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Basal cell carcinoma (BCC) is the commonest human cancer, af-
fecting 750,000 Americans per year. Based on rapidly rising
tumor incidence rates, it is estimated that almost one in three
Caucasians born in the United States after 1994 will develop a
BCC in their lifetime1. As with other skin cancers, BCC risk is cor-
related with degree of skin pigmentation and with exposure to
ultraviolet radiation (UV) or ionizing radiation (IR). Patients af-
fected by the rare autosomal dominantly inherited disorder
known as the basal cell nevus syndrome (BCNS) have a substan-
tially increased susceptibility to BCC (developing tens to hun-
dreds of BCCs) and to extracutaneous tumors (medulloblastomas
and rhabdomyosarcomas). Patients with BCNS inherit a defec-
tive copy of the tumor supressor gene PTCH (refs. 2,3). PTCH
mutations and loss of the remaining wild-type allele have also
been identified in sporadic basal cell carcinomas, trichoepithe-
liomas (a BCC-like tumor) and medulloblastomas, indicating a
common genetic basis for the sporadic and syndrome-associated
cancers2,3,4,5,6.

The Ptch protein is a receptor for the diffusable hedgehog pro-
tein, is expressed in hedgehog target tissues in the developing
mouse and fly and is an important regulator of embryonic pat-
tern formation. The Ptch protein represses hedgehog target gene
expression through its interaction with smoothened (Smoh),
and this repression is relieved when Sonic hedgehog (Shh) binds
to Ptch, or after mutational inactivation of Ptch. Smoh signaling

may activate transcription of hedgehog targets, including Ptch,
through activation of the putative transcription factor Gli.
Therefore, mutational inactivation of Ptch and consequent loss
of Ptch protein function results in increased Ptch expression and
the accumulation of high levels of Ptch and Gli transcripts. In situ
hybridization studies detect high levels of PTCH and GLI1 mes-
sage in almost all human BCCs, in contrast to the absence of
message in normal epidermal keratinocytes, indicating that
hedgehog pathway target gene activation is common to all
human BCCs (refs. 7–10).

Murine models of cutaneous carcinogenesis induced by ultra-
violet irradiation have yielded an expanded understanding of
the genetic and cellular events of squamous cell carcinoma
(SCC) tumorigenesis. In contrast, study of BCC tumorigenesis
has been hampered by the an inexplicable failure of mutagenic
chemicals, UV or IR to induce BCCs in mice11. BCC-like tumors
have been described in the skin of mice (Shh and mutant Smoh
transgenic mice) and frog embryos (Gli1-transfected) with epi-
dermal hedgehog pathway activation9,12,13. However, the trans-
genic mice either can not reproduce (Smohmut transgenic) or fail
to survive the perinatal period (Shh transgenic). Ptch heterozy-
gote knockout mice (exons 1/2 or 6/7 deleted) have multiple
BCNS-associated developmental abnormalities, including jaw
cysts and polydactyly, and also a high incidence of tumors, in-
cluding medulloblastomas and rhabdomyosarcomas, but have
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also demonstrate that Ptch inactivation and hedgehog target gene activation are essential for
basal cell carcinoma tumorigenesis.
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not been reported to develop BCCs (refs. 14,15). Here, we report
that Ptch+/– mice do develop a high incidence of BCC-like tumors
(trichoblastomas and BCCs) in response to chronic UV exposure
or to a single dose of ionizing radiation and thus represent the
first mouse model, to our knowledge, of UV- and IR-induced
BCC tumorigenesis.

Untreated Ptch+/– mice have microscopic skin tumors
Although the shaved skin of untreated Ptch+/– (exon 1/2) mice
3–17 months of age appeared grossly normal (Fig. 1a), skin biop-
sies showed that approximately 33% (30 of 91) had microscopi-
cally detectable proliferations resembling primordial hair follicle
structures (Fig. 1e); none of 27 wild-type littermate control mice
had skin tumors. Most of these small proliferations of basaloid
cells (27 of 36) were in mice more than 9 months old (Table 1),

indicating that mature Ptch+/– mice develop tumors that resemble
human tumors of follicular origin even in the absence of experi-
mental radiation exposure. Similarly, BCNS patients also develop
multiple microscopic infundibulocystic BCCs (BCCs character-
ized by follicular differentiation) or proliferations of the follicu-
lar mantle on otherwise normal appearing and sometimes
relatively UV-protected skin16. Paw biopsies showed distinctly
demarcated stratum corneum defects or ‘pits’ with underlying
BCC-like tumors (Fig. 1h), resembling the palmar pits of BCNS
patients17,18.

