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Temporally and spatially constrained Hedgehog (Hh) signaling regulates cyclic growth of hair follicle
epithelium while constitutive Hh signaling drives the development of basal cell carcinomas (BCCs), the most
common cancers in humans. Using mice engineered to conditionally express the Hh effector Gli2, we show
that continued Hh signaling is required for growth of established BCCs. Transgene inactivation led to BCC
regression accompanied by reduced tumor cell proliferation and increased apoptosis, leaving behind a small
subset of nonproliferative cells that could form tumors upon transgene reactivation. Nearly all BCCs arose
from hair follicles, which harbor cutaneous epithelial stem cells, and reconstitution of regressing tumor cells
with an inductive mesenchyme led to multilineage differentiation and hair follicle formation. Our data reveal
that continued Hh signaling is required for proliferation and survival of established BCCs, provide compelling
support for the concept that these tumors represent an aberrant form of follicle organogenesis, and uncover
potential limitations to treating BCCs using Hh pathway inhibitors.
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Basal cell carcinoma (BCC) is the most common type of
cancer in light-skinned individuals, and there are com-
pelling data implicating uncontrolled activation of the
Hedgehog (Hh) pathway (McMahon et al. 2003) in the
pathogenesis of these tumors (Bale and Yu 2001) and sev-
eral others (Pasca di Magliano and Hebrok 2003). During
physiologic Hh signaling, Hh proteins bind to and an-
tagonize the cell surface receptor Patched (Ptch), releas-
ing Smoothened (Smo) from Ptch-mediated inhibition.
This leads to alterations in gene expression mediated by
the Gli family of transcription factors (Gli1, Gli2, and
Gli3) (Ingham and McMahon 2001). Ptch1 and Gli1 are
two target genes consistently induced whenever the Hh
pathway is activated (McMahon et al. 2003), making
these transcripts reliable markers of both physiologic
and pathologic Hh signaling activity.

Hh signaling is required for proliferation of hair follicle
epithelium during development (St Jacques et al. 1998;
Chiang et al. 1999) and postnatal hair cycles (Sato et al.

1999; Wang et al. 2000), which include a growth phase
(anagen), regression phase (catagen), and resting phase
(telogen). Of the three Gli proteins, Gli2 appears to be
the key transcriptional effector of Hh signaling in skin
and other organs (Mo et al. 1997; Ding et al. 1998; Hard-
castle et al. 1998; Matise et al. 1998; Motoyama et al.
1998; Bai et al. 2002; Mill et al. 2003). While Hh signal-
ing activity in follicle epithelium is restricted to periods
of active growth and is limited by the transient expres-
sion of Sonic hedgehog (Shh), this pathway is constitu-
tively active in BCCs in the absence of ligand, due to
mutations in PTCH or SMO (Hahn et al. 1996; Johnson
et al. 1996; Xie et al. 1998). Several mouse models sup-
port the concept that aberrant Hh pathway activation is
sufficient to drive development of BCCs or BCC-like tu-
mors (Oro et al. 1997; Xie et al. 1998; Aszterbaum et al.
1999; Grachtchouk et al. 2000, 2003; Nilsson et al. 2000;
Sheng et al. 2002). We previously reported that skin-tar-
geted overexpression of Gli2 leads to the development of
multiple BCCs in mice (Grachtchouk et al. 2000). Here
we used a conditional mouse model to examine the role
of Gli2 in established BCCs. Our findings support the
notion that BCCs arise from hair follicles due to sus-
tained, uncontrolled Hh pathway activity, which is re-
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quired in established BCCs for tumor cell proliferation
and survival. We describe a small population of long-
lived, nonproliferative, residual tumor cells in regressed
BCCs, which is capable of giving rise to growing tumors
upon transgene reactivation. Our findings underscore
the concept of cancer as a disease of aberrant organogen-
esis stemming from defects in critical “developmental”
signaling pathways, and may have important clinical im-
plications given current efforts to treat BCCs by inter-
fering with deregulated Hh signaling.

Results

BCCs arise from hair follicles in K5–tTA;TRE–Gli2
bitransgenic mice

While TRE–Gli2 (Fig. 1a) transgenic mice were indistin-
guishable from controls, multiple BCCs consistently
arose on K5–tTA;TRE–Gli2 bitransgenic mice (Fig. 1b,c).
Although tumor size was variable, BCCs were present by
6 mo of age in 100% of bitransgenic mice (data not
shown). BCCs arose on ears, extremities, and dorsal skin;
however, the vast majority of BCCs developed on the
tails (Fig. 1c).

Examination of skin sections from tumor-bearing
mice revealed that BCCs arose almost exclusively from
hair follicles (Fig. 1d–f). The hair follicle outer root
sheath expresses abundant keratin 17 (K17) (Fig. 1g) but
not keratin 1 or keratin 10 (K1, K10), which are markers
of the follicle inner root sheath and suprabasal spinous
cells in the epidermis (Fig. 1j). Bulbous proliferations of
basaloid-appearing cells arose from the follicular epithe-
lium and progressed to form obliquely oriented cellular
masses expressing K17 (Fig. 1e,h). The histology of
larger, fully developed BCCs mimics that of tumors seen

in K5–Gli2 mice (Grachtchouk et al. 2000) and closely
resembles human BCCs. BCCs were K17-positive and
K1-negative and frequently contained focal areas of pig-
mentation within the tumor mass (Fig. 1f, red arrow-
head) or surrounding stroma. Using in situ hybridization
we assessed the expression of keratin 15 (K15), a marker
of undifferentiated follicular epithelium, including stem
cells, in adult mice (Lyle et al. 1999; Liu et al. 2003). We
found that early BCCs consistently expressed this
marker at high levels, while larger tumors express K15
mRNA at lower or occasionally undetectable levels (Fig.
1m,n; data not shown). K15 is also expressed in a subset
of human BCCs (Jih et al. 1999). Tumors arose from the
follicular outer root sheath epithelium most commonly
in the region of the infundibulum above the sebaceous
gland (Fig. 1e,n) and were also seen in the proximal hair
follicle (Fig. 1n).

Inactivation of transgenic Gli2 leads to reduced
hedgehog target gene expression

We administered doxycycline to BCC-bearing K5–tTA;
TRE–Gli2 double transgenic mice and obtained tissue
over a 21-d period (Fig. 2a). In situ hybridization using a
transgene-specific riboprobe confirmed efficient inacti-
vation of the transgenic Gli2 mRNA following adminis-
tration of doxycycline for 21 d. Tumors from untreated
mice expressed the transgene at high levels, and signal
was absent in tumors from doxycycline-treated mice
(Fig. 2b,g). As expected, expression of hedgehog target
genes Gli1, Gli2, and Ptch1 was also up-regulated in un-
treated BCCs and dramatically reduced in treated tumors
(Fig. 2b–k). K17 was expressed in both untreated and
treated tumors, indicating the persistence of a subpo-
pulation of viable tumor cells following transgene in-

Figure 1. Follicle-derived BCC development in K5–
tTA;TRE–Gli2 bitransgenic mice. (a) Schematic show-
ing transgenic constructs designed to yield bitrans-
genic mice harboring a skin-targeted tetracycline
transactivator (K5–tTA) and the tetracycline response
element–Gli2 transgene (TRE–Gli2). Sequence encod-
ing Flag epitope tag is shown by black box. (b,c) Tails
from single and bitransgenic mice, with BCCs in bi-
transgenic mouse only. (d–f) Photomicrographs (H&E
staining) of normal hair follicle and early BCC arising
from hair follicle (e, black arrow), with sebaceous
glands marked by asterisk (d,e). (f) Established BCCs
frequently contain focal BCC pigmentation (red ar-
rowhead). (g–l) Immunofluorescence for keratins K17
and K1, both visualized with FITC (green) with nuclei
counterstained with DAPI (blue). Normal hair follicle
as well as BCCs express K17, while abundant expres-
sion of K1 is detected in the epidermis. (m,n) In situ
hybridization for the follicle marker K15 shows high
expression in early tumors (n, inset, black arrowheads)
and lower expression in larger BCCs (m, black arrow).
A hair shaft (n, white arrowhead) is visible near the
K15-positive early BCC, illustrating that early BCCs
arise from hair follicles. Sebaceous gland marked by
asterisk.

BCC dependence on sustained Hh signaling

GENES & DEVELOPMENT 215



activation and confirming RNA integrity (Fig. 2f,k).
Semiquantitative RT–PCR using BCCs from mice
treated for different lengths of time confirmed the in situ
findings and revealed down-regulation of several addi-
tional hedgehog target genes (Fig. 2l). The delayed at-
tenuation of several target genes, compared to transgene-
derived Gli2 mRNA, suggests that a feedback loop may
be operating which prevents immediate loss of all Hh
signaling activity. Nevertheless, striking changes in
BCC biology are evident by 3 d of doxycycline treatment
(Fig. 3), suggesting that complete shut-down of Hh sig-
naling activity is not required for bringing about tumor
regression, as we previously proposed (Grachtchouk et
al. 2003).

Decreased tumor cell proliferation and increased
apoptosis in regressing BCCs

Transgene inactivation led to an ∼90% reduction in tu-
mor volume over 3 wk (Fig. 3a–f,m). Immunofluores-
cence for Ki67 showed an ∼15-fold reduction in Ki67-
positive cells by 7 d (Fig. 3g–i,n). TUNEL staining
showed massive induction of tumor cell apoptosis,
which peaked after 3 d of transgene inactivation (25%
TUNEL-positive tumor cells) and subsequently returned
toward baseline levels (Fig. 3j–l,o).

Residual tumor cells in regressed BCCs are
nonproliferative and express
differentiation-specific cytokeratins

Additional studies were performed to assess the long-
term fate of residual tumor cells seen after 3 wk of doxy-

cycline treatment (Figs. 2k, 3f). After an extended (5-mo)
period of continuous doxycycline administration, this
cell population persisted and appeared histologically
similar to regressed tumor cells at earlier timepoints
(Figs. 4a, 3f). Remarkably, all long-term regressed tumors
examined (100%, n = 15) were nonproliferative by Ki67
immunofluorescence (Fig. 4b–e). Immunohistochemical
staining for senescence-associated �-galactosidase activ-
ity did not suggest an increase in senescent cells (data
not shown). All regressed tumors retained expression of
the follicle outer root sheath marker K17 (Fig. 4f,g), but
several markers for other hair follicle lineages (inner root
sheath, hair shaft) were not detected (data not shown).
Interestingly, a subset of these tumors (40%, n = 6/15)
focally expressed K1 and K10, which are markers of the
epidermal compartment and follicle inner root sheath
(Fig. 4h,i; data not shown). Regressed BCCs did not ex-
press transgenic Gli2 by in situ hybridization but did
express mRNA encoding K17 (Fig. 4j,k), in keeping with
the immunofluorescence results and confirming RNA
integrity.

Regressing BCC cells give rise to multiple lineages
in a hair morphogenesis assay

The residual, K17-positive cells in regressed tumors were
reminiscent of quiescent hair follicle stem cells in the
regressed, telogen hair follicle, and the presence of K1
and K10 in a small number of cells suggested compe-
tence to differentiate into other lineages. We therefore
tested the differentiation potential of regressing BCC
cells by combining them with an inductive mesenchy-

Figure 2. Trangene inactivation and
hedge-hog target gene down-regulation fol-
lowing administration of doxycycline to
BCC-bearing mice. (a) Schematic showing
time course of transgene inactivation ex-
periments. (b–k) Transgene and hedgehog
target gene expression in BCCs from
untreated vs. doxycycline-treated (21 d) bi-
transgenic mice, assessed using digoxi-
genin-labeled antisense riboprobes. Effi-
cient transgene inactivation was confirmed
by undetectable levels of transgene-de-
rived Gli2 mRNA (g), which was accom-
panied by strong down-regulation of Gli1,
Gli2, and Ptch1 (h–j). (k) The presence of
K17-positive cells in treated tumors indi-
cates the persistence of a subset of cells in
the absence of transgene expression and
verifies mRNA integrity. Dashed lines in-
dicate residual tumor cells in Day 21 re-
gressed samples. (d,i) Note that riboprobe
for Gli2 recognizes both transgene-derived
and endogenous Gli2. (l) Semiquantitative
RT–PCR demonstrating inactivation ki-
netics of transgene-derived Gli2 (TRE–
Gli2) and hedgehog target genes in tumor-
bearing mice fed doxycycline. Note up-
regulation of hedgehog target genes Gli1,
Gli2, Ptch1, Hip1, and Cyclins D1 and D2 in Day 0 BCC compared to nontransgenic mouse skin (Non Tg), and down-regulation
following transgene inactivation.
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mal cell population in a well characterized skin morpho-
genesis assay (Lichti et al. 1993; Kamimura et al. 1997;
Prouty et al. 1997; Blanpain et al. 2004; Morris et al.
2004). Since efforts to isolate regressed tumor cells from
doxycycline-treated mice met with limited success, we
used BCC cells from untreated mice and transplanted
them to doxycyline-treated immune-deficient hosts to
inhibit transgene expression. Control cells from lacZ-
expressing Rosa26 mice (Zambrowicz et al. 1997) were
used for mixing experiments, since they can be un-
equivocally distinguished from non-Rosa26 cells by his-
tochemical staining for �-galactosidase. Primary, induc-
tive dermal cells from newborn Rosa26 mice were
combined with BCC tumor cells, and injected subcuta-
neously into doxycycline-treated NOD-Scid mice. As a
positive control, mice were injected with a mixture of
Rosa26 dermal cells and Rosa26 keratinocytes, both iso-
lated from newborn mice. After 3 wk, these control in-
jections produced multiple hair follicles, sebaceous
glands, and an epidermis-like epithelium. All epithelial
cell types in these grafts expressed �-galactosidase and
thus stained deep blue (Fig. 5a,c,e,g,i), confirming their
derivation from Rosa26 epithelial cells. BCC tumor cells
mixed with Rosa26 dermal cells also gave rise to mul-
tiple, normal-appearing epithelial lineages (Fig. 5b,d-
,f,h,j). The regressing BCC cells contributed to hair bulbs
containing �-galactosidase-negative matrix cells envel-
oping �-galactosidase-positive (Rosa26-derived) dermal
papillae (Fig. 5d, open arrowhead), and scattered �-galac-
tosidase-positive mesenchymal cells surrounding hair
follicles. Regressing BCC tumor cells also contributed to
the hair shaft, inner and outer root sheaths (Fig. 5f), and
sebaceous lineage, forming morphologically mature se-

baceous glands (Fig. 5h). Contaminating Rosa26 kera-
tinocytes present in the dermal cell preparations were
occasionally evident as small foci of blue-stained cells
(Fig. 5b, black arrows), and represented ∼1% of all epi-
thelial cells. In epithelial-lined cystic structures, su-
prabasal granules resembling keratohyaline granules, a
marker for late stages of epidermal differentiation, ap-
peared in controls (containing newborn skin epithelial
cells) as well as in regressing BCC tumor cell assays (Fig.
5i,j white arrows). Negative control grafts, using new-
born Rosa26 dermal cells combined either with cells
scraped from the underside of adult mouse tail skin or
with keratinocytes isolated from adult mouse tail skin,
failed to produce hair follicles.

Regrowth of regressed tumors following
transgene reactivation

To assess the proliferative capacity of the residual tumor
cells upon transgene reactivation, tumor-bearing K5–
tTA;TRE–Gli2 mice were fed doxycycline for a period of
5 or 6 wk to inhibit transgene expression, followed by a
10–12-wk period off doxycycline to allow for transgene
reactivation. Serial photographs revealed gross evidence
of tumor regression during the 5 wk of transgene inacti-
vation, as expected (Fig. 6a). Following discontinuation
of doxycycline, a subset of tumors resumed growth (Fig.
6a, white arrows). By in situ hybridization, “reactivated”
tumors expressed transgenic Gli2 as well as K17 (Fig.
6c,d). The regressed-reactivated tumors were prolifera-
tive, based on Ki67 immunoreactivity, and also ex-
pressed K17 (Fig. 6e,f).

Figure 3. BCC regression following trans-
gene inactivation is associated with re-
duced proliferation and increased apopto-
sis. (a–c) Gross appearance of representa-
tive tail BCC demonstrating reduction in
tumor size over the 21-d time course. (d–f)
H&E-stained sections demonstrating his-
tology of regressing BCCs. Note reduced
cellularity of BCC at Day 21 (D21) relative
to Day 0 (D0). (g–i) Immunofluorescence
for the proliferation marker Ki67 (green)
and associated nuclear counterstain DAPI
(blue) at various time points. Note the dra-
matic reduction in proliferative nuclei
over the 21-day period of regression. (j–l)
TUNEL staining (red) as an indicator of ap-
optosis and nuclear counterstain DAPI
(blue). Note the striking increase in apo-
ptotic cells at Day 3 (D3) time point. (m)
Quantitation of reduction in tumor vol-
ume over time. Each bar represents the av-
erage percentage of the initial (Day 0) tu-
mor size for three BCCs from different

mice. Standard errors indicated by bars. (n,o) Quantitation of the percentage of Ki67 or TUNEL-positive nuclei over time. Data are
presented as average counts from three tumors per time point, with 10 high-powered fields counted per tumor for each time point.
Standard errors indicated by bars.
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Discussion

Constitutive activation of the Hh pathway is the mo-
lecular hallmark of BCC and may be sufficient for the
development of these common skin tumors. In this
study, we show that continued Hh signaling is required
for growth of established BCCs using a mouse model
allowing conditional expression of Gli2. Transgene inac-
tivation led to BCC regression that was accompanied by
reduced proliferation and increased apoptosis, implicat-
ing Gli2 in the control of both survival and proliferation
of tumor cells. Despite regression of the great majority of
BCC cells, a population of quiescent cells persisted and
could form tumors upon transgene reactivation. More-
over, reconstitution of regressing tumor cells with an
inductive mesenchyme led to multilineage differentia-
tion and formation of normal-appearing cutaneous epi-
thelia. Our findings underscore the concept of cancer as
a disease of aberrant organogenesis stemming from de-
fects in critical “developmental” signaling pathways,
and may have important clinical implications given cur-
rent efforts to treat BCCs by interfering with deregulated
Hh signaling.

Our results contrast with those described in other con-
ditional models of cancer (Felsher 2003), in which appar-
ently complete regression of tumor cells was observed
following oncogene inactivation (Ewald et al. 1996; Chin
et al. 1999; Felsher and Bishop 1999; Pelengaris et al.
1999, 2002; Huettner et al. 2000; Clark et al. 2001;
D’Cruz et al. 2001; Fisher et al. 2001; Wang et al. 2001;
Jain et al. 2002; Moody et al. 2002; Gunther et al. 2003;
Karlsson et al. 2003). Even brief transgene inactivation in
highly malignant cells can lead to irreversible loss of
neoplastic potential and acquisition of a differentiated
phenotype (Jain et al. 2002). While the ease of monitoring
macroscopic BCCs facilitated the identification of re-
sidual tumor cells in regressed BCCs, a small number of
remaining cells may also persist in other tumor models

but may escape initial detection. Indeed, this could ex-
plain the observation that seemingly efficient tumor re-
gression is sometimes followed by the emergence of
transgene-independent tumors, presumably due to the
acquisition of additional genetic alterations in previ-
ously transgene-dependent tumor cells (Chin et al. 1999;
Felsher and Bishop 1999; D’Cruz et al. 2001; Moody et al.
2002; Gunther et al. 2003; Karlsson et al. 2003). In light
of these reports, it is notable that we never observed
transgene-independent BCC recurrence, even in K5–
tTA;TRE–Gli2 mice that had been maintained on doxy-
cycline to suppress transgene expression for over a year
(data not shown). This finding is in keeping with the
benign clinical behavior of human BCCs: These tumors
do not appear to undergo malignant progression and thus
almost never metastasize (Miller 1995).

Inactivation of transgenic Gli2 resulted in BCC regres-
sion with the persistence of a nonproliferative, quiescent
population of cells that could be reactivated to produce
growing tumors following transgene reactivation (Fig. 6).
This finding raises the interesting possibility that these
cells represent cancer stem cells: the small subset of
cells within a tumor that is actually tumorigenic, is
characterized by high proliferative potential, and gives
rise to both tumorigenic cells and nontumorigenic tu-
mor cells exhibiting varying degrees of terminal differ-
entiation (Pardal et al. 2003). However, definitive evidence
for the existence of cancer stem cells in BCCs is lacking, as
there is currently no means of effectively isolating and
characterizing BCC subpopulations to test for differences
in tumorigenic and proliferative potential, either in vitro or
in vivo. In addition, it is not yet clear whether the concept
of cancer stem cells is applicable to those tumors, includ-
ing BCCs, that consist of relatively homogeneous popula-
tions of “undifferentiated” tumor cells.

BCC may be a unique example of cancer behaving
more like a hyperplastic organ than true malignancy, as
this tumor type remains localized and, like the hair fol-

Figure 4. Long-term persistence of non-
proliferative cell population in regressed
BCCs. (a) Photomicrograph illustrating
typical morphology of persistent cell
population in long-term (5-mo) regressed
BCC (H&E stain). (b–e) Immunofluores-
cence for keratins (anti-pan-keratin; green)
and Ki67 (red), demonstrating extensive
proliferation in untreated BCCs and the
absence of detectable proliferation in long-
term treated tumors (5-mo regressed BCC).
Note the presence of Ki67-positive nuclei
in the basal layer of the epidermis in both
conditions (yellow arrowheads). (f–i) Im-
munofluorescent images demonstrating
keratins K1 or K17 (green) and DAPI
nuclear counterstain (blue) in long-term
regressed BCCs. K17 expression is present
in nearly all tumor cells, while K1 was
present focally in a subset of tumors
treated with doxycycline for 5 mo. (j,k) In situ hybridization illustrating the absence of Gli2 transgene expression [TRE–Gli2 (SV40)]
and presence of K17 expression (blue) in residual tumor cells. Area of tumor in left panel delineated by black dashed line.
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licle, maintains a strict dependence on the surrounding
stromal environment of the skin (Miller 1995). Intrigu-
ingly, several aspects of BCC growth and regression in
doxycycline-treated K5–tTA;TRE–Gli2 mice have paral-
lels in the physiologic process of hair cycling (Stenn and
Paus 2001). Hh pathway activation is important for post-
natal follicle growth which is limited to the anagen
phase of the hair cycle (Sato et al. 1999; Wang et al. 2000;
Bergstein et al. 2002), and constitutive Hh pathway ac-
tivation is seen in essentially all human BCCs and is
likely to be required for tumor growth. BCC regression
following transgene inactivation resembles follicle re-
gression during the catagen phase of the hair cycle, when
cell proliferation ceases and the entire follicular epithe-
lium undergoes apoptosis, with the exception of the
stem cell niche and follicle infundibulum (Muller-Rover
et al. 2001). Long-term regressed tumor cells were qui-
escent and expressed K17 (Fig. 4f,g), and in this manner
resembled the telogen outer root sheath, the location of
the putative stem cell niche in the skin (Cotsarelis et al.
1990; Blanpain et al. 2004; Morris et al. 2004; Tumbar et
al. 2004). Residual tumor cells remained quiescent, even

Figure 5. Regressing BCC tumor cells produce hair follicle and
other epithelial lineages when combined with inductive dermal
cells. Hair morphogenesis assays using inductive mesenchyme
provided by newborn dermal cells from �-galactosidase-express-
ing Rosa26 mice. Epithelial cell component consisted either of
newborn Rosa26 keratinocytes (left column) or BCC tumor-de-
rived cells (right column). Mesenchymal-epithelial cell mix-
tures were injected subcutaneously into doxycycline-fed NOD-
scid mice to inactivate Gli2 transgene expression, and grafts
harvested 3 wk later. Tissue was whole-mount stained to detect
�-galactosidase activity, and counterstained with either nuclear
fast red (NFR, a–h) or H&E (i,j). (a,b) Hair follicles project into
cystic cavities in assays containing either control keratinocytes
or BCC tumor-derived cells. Note that in control assay (left
column) all epithelial cells stain deep blue, whereas in BCC-
derived assay (right column) nearly all epithelial cells are �-ga-
lactosidase-negative, with the exception of focal staining (b,
black arrow) consistent with the presence of a small number of
contaminating Rosa26 keratinocytes in the dermal cell prepa-
ration. In BCC-derived assay, mature hair shafts are visible in
the upper right corner of b. (c,d) Hair bulbs demonstrating deep-
blue staining of follicular matrix cells and lighter staining of
dermal papilla in control (c, arrowhead). In BCC-derived assays,
the relationship of the �-galactosidase-negative epithelial cells
to the �-galactosidase-positive dermal papilla cells (d, arrow-
head) is preserved. (e,f) A mature-appearing hair shaft (HS) is
present in both control and BCC-derived cell morphogenesis
assays. In addition, inner and outer root sheath compartments
(IRS and ORS) are present in controls (e) and BCC-derived fol-
licles (f). (g,h) Sebaceous glands were evident in both control and
tumor-derived cell assays. (i,j) Cyst lining showing keratohya-
line granules characteristic of the epidermal granular cell layer
(white arrows), in both control and BCC-derived assays.

Figure 6. Reactivation of transgene in regressed tumors results
in resumption of tumor growth. (a) Gross appearance of tumor-
bearing tail over a 15-wk observation period, beginning with 5
wk of doxycycline treatment (Gli2 Off, dashed line). Note re-
duction in tumor size following doxycycline treatment, with
regrowth of several tumors (white arrow, panel on far right)
following discontinuation of doxycycline (Gli2 On, solid line).
(b) Histology of regressed-reactivated tumor, with pigment
(black) surrounding tumor nodules. (c,d) In situ hybridization
[TRE–Gli2 (SV40)] showing expression of transgene and K17 in
regressed-reactivated tumor following transgene reactivation.
(e,f) Immunohistochemistry for K17 and Ki67 in reactivated tu-
mors. Tumors were positive for K17 expression. The basal layer
of the epidermis was Ki67-positive (f, open arrowhead) as was
the reactivated tumor epithelium (f, black arrowhead).
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when doxycycline treatment was extended to a period of
1 yr (data not shown). However, transgene reactivation
in this quiescent population caused reinitiation of pro-
liferation (Fig. 6a,e,f), suggesting that these cells retain
their capacity to form tumors with the proper stimulus.
On the other hand, when placed in an inductive environ-
ment with transgenic Gli2 expression extinguished,
BCC cells were capable of differentiating into multiple
epithelial cell lineages (Fig. 5). Interestingly, transplan-
tation of embryonic mouse skin with BCC-like down-
growths from K14-SHH transgenic founders also leads to
the formation of differentiated cell types (Oro et al.
1997), suggesting that in some settings, tissue microen-
vironment plays an important role in epithelial respon-
siveness to Hh signaling (Oro and Higgins 2003). Taken
together, our data strongly suggest that a subset of BCC-
derived cells possesses properties that are characteristic
of hair follicle stem cells (Oshima et al. 2001; Blanpain et
al. 2004; Morris et al. 2004; Tumbar et al. 2004), includ-
ing the ability to reinitiate growth after prolonged peri-
ods of quiescence, and to contribute to the formation of
all epithelial cell lineages in skin.

Our findings are in keeping with results using embry-
onic and postnatal mouse skin explants to demonstrate
the efficacy of Hh pathway inhibition in blocking growth
of microscopic BCC-like tumors (Williams et al. 2003),
as well as studies showing that pharmacological block-
ade of Hh signaling can reverse features of neoplasia in
cultured cells and xenografts of other tumors character-
ized by deregulated Hh signaling (Berman et al. 2002;
Berman et al. 2003; Thayer et al. 2003; Watkins et al.
2003). However, the persistence of a quiescent cell popu-
lation in regressed BCCs suggests that even prolonged
suppression of Hh signaling may not be sufficient to
cause complete tumor regression. The reappearance of
growing tumors following re-expression of Gli2 (Fig. 6) in
“regressed” BCCs implies that long-term use of Hh path-
way inhibitors may be required to prevent recurrence of
established tumors.

Materials and methods

Production of transgenic mice and transgene inactivation

Protocols for mouse experimentation were approved by the Uni-
versity of Michigan Committee on the Use and Care of Ani-
mals. Characterization and use of skin-targeted conditional
gene expression using K5–tTA transgenic mice, and the tetra-
cycline response element (TRE) linked to a second transgene,
were described (Kistner et al. 1996; Diamond et al. 2000). The
TRE–Gli2 construct was created as follows: An XbaI–FauI frag-
ment, including the bovine growth hormone polyA sequence,
was removed from pTRE-2. Following ligation, this plasmid was
digested with PvuII and ClaI, and an NruI–ClaI fragment con-
taining Flag-Gli2 (Grachtchouk et al. 2000) and an SV40 poly
A-intron sequence originally from K5pola (Brown et al. 1998)
were inserted to generate TRE–Gli2. All cloning was verified by
sequencing. A SapI–AatII fragment from TRE–Gli2 was purified
and injected into (C57BL/6 X SJL) F2 mouse eggs by the Uni-
versity of Michigan Transgenic Core. TRE–Gli2 founders were
crossed with C57BL/6 breeders (Jackson Labs), and two of 15

founders yielded lines of mice that produced BCCs when
crossed with K5–tTA mice (Diamond et al. 2000). We focused on
the TRE–Gli2446 line for the studies in this report, which will be
referred to simply as TRE–Gli2. Lines were maintained by serial
crossing onto a C57BL/6 background (Charles River Labs).
Genotyping was performed using transgene-specific primers to
detect tTA and the Flag-tagged Gli2 allele, with mouse �-globin
as a positive control. Primer sequences and PCR conditions are
available upon request.

Administration of doxycycline to tumor-bearing K5–tTA;TRE–
Gli2 double transgenic mice (6–12 mo of age) and control litter-
mates was accomplished by providing doxycycline (20 mg/mL)
in 5% sucrose in drinking water, and doxycycline-containing
chow (Bio-serve, 200 mg/kg). Mice received doxycycline in
chow and drinking water ad lib for 3 d, after which the mice
were maintained on doxycycline chow for the time period speci-
fied. To rule out the possibility of a nonspecific effect of doxy-
cycline on tumor growth, we fed doxycycline to BCC-bearing
K5–Gli2 transgenic mice (Grachtchouk et al. 2000) and observed
no reduction in BCC growth over a 6-mo period (data not
shown). For reactivation experiments, tumor-bearing K5–tTA;
TRE–Gli2 mice were photographed and fed doxycycline for a
period of 5 or 6 wk. Subsequently, the doxycycline was discon-
tinued and mice were followed for a 10–12-wk period during
which serial photographs were obtained and tissue harvested as
described below.

Tissue harvesting and tumor monitoring

For each time point of the 21-d regression experiment (Fig. 2) or
12-wk inactivation-reactivation experiment, serial digital pho-
tographs were obtained following induction of anesthesia (ket-
amine 75 mg/kg and xylazine 5 mg/kg, injected intraperitone-
ally). Tumor volume measurements (cubic millimeters) were
obtained prior to initiation of doxycycline and at each subse-
quent time point using digital calipers. Average serial tumor
measurements (n = 3 tumors per time point) were used to quan-
tify changes in volume over the period of transgene inactiva-
tion. Selected tumors were removed from anesthetized mice
with a scalpel such that a representative range of tumor sizes
was included at each interval. Hemostasis was achieved by the
application of direct pressure or aluminum chloride (35% alu-
minum chloride in 47.5% EtOH), when necessary. Specimens
were trisected and either fixed overnight in neutral-buffered for-
malin (NBF), embedded in OCT, or processed for RNA extrac-
tion (described below).

In situ hybridization

Detailed protocols for in situ hybridization using NBF-fixed tis-
sue are described elsewhere (Grachtchouk et al. 2003). The
probes used in this study included a transgene-specific ribo-
probe designed to hybridize to the SV40 polyA sequence in
TRE–Gli2 (Grachtchouk et al. 2003), and riboprobes to detect
K17 (McGowan and Coulombe 1998; provided by P. Coulombe,
Johns Hopkins University, Baltimore, MD), K15 (Liu et al. 2003;
provided by G. Cotsarelis, University of Pennsylvania, Philadel-
phia, PA), Gli1, Gli2 and Ptch1 (Ding et al. 1998; provided by
C-c. Hui, University of Toronto, Ontario, Canada).

RT–PCR

Tumor specimens for RNA extraction were microdissected to
remove the overlying epidermis, homogenized in Trizol (Invit-
rogen), and stored at −70°C until further processing. RNA iso-
lation, first-strand cDNA synthesis, and RT–PCR were per-
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formed as described (Allen et al. 2003). Primer sequences and
PCR parameters are available upon request.

Immunostaining and TUNEL assay

Tissue samples fixed in NBF and paraffin-embedded were used
for all immunofluorescence and TUNEL staining. For immuno-
fluorescence, following citrate-buffer antigen retrieval, sections
were blocked in 10% normal goat serum (NGS) in phosphate-
buffered saline (PBS) and incubated with the following antibod-
ies: K17 (kindly provided by P. Coulombe) 1:2000; Ki67 (Novo
Castra) 1:500; Pan-Keratin (Neomarkers) 1:100; K1 (Covance)
1:1000. All antibodies are rabbit polyclonal with the exception
of Pan-Keratin, which is a mouse monoclonal. Fluorescent sec-
ondary antibodies (Jackson Labs) were used at 1:75 dilution. For
immunohistochemistry, pigment was sometimes removed
from paraffin sections with H202 as described (Li et al. 1999).
Blocking was performed using 1.5% NGS in PBS, and antibodies
were visualized using DAB following the Vectastain Peroxidase
ABC Standard kit (Vector Labs), with a hematoxylin counter-
stain. TUNEL assay was performed on paraffin sections without
antigen retrieval following the manufacturer’s instructions
(Apoptag Red Kit, Intergen) with the omission of proteinase K
treatment. Sections were mounted with DAPI-containing fluo-
rescent mounting media. Quantification of proliferation and ap-
optotic nuclei was accomplished by performing counts for DAPI
and Ki67 or TUNEL. Nuclei were counted manually using digi-
tal photography and Adobe Photoshop software. Average counts
were determined using three tumors per time point, with 10
high-powered fields counted per tumor.

Hair morphogenesis assay

NOD-scid mice (female, 10–12-wk-old) were premedicated with
VP-16 (etoposide, 30 mg/kg IP injection) (Al Hajj et al. 2003) and
fed doxycycline chow 5 d prior to injection. �-galactosidase-
positive primary dermal cells and keratinocytes were prepared
from skin of newborn Rosa26 mice (Zambrowicz et al. 1997)
using established methods (Dlugosz et al. 1995), and grown in
vitro for 2–5 d prior to use in morphogenesis assays. To assess
whether regressing tumor cells could give rise to multiple cell
lineages, BCCs (∼50 mm3) were obtained from tumor-bearing
K5–tTA;TRE–Gli2 mice and, under sterile conditions, minced
into small fragments in Hanks balanced salt solution. Frag-
ments were drawn into a syringe via an 18-gauge needle and
mixed with primary Rosa26 dermal cells (5 × 106 cells), fol-
lowed by subcutaneous injection into NOD-scid mice that were
treated as outlined above, and fed doxycycline chow to inacti-
vate Gli2 expression. As a positive control, primary Rosa26 ke-
ratinocytes (5 × 106 cells) and Rosa26 dermal cells were com-
bined and injected in a similar manner. Negative control grafts
contained Rosa26 dermal cells combined either with cells from
the undersurface of control adult mouse tail skin, or keratino-
cytes isolated from adult mouse tail skin. Doxycycline admin-
istration was continued for 3 wk to maintain transgene inacti-
vation in regressing tumor cells, at which time the animals
were sacrificed. Graft sites were fixed in 4% paraformaldehyde
for whole-mount detection of �-galactosidase activity, using 1
mg/mL X-gal solution at 37°C for 24 h. Specimens were embed-
ded in paraffin and stained with either nuclear fast red (NFR) or
hematoxylin and eosin (H&E).
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