nodular, BCC-like tumors. Interestingly, the weak 
transforming potential of activated Smo alleles may be limited to 
skin, since Smo is a potent oncogene in cerebellum, where it gives 
rise to medulloblastomas with high penetrance when targeted to 
neuronal progenitors (50, 61, 62).

The results of our studies can be summarized as follows. (a) 
We have established the utility of a versatile new mouse model of 
cancer that can be readily adapted to study a variety of oncogenic 
pathways in different target organs. (b) We have shown that nodu-
lar BCC-like skin tumors in mice can arise from Lgr5+ stem cells in 
the resting hair follicle and from basal cell compartments of the 
epidermis, growing hair follicle (outer root sheath), and sebaceous 
gland. These findings are in keeping with the varied histological 
presentations of human BCC, which include epidermis-associated 
superficial BCCs, nodular BCCs (which we propose are derived 
from hair follicles), and BCCs with sebaceous differentiation (22, 
23, 63). (c) In contrast to other basal cell populations, stem cells 
within the bulge appear to be largely incapable of mounting a 
hyperplastic response to GLI2ΔN expression, although a fraction 
of these cells do activate expression of proliferation markers but 
appear destined to be eliminated via apoptosis. (d) We show that 
nodular BCC-like tumors do not form in mice expressing reduced 
levels of GLI2ΔN, but instead these mice develop basaloid hamar-
tomas that are strikingly similar to lesions arising in mice express-
ing oncogenic Smo alleles. These findings provide direct evidence 
supporting the concept that full-blown nodular BCCs develop 
only in response to high-level Hh/Gli signaling activity, and may 
explain the reported lack of nodular tumors arising from follicle 
stem cells in Smo-expressing mice.

Methods

Mouse models
Generation and characterization of tetO-GLI2ΔN mice. The tetO-GLI2ΔN trans-
genic construct was generated as follows. A BamHI-XbaI fragment, includ-
ing MYC epitope–tagged human GLI2 cDNA missing the amino-terminal 
repressor domain (GLI2ΔN), was excised from pCS2MT-GLI2 (39), which 
was provided by Erich Roessler and Maximilian Muenke (NIH, Bethesda, 
Maryland, USA). Cohesive ends were filled in for blunt-ended ligation into 
the EcoRV site of the pTet-Splice vector (Invitrogen), which contains a CMV 
promoter under the control of tet operon (tetO) sequences, SV40 intron and 
poly(A) signal, and modification to contain an additional NotI site. All clon-
ing was verified by sequencing. A NotI-NotI fragment from tetO-GLI2ΔN was 
purified and injected into (C57BL/6 × SJL)F2 mouse eggs by members of the 
University of Michigan Transgenic Core; founders were identified by PCR 
using SV40 poly(A)–specific primers; and they were crossed with C57BL/6J 
breeders (The Jackson Laboratory) to establish transgenic lines. Progeny of 
4 independent lines were crossed with K5-tTA mice (64) to screen for BCC-
like tumor development in skin of bitransgenic K5-tTA;tetO-GLI2ΔN mice. 
Two lines with robust phenotypes, tetO-GLI2ΔN377 and tetO-GLI2ΔN380, were 
used for the studies presented in this report, with the majority of experi-
ments performed using the tetO-GLI2ΔN380 line. tetO-GLI2ΔN lines were 
crossed with C57BL/6 breeders for at least 6 generations.

Additional mouse strains. Several additional mouse lines carrying constitu-
tive or hormone-inducible Cre alleles, or doxycycline-regulated tet trans-
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activator alleles, were used in these studies (see Supplemental Figure 1 for 
partial listing and the predicted cell populations that are targeted). K5-Cre 
mice (65) were received from José Jorcano (CIEMAT, Madrid, Spain); K5-
CreERT2 mice (48), designated K5-CreER here, from Pierre Chambon and 
Daniel Metzger (Université de Strasbourg, Illkirch, France); K15-CrePR1 
mice (40) from George Cotsarelis (University of Pennsylvania, Philadel-
phia, Pennsylvania, USA); Gt(ROSA)26Sortm1(rtTA,EGFP)Nagy/J mice (37), des-
ignated R26-LSL-rtTA here, from The Jackson Laboratory (stock number 
005572); Lgr5tm1(cre/ESR1)Cle mice (66), designated Lgr5-CreER here, from The 
Jackson Laboratory (stock number 008875); K5-rtTA mice (64) from Adam 
Glick (Pennsylvania State University, State College, Pennsylvania, USA); 
and Tg(KRT14-rtTA)F42Efu mice (67), designated K14-rtTA here, from The 
Jackson Laboratory (stock number 008099). We previously described mice 
carrying a tet-inducible oncogenic Smo allele (tetO-SmoA1) (50) or Cre-
inducible oncogenic human SMO allele (K5-flxGFP-M2SMO) (68).

Generating mice with inducible transgene expression. Precise spatial and tem-
poral control of oncogenic Hh signaling was achieved in hair follicle stem 
cells and their progeny by adaption of a novel Cre-inducible and doxy-
cycline-related mouse model (37) to control transgene expression. This 
model utilizes mice carrying 3 alleles: (a) a tissue-specific Cre driver, which 
may contain a hormone-inducible Cre allele (Supplemental Figure 1); (b) 
the Cre-inducible R26-LSL-rtTA strain (37); and (c) a tetO-GLI2ΔN or tetO-
SmoA1 effector strain (see Figure 1A and text for additional details). Details 
regarding hormone and doxycycline administration for transgene induc-
tion studies are described below. Mice were crossed according to standard 
protocols to generate triple-transgenic mice with the various genotypes 
described in the text. In addition, we generated K14-rtTA;tetO-GLI2ΔN and 
K5-rtTA;tetO-GLI2ΔN bitransgenic mice to achieve widespread expression of 
GLI2ΔN in basal cell layers of skin. All mice were housed and maintained 
according to University of Michigan institutional guidelines, and protocols 
for mouse experimentation were approved by the University of Michigan 
Committee on the Use and Care of Animals.

Genotyping. Genotyping was performed using the following primers and 
PCR parameters. For K15-CrePR1, Lgr5-CreERT2, K5-Cre, and K5-CreER 
mice, we amplified Cre using forward primer 5′-CATGCTTCATCGTCG-
GTCC-3′ and reverse primer 5′-GATCATCAGCTACACCAGAG-3′ (PCR 
parameters: 95°C for 5 minutes, [95°C for 30 seconds, 58°C for 30 sec-
onds, 72°C for 30 seconds] for 35 cycles, 72°C for 5 minutes) to generate 
a 412-bp reaction product. For K5-tTA and K5-rtTA mice, we amplified TA 
transactivator using forward primer 5′-TTATTTGATCACCAAGGTGGAG-3′ 
and reverse primer 5′-CGATGGTAGACCCGTAATTGTT-3′ (PCR param-
eters: 95°C for 5 minutes [95°C for 30 seconds, 62°C for 40 seconds, 72°C 
for 40 seconds] for 35 cycles, 72°C for 2 minutes) to generate a 142-bp 
reaction product. For R26-LSL-rtTA mice, we either amplified TA (prim-
ers and PCR parameters as listed above) or EGFP, using forward primer 
5′-GCACGACTTCTTCAAGTCCGCCATGCC-3′ and reverse primer 5′-
GCGGATCTTGAAGTTCACCTTGATGCC-3′ (PCR parameters: 95°C for 
4 minutes [95°C for 30 seconds, 72°C for 30 seconds, 72°C for 30 seconds] 
for 30 cycles, 72°C for 5 minutes) to generate a 280-bp reaction product. 
For tetO-GLI2ΔN and tetO-SmoA1 mice, we amplified SV40 poly(A) using 
forward primer 5′-GGAACTGATGAATGGGAGCA-3′ and reverse primer 
5′-GGGAGGTGTGGGAGGTTT-3′ (PCR parameters: 95°C for 5 minutes 
[94°C for 30 seconds, 57°C for 60 seconds, 72°C for 60 seconds] for 35 
cycles, 72°C for 5 minutes) to generate a 522-bp reaction product. For K14-
rtTA mouse genotyping, we used primer sequences provided by The Jackson 
Laboratory, with forward primer oIMR7862 (5′-CACGATACACCTGAC-
TAGCTGGGTG-3′) and reverse primer oIMR7863 (5′-CATCACCCACAG-
GCTAGCGCCAACT-3′) (PCR parameters: 94°C for 3 minutes [94°C for 
30 seconds, 67°C for 60 seconds, 72°C for 60 seconds] for 35 cycles, 72°C 
for 2 minutes) to generate an approximately 500-bp reaction product. For 

R26R mice, we amplified lacZ using forward primer 5′-GCTGGGATCC-
GCCATTGTCAGACATG-3′ and reverse primer oIMR7863 (5′-GCTG-
GAATTCCGCCGATACTGAC-3′) (PCR parameters: 95°C for 5 minutes 
[95°C for 30 seconds, 58°C for 40 seconds, 72°C for 40 seconds] for 35 
cycles, 72°C for 2 minutes) to generate a 275-bp reaction product.

Transgene induction protocols
Transgene induction studies were performed during the prolonged rest-
ing phase of the hair cycle, which begins on day 49 (Figure 1D). Triple-
transgenic mice carrying conditional Cre alleles were treated first with 
hormone to stimulate Cre recombinase activity/rtTA expression and then 
with doxycycline to induce tetO-regulated gene expression. Typically, for 
iK15;rtTA;GLI2ΔN mice, in which the bulge and secondary hair germ stem 
cell compartments are targeted (Supplemental Figure 1), dorsal hair was 
clipped and daily RU486 (Sigma-Aldrich) treatment was performed for 
5 consecutive days ending on day 49. RU486 was applied topically in a 
cream formulation containing 2 mg RU486/g hand cream (Neutrogena 
Norwegian Formula Hand Cream, Fragrance-Free), which was prepared 
by incorporating 200 μl RU486 stock solution (20 mg RU486/ml abso-
lute EtOH) into 2 g cream using a spatula. Each mouse received a daily 
dose of approximately 0.1 mg RU486 in cream. In some experiments, mice 
received two 5-day treatments of RU486 in cream, with the additional 
treatments starting on day 19. For experiments using iLgr5;rtTA;GLI2ΔN 
mice, Cre recombinase was activated using tamoxifen (Sigma-Aldrich) 
administered by oral gavage, with a daily dose of 0.1 mg tamoxifen/g body 
weight on 2 consecutive days starting on day 49. Tamoxifen stock was pre-
pared at 20 mg/ml in corn oil. For focal activation of Cre function in the 
iK5;rtTA;GLI2ΔN model, a single low dose of tamoxifen (0.1 mg/mouse) 
was administered by oral gavage on day 48.

Doxycycline was used to activate expression of tet/doxycycline-respon-
sive transgenes. For standard dosing, mice were fed chow containing 1 g 
doxycycline/kg chow (Bio-Serv), and for the first 3 days of treatment they 
also received 200 μg/ml doxycycline (Sigma-Aldrich) in drinking water 
with 5% sucrose. In experiments examining responses to reduced GLI2ΔN 
levels, mice were treated with low-dose doxycycline, at either 2 μg/ml or 
0.4 μg/ml doxycycline in water with 5% sucrose. Based on an approximate 
daily food intake of 4 g/mouse and water intake of 6 ml/mouse (69), mice 
receiving standard dosing with doxycycline chow consumed approximately 
4 mg doxycycline/d, whereas mice with reduced dosing in water consumed 
between 12 and 2.4 μg doxycycline/d.

In some experiments, GLI2ΔN transgene was induced in mice either 
shortly after activation of dorsal hair growth (early anagen) or in mature, 
growing hair follicles (mid-anagen). Mice were treated with RU486 
or tamoxifen, and hair growth was induced by Nair or hair plucking at 
approximately 7 weeks of age. For early anagen experiments, standard dos-
ing with doxycycline was initiated 1 day later. For mid-anagen experiments, 
doxycycline was started 7 days later to allow for hair follicle maturation.

Tissue collection, immunostaining, and in situ hybridization
Tissue samples were fixed in neutral-buffered formalin at room temper-
ature or in 4% paraformaldehyde at 4°C overnight, transferred to 70% 
ethanol, processed, and embedded in paraffin. For frozen sections, tis-
sue was fixed in 4% paraformaldehyde at 4°C for 1 hour, transferred to 
30% sucrose/PBS overnight, embedded in Tissue-Tek O.C.T. Compound 
(Sakura), and frozen.

For immunostaining, sections were deparaffinized, and antigen retrieval 
was performed using boiling citrate-based buffer or Trilogy reagent (Cell 
Marque). Sections were treated in 3% H2O2 for 7 minutes, blocked in 2% 
normal goat serum in PBS for 30 minutes, and incubated at 4°C overnight 
with primary antibody. The following antibodies and dilutions were used: 
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anti-keratins K1, K5, and K6 (Covance) 1:1,000; anti–keratin K15 (Thermo 
Scientific) 1:500; anti–keratin K17 (provided by Pierre Coulombe, Johns 
Hopkins University, Baltimore, Maryland, USA) 1:4,000; anti-Ki67 (clone 
SP6, Thermo Scientific) 1:200; anti-Sox9 (Millipore) 1:1,000; PCNA (Ther-
mo Scientific) 1:300; and anti–cleaved caspase-3 (Cell Signaling Technol-
ogy) 1:200. For immunohistochemistry studies, primary antibodies were 
detected using the VECTASTAIN Peroxidase ABC Standard kit (Vector 
Laboratories, PK-4001), and visualization was performed using DAB as 
chromogen with a hematoxylin counterstain. To detect the MYC-tagged 
GLI2ΔN transgene product, sections were blocked for 1 hour with block-
ing reagent (M.O.M. kit, Vector Laboratories, PK-2200) and incubated at 
4°C overnight with Myc-Tag (9B11) mouse monoclonal antibody (Cell 
Signaling Technology), diluted 1:2,000 in PBS. The remainder of the 
immunostaining protocol was performed following the manufacturer’s 
instructions with minor modifications.

For double immunofluorescence staining, secondary antibodies con-
jugated with DyLight 488 or DyLight 549 (Jackson ImmunoResearch 
Laboratories Inc.) were used at a 1:400 dilution. For immunofluorescence 
visualization, sections were mounted with ProLong Gold Antifade Reagent 
with DAPI (Invitrogen). Cell counts were performed to enumerate Ki67+ 
proliferating cells in bulge compartments after 2 and 5 days of GLI2ΔN 
expression and to assess the proportion of MYC+ cells that were also Ki67+ 
in bulge, epidermis, and sebaceous gland.

In situ hybridization was performed on paraffin-embedded sections of 
neutral buffered formalin–fixed tissue. Riboprobe sequences, probe prepa-
ration, and hybridization protocols have been described elsewhere (35).

Statistics
Statistical analysis was performed using 1-way ANOVA with Bonferroni 
post-hoc multiple comparisons. Data are presented as mean ± SEM, with 

P values less than 0.05 considered significant. Data were analyzed using 
PASW Statistics 18 software (SPSS Inc.).

Note added in proof. After submission of a revised version of this 
manuscript, two reports were published showing the develop-
ment of Hh pathway driven skin tumors derived from hair follicle 
stem cells following wounding-induced migration into interfol-
licular epidermis (70, 71).
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