UV enhances BCC tumorigenesis in Ptch +/– mouse
We evaluated the effect of UV on mouse tumorigenesis by ex-
posing Ptch+/– mice to UV at three times the minimal erythema
dose (MED) (equivalent to a sunburn of moderate severity),
three times per week, for up to 12 months. We found basaloid
cell proliferations microscopically in irradiated areas of all UV-
treated Ptch+/– mice (n = 26) ages 3–16 months (Table 1), and the
tumor number and cross-sectional area increased considerably

Fig. 1 Gross and histopathological findings. a, e and h, Untreated Ptch+/–

mouse skin. b, c, f, i, j, l and m, UV-treated Ptch+/– mouse skin. d and g,
Wild-type (Ptch+/+) UV-treated mice. k, human BCC. a, Untreated, shaved
Ptch+/– mice have no visible skin tumors on gross examination. e, Biopsy of
grossly normal-appearing skin from a 17-month-old, untreated Ptch+/–

mouse shows a small basaloid cell tumor that stains for β-gal (←), and
within the tumor there are structures resembling hair follicles (*). Original
magnification, ×10. b and c, Ptch+/– mice exposed to UV three times per
week for 12 months have grossly visible BCCs (←) and keratoacanthomas
(*�). f, A large trichoblastoma from a Ptch +/– mouse treated with UV for 12
months has histologic features common to BCCs and trichoblastomas, in-
cluding peripherally palisaded basaloid cells with enlarged nuclei, and few
mitotic figures, but the tumor’s cribiform tumor nest pattern and highly
cellular stroma are features diagnostic of trichoblastoma. Clefting between
mouse trichoblastoma tumor nests and stroma (�) is often present.
Original magnification, ×4. Inset, β-gal staining, indicative of hedgehog
target gene activation, is confined to tumor nests of basaloid cells (*), and
there is no staining in stromal cells. i, A Ptch+/– mouse treated with 12
months of UV exposure has a large keratoacanthoma. j, Fibrosarcomas
often occur on UV-exposed Ptch+/– mice and are composed of spindle-
shaped cells in a whorled pattern. d and g, A wild-type age-matched con-
trol littermate exposed to 12 months of UV has a small ulceration (d, *�),
which by biopsy (g) has histopathologic findings diagnostic of an in situ
(intraepidermal) SCC (*). h, A trichoblastoma-like tumor (→) in the (UV-
unexposed) paw pad of a UV-exposed Ptch+/– mouse. The stratum corneum
overlying the BCC is thin (*) resulting in a paw ‘pit’. k and l, The mouse
BCC tumor in l has histologic features resembling those of nodular human
BCCs (k), including irregular basaloid cell nests with peripheral cell palisad-
ing. Both mouse and human BCCs have clefting between the tumor nest
and surrounding stroma (→) (k). m, In contrast, the mouse trichoblas-
toma-like tumors have a distinctive cribiform pattern and clefting between
the tumor stroma and normal dermis (*) and have primitive hair follicle
papillae structures that indent tumor nests (→).

Table 1 Skin tumor incidence size

No treatment Ultraviolet radiation Cesiuma X-ray
Ptch+/– Ptch+/– wild-type Ptch+/– Ptch+/– wild-type Ptch+/– wild-type Ptch+/– wild-type

3–8 months > 9 months 3–8 months > 9 months 
old old old old

Mice biopsied (n) 37 54 33 13 13 19 10 5 8 3
% with BCC 3% 40% 0% 100% 100% 0% 100% 0 100% 0
Average BCC number 1 0.5 0 7 9 0 12 0 17 0
Average BCC area (mm2) 0.003 0.004 — 0.002 0.232 — 0.17 — 0.07 —
% with SCCsb 0% 0% 0% 0% 89% (8/9) 25%(4/16) (%) (%) (%) (%)
Average SCC numberb,c 0 0 0 — 5.0* 2.8* 0 0 0 0
Average SCC area (mm2)b 0 0 0 — 3.8 1.2 0 0 0 0
aIrradiation with 3 and 4 Gy cesium-137. bAfter 12 months of UV exposure. cAverage of SCC-affected mice only. *, P < 0.026, one-tailed t-test.
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with increased duration of UV exposure (2–8 months,
0.0004–0.08 mm2; 10–16 months, 0.03–17.1 mm2) (Fig. 2a).
Basaloid cell tumors in unirradiated skin of these mice were, on
average, smaller in diameter by at least 400%. There were no
BCC-like tumors in skin biopsies from UV-exposed wild-type lit-
termate control mice (n = 19). There was no difference in skin
thickness or number of apoptotic keratinocytes in wild-type
compared with Ptch+/– mice 48–72 hours after exposure to a sin-
gle 3 MED dose of UV.

Grossly visible tumors were first apparent in irradiated skin
after 4 months of UV exposure in Ptch+/– mice, but only after 11
months of UV exposure in the wild-type control mice; the latter
had only SCC-type tumors. The tumors in the Ptch+/– mice grew
rapidly, doubling in size approximately every 4 weeks. By 11
months of UV exposure, 86% (19 of 22) of the irradiated Ptch+/–

mice, compared with 16% (4 of 24) of the control wild-type litter-
mates, had developed visible cutaneous tumors (Fig. 1b–d). The
visible tumors in the Ptch+/– mice were 15-fold larger (average, 175
mm3 compared with 12 mm3) and twice as numerous (average,
3.6 compared with 1.8 tumors per affected mouse). Of the visible
tumors biopsied (n = 21) in the Ptch+/– mice, approximately 20%
were BCCs or trichoblastomas (tumors with follicular differentia-
tion that share many histologic features with BCCs), 30% were
SCCs or keratoacanthomas (SCC-like tumors) and 50% were fi-
brosarcomas or fibromas. BCC and trichoblastoma-like tumors
were grossly translucent ulcerated papules identical in appear-
ance to human BCCs (Fig. 1b) or were violaceous superficial der-
mal nodules (Fig. 1c). Fibrosarcomas were firm, pink, generally
pedunculated nodules, some as large as 20 mm3; and keratoacan-
thomas were papules with central craters filled with hard kerati-
nous material (Fig. 1i). Wild-type control littermates exposed to
UV developed smaller ulcerated papules (Fig. 1d) that by histol-
ogy were invasive or in situ SCCs (Fig. 1g). Wild-type mice did not
develop BCC-like tumors or fibrosarcomas.

Ionizing radiation enhances BCC tumorigenesis in Ptch+/– mice
BCCs occur with greater incidence in portals of radiotherapy,

both in the general population and especially in BCNS patients,
indicating that ionizing radiation (IR) may be another common
PTCH mutagen19,20. Therefore, we also evaluated the effect of IR
exposure on BCC tumorigenesis in Ptch+/– mice. All Ptch+/– mice
treated at 2 months of age with a single dose of X-ray or cesium
radiation had microscopically detectable trichoblastoma-like tu-
mors in biopsies obtained 12 months after treatment (Fig. 2a and
b). The IR increased trichoblastoma-like tumor numbers and size
in a dose-dependent manner (Fig. 2b). Trichoblastoma-like tu-
mors induced by cesium-137 and X-ray radiation were grossly
and histologically indistinguishable from UV-induced tri-
choblastoma-like tumors. In contrast to UV-exposed Ptch+/– mice,
IR-exposed mice did not develop fibrosarcomas or SCCs. Wild-
type control littermates (n = 12) treated with the same dose of ei-
ther cesium or X-ray radiation had no detectable skin
abnormalities.

Histology resembles human trichoblastomas and BCCs
All biopsies from Ptch+/– mouse skin exposed to 2–7 months of
UV had multiple, microscopic, dermally invasive ‘buds’ of basa-
loid cells emerging from either the interfollicular epidermis or
the follicular infundibulum, and the origin and appearance of
these ‘buds’ were similar to those of superficial human BCCs.
Mice exposed to more than 7 months of UV (9 months of age)
had tumors with histology that most closely resembled that of a
human trichoblastoma or BCC, and these were on average 100
times larger than the early ‘buds’ (0.002 mm2 compared with
0.23 mm2). After 12 months of chronic UV exposure, all Ptch+/–

mice had tumors with histologic features of human BCCs. Of
these tumors, 44% were best classified as superficial, mostly in-
terfollicular basaloid proliferations, 13% (4 of 30) had histologic
features diagnostic of nodular or infiltrating human BCCs (Fig.
1l) and 43% (13 of 30) had features of trichoblastoma (Fig. 1m).
Like human BCCs, mouse trichoblastoma and BCC-like tumors
are composed of nests of basaloid cells with large nuclei, scant
cytoplasm and few mitotic figures. Some mouse BCC and tri-
choblastoma tumor nests have peripheral palisading and small

Fig. 2 BCC-like tumor average cross-sectional area increases with duration
of UV exposure and dose of IR exposure. a, Over time, UV exposure results in
a substantial increase in the total cross-sectional area of BCCs in Ptch+/– mice
(�) compared with that of untreated Ptch+/– age-matched control mice (�);

P < 0.03; one-tailed Student’s t-test. b, IR exposure with either cesium-137
(�) or X-ray (�) results in a dose-dependent increase in the total cross-
sectional area of trichoblastoma: 1–4 Gy cesium-137, P < 0.0065; 2–4 Gy X-
ray, P < 0.0163; both one-tailed Student’s t-test.
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Fig. 3 In situ detection of hedgehog target genes and immuno-
histology of Ptch+/– mouse BCC differentiation markers,
hemidesmosomal proteins and Bcl2 protein. a–d, A trichoblas-
toma-like tumor induced by cesium radiation stained with hema-
toxylin and eosin (a) demonstrates high levels of Ptch promoter
activation and thus lacZ expression (b), low levels of Gli mRNA
within tumor nests using an antisense probe (c) and no staining
with a Gli sense probe (d). e–g, Ptch+/– mouse BCC-like and tri-
choblastoma-like tumors (outlined with …) and overlying epidermal
cells are counterstained (red) with 7-AAD. Like human BCCs, the
Ptch+/– mouse tumors do not stain for the differentiation markers
keratin 10 (e, �) or loricrin (g, �) but do stain strongly (green) for
the basal cell marker keratin 14 (f, �). In contrast, the overlying
epidermis (→) is strongly positive for keratin 10 (e), keratin 14 (f)
and loricrin (g). h–k, Mouse epidermis stains strongly along the
basement membrane (�) for BP180 (h), the γ2 subunit of LAM5
(i), and β4 (j) and α6 integrins (k), but BCC-like tumors (outlined
with�) have diminished staining for α6 integrin (k) and substan-
tially diminished immunoreactivity for BP180 (h), LAM5 (i), and β4
integrin (j). l, Mouse BCCs stain with antibody against mouse Bcl2
diffusely throughout tumor nests, which is typical of human BCCs.
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cysts lined by cornified cells reminiscent of hair follicle struc-
tures (Fig. 1e). Clefts between tumor nests and surrounding con-
nective-tissue stroma, an important diagnostic hallmark of
human BCCs (Fig. 1k), were also present in some mouse tri-
choblastomas and in BCC-like tumors (Fig. 1f). Mirroring the
characteristic histopathologic features of human BCCs, even
the largest mouse BCC-like tumors (maximum cross-sectional
area of 452 mm2) were well-circumscribed, symmetrical and lo-
cally destructive, but they did not invade muscle or bone and
did not metastasize. The mouse trichoblastoma-like tumors had
the features described above, but, in contrast to the mouse BCC-
like tumors, were well-circumscribed, had abundant collage-
nous stroma with clefts separating tumor stroma from normal
dermis, had cribiform or reticulated tumor nests and had focal
accumulations of dermal fibroblasts resembling hair papillae
that abutted on or ‘enveloped’ the tumor nests (Fig. 1m).

LacZ reporter and Gli1 expressed in mouse BCCs
High levels of PTCH mRNA and Gli1 mRNA are detected in al-
most all human BCCs, and this is consistent with the present
model of inhibition of transcription of PTCH as well as of other
hedgehog target genes by PTCH protein. Therefore, mouse BCC-
like tumor cells with loss of functional Ptch protein would be
predicted to have de-repressed transcription of the lacZ gene in-
serted at the inactivated Ptch locus and, consequently, high lev-
els of β-galactosidase (β-gal). Indeed, we did detect high levels of
β-gal in all Ptch+/– mouse BCC and trichoblastoma-like tumors as-
sessed, including two tumors with confirmed complete Ptch
gene inactivation. Small (0.001 mm2) and large (greater than 2.0
mm2) BCC and trichoblastoma-like tumors had β-gal staining
throughout the tumor (Fig. 1f, inset). Normal epidermis, ex-
posed or unexposed to UV, did not stain for β-gal. All 12 BCC-
like and trichoblastoma-like tumors (sizes, 0.0025–1.3 mm2)
examined by in situ analysis had detectable Gli mRNA (Fig. 3c
and d). In contrast, two SCCs did not have detectable Gli mRNA,
and no SCCs stained for β-gal. Most fibrosarcomas (Fig. 1j)
stained positive for β-gal, and positive staining for vimentin and
negative staining for keratin confirmed their fibroblastic deriva-
tion. These results indicate that activation of hedgehog targets
such as Ptch occurs in BCC and trichoblastoma-like tumors and
in some fibrosarcomas but not in SCCs. Furthermore, cells in the
follicular bulge region of UV- and IR-treated and untreated mice

often had high levels of β-gal, indicating that hedgehog target
gene activation occurs in the bulge region. The follicular bulge is
stem cell-rich, and it may be the primary site of origin of both
BCC and other skin cancer cells21.

Mouse and human BCCs have similar immunohistology
Mouse BCC and trichoblastoma-like tumors (n = 3) showed pat-
terns of protein expression similar to those of human BCCs: the
presence of a basal cell marker (keratin 14) (Fig. 3f), the absence
of suprabasalar epidermal differentiation markers (keratin 10
and loricrin) (Fig. 3e and g), reduced immunoreactivity of
hemidesmosomal components (BP180, β4 integrin, a6 integrin
and the ϒ2 chain of LAM5)(Fig. 3h–k), and staining for Bcl2 anti-
gen diffusely within tumor nests (Fig. 3l) (refs. 22,23,24,25).

Mouse tumors have Ptch loss of heterozygosity
Because as many as 60% of human sporadic and BCNS-related
BCCs have loss of one PTCH allele7,26, and PTCH mutations have
also been identified in some human trichoepitheliomas (a sub-
type of trichoblastoma), we screened mouse BCC and trichoblas-
toma-like tumors for loss of wild-type Ptch. We detected loss of
the Ptch wild-type allele and retention of the mutant allele in
both mouse BCC and trichoblastoma-like tumors (two of five in
UV-exposed mice; two of two in cesium-137 irradiated mice) and
in fibrosarcomas (two of four in UV-exposed mice) but not (con-
sistent with their lack of β-gal staining) in six biopsies of UV-ex-
posed skin adjacent to or overlying these tumors, two SCCs or
three fibromas. Because mutations in the p53 gene have been
identified in 44–61% of human BCCs (refs. 27 and 28), we
screened UV-exposed Ptch+/– mouse skin BCCs and trichoblas-
toma-like tumors for mutations in exons 5–8 of p53. We identi-
fied p53 mutations in two of five of the mouse trichoblastoma
and BCC-like tumors, one of seven fibrosarcomas, and one of
two mouse SCCs from UV-exposed Ptch+/– mice (Table 2). Four of
the identified mutations were of the UV ‘signature type’ (C→T or
CC→TT) and commonly occurred at or adjacent to mouse p53
mutation ‘hot spots’. The p53 mutations did not correlate with
tumor aggressiveness. We detected no p53 abnormalities in unir-
radiated mouse tail (n = 3), UV-exposed skin adjacent to tumors
(n = 5), one BCC-like tumor from a cesium irradiated Ptch+/–

mouse, one SCC from a wild-type mouse and two spontaneous
rhabdomyosarcomas.
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Mouse trichoblastoma maintained in culture
To confirm the neoplastic nature of the mouse BCC-like tumors,
we attempted to culture three mouse trichoblastoma-like tu-
mors. We passaged cells from one mouse trichoblastoma-like
tumor with both loss of the wild-type Ptch allele and two dis-
tinct p53 mutations twice, and have cultured these successfully,
for 10 months so far. These cells have loss of the wild-type Ptch
allele and retain both of the p53 mutations identified in the
original tumor, thus confirming their derivation from the
tumor rather than from normal keratinocytes. These cells prolif-
erate slowly, as do cultured human BCC cells29. In contrast to
the original mouse tumor, cultured trichoblastoma cells fail to
express β-gal. Attempts to engraft cultured cells onto nude mice
have failed.

Ptch+/– mice have a higher incidence of SCCs
Most wild-type mice biopsied after 11 months of UV exposure
(13 of 16) had at least one microscopically detectable skin can-
cer, most commonly SCC in situ (65%). Only 25% (4 of 16) of
wild-type control mice biopsied after 12 months of UV exposure
had invasive SCCs, and the ratio of in situ to invasive SCCs was
3:1. In contrast, invasive SCCs or keratoacanthomas occurred in
57% (8 of 14) of Ptch+/– mice receiving 11 to 12 months of UV ex-
posure, and the ratio of in situ to invasive SCCs or keratoacan-
thomas was 1.5:1. Furthermore, the SCCs in Ptch+/– mice were on
average threefold larger than those of the wild-type mice (3.8
mm2 compared with 1.2 mm2) (Table 1). Therefore, Ptch+/– mice
more commonly develop invasive SCCs or keratoacanthomas (P
< 0.026, one-tailed t-test), and these tumors are considerably
larger than those in their wild-type control littermates.

Ptch+/– mice do not have impaired immune function
Because host immune function may substantially influence sus-
ceptibility to skin photocarcinogenesis30, we compared mouse
ear swelling test responses after application of dinitrochloroben-
zene, as a measure of delayed-type hypersensitivity in 3-month-
old Ptch+/– and wild-type mice exposed to UV three times weekly
for 1–1.5 months. In addition, we did mouse ear swelling tests
on a group of Ptch+/– mice and wild-type mice 15 months of age
that had been exposed to either a single dose of cesium-137 or of
X-ray radiation at 2 months of age. There was no statistically sig-
nificant difference in delayed type hypersensitivity response be-
tween Ptch+/– mice and wild-type mice in the UV- and IR-treated
groups. Furthermore, in IR-treated Ptch+/– mice, there was no cor-
relation between tumor volume and mouse ear swelling test re-
sponse. The equivalent delayed- type hypersensitivity responses
in wild-type and Ptch+/– mice and lack of variation with tumor
number indicate that increased tumorigenesis in Ptch+/– mice is
unrelated to differences in immune surveillance.

Discussion
The Ptch+/– mouse represents a new model of spontaneous and
UV/IR-enhanced BCC and trichoblastoma tumorigenesis.
Treatment of a variety of inbred mouse (Ptch+/+) strains with UV,
IR or topical chemical carcinogens readily induces cutaneous pa-
pillomas and SCCs, but these treatments induce BCCs only
rarely11,31. Although rats seem to develop BCCs with application
of carcinogens or exposure to IR, mice do not show equal suscep-
tibility. Background genes may confer the relative resistance of
the mouse species to BCCs and the Ptch+/– genetic abnormality
may overwhelm these protective mechanisms. Our mouse model
of BCCs is based closely on the genetics of the human tumor,
and allows reproducible and frequent production of BCC-like
and trichoblastoma-like tumors. The irradiated Ptch+/– mouse
confirms a direct causal relationship between exposure to UV
and IR and BCC tumorigenesis, thus establishing the importance
of protection from UV and IR in humans to prevent these can-
cers. The Ptch+/– mouse is a representative model of the human
BCNS patient (PTCH+/–) in that both the mice and humans de-
velop medulloblastomas and rhabdomyosarcomas, develop
small basaloid cell tumors with aging on skin protected from UV,
and develop larger and more numerous BCC-like tumors in UV-
and IR-exposed skin. Therefore, the Ptch+/– mouse provides an
ideal in vivo model to test corrective gene therapy, chemopreven-
tion, or chemotherapy in treating BCC tumors. Furthermore, the
observation that Ptch+/– mice are also susceptible to trichoblas-
tomas is consistent with the observation that some human tri-
choepitheliomas, a sub-type of trichoblastoma, have PTCH gene
mutations.

The mouse BCC and trichoblastoma-like tumors are identical
to human BCCs in their induction of the hedgehog target genes
(as indicated by Ptch promoter activation and Gli mRNA detec-
tion), diminished hemidesmosomal protein expression, and fre-
quent wild-type Ptch gene deletion. The deletion of the wild-type
Ptch gene in almost all cells of some BCC and trichoblastoma-
like tumors from Ptch+/– mice exposed to UV or IR confirms that
the Ptch gene itself is an important target for radiation-induced
mutagenesis and that Ptch–/– cells may undergo clonal expansion.
Moreover, the consistent staining of all early mouse BCC and tri-
choblastoma-like tumors for β-gal and absence of staining in ad-
jacent histologically normal UV-exposed skin indicate that
hedgehog signaling pathway dysregulation and pathway target
gene activation is the essential event in initiation of BCC tu-
morigenesis. These findings are consistent with animal models
in which overexpression of Shh, smomut or Gli1 is tumorigenic.

Involvement of abnormalities of the p53 gene in BCC tumori-
genesis was indicated by the occurrence of p53 gene mutations in
40% (two of five) of BCC and trichoblastoma-like tumors from
UV-exposed mice (Table 2), which is consistent with the observed
incidence (44 to 61%) of p53 mutations in human BCCs (refs.

27,28). These p53 mutations occurred at reported
mutation ‘hot spots’, and several were UV ‘signa-
ture-type’ mutations (C→T or CC→TT).
Attempts to correlate loss of heterozygosity at
the human PTCH locus and mutations in p53
have shown no statistically significant correla-
tion between these two genetic defects and his-
tologic type28. Although the occurrence of p53
mutations and high levels of staining for Bcl2 in
both human and mouse BCCs indicate involve-
ment of cell growth and apoptosis regulatory
genes in BCC tumorigenesis, there is no known

Table 2 p53 mutations in tumors of UV-treated Ptch+/– mice

Tumor Histology Exposure Exon Codon Mutation Result

1 BCC UV 5 149 CCA→CTA Pro→Leu
176 CAT→TAT His→Tyr

2 BCC UV 8 275 CCT→GCT Pro→Ala
3 SCC UV 5 137 ACG→ATG Thr→Met
4 Fibrosarcoma UV 8 274/275 TGC CCT→TGT TCT Pro→Ser

8 266 AGC→GGC Ser→Gly
8 267 TTT→TCT Phe→Ser

UV, ultraviolet radiation.
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direct interaction between the effects of hedgehog signaling
pathway dysregulation and those of p53 gene mutation.

The size and frequency of SCCs also were increased in Ptch+/–

mice treated with UV, compared with those in wild-type control
mice. It seems that the mechanism by which Ptch hemizygosity
predisposes mice to SCCs is not induction of hedgehog target
gene either chronically or acutely, as β-gal staining was negative
in the Ptch+/– mice in both SCCs and in normal UV-exposed skin.
Similarly, in the small number of SCCs studied, there was no
wild-type allele inactivation (two of two SCCs retained heterozy-
gosity). Genetic and epidemiologic evidence, including studies
of BCNS patients, have not established a relationship between
PTCH hemizygosity and SCC predisposition in humans.
However, our results in mice and reports of loss of heterozygos-
ity at 9q (the PTCH locus) in a minority of human SCCs (3 of 14;
ref. 32) indicate a potential role for PTCH in the regulation of
SCC tumorigenesis. Our preliminary studies of acute response to
UV exposure and delayed type hypersensitivity response have
failed to elucidate host factors in Ptch+/– mice that could predis-
pose to SCC. Further studies will be required to evaluate the role
of PTCH inactivation in human SCCs.

Methods
Mice. The Ptch+/– mice studied were C57BL/6 and DBA/2J F1 hybrids, and
were heterozygous for a deletion of exons 1 and 2 and insertion of the lacZ
and neo genes. Ptch+/– mice were genotyped using PCR primers specific to
the neo insert and wild-type regions as described14. The mice ate Purina
5008 laboratory chow and drank water ad libitum, were housed in plastic
cages with metal lids in animal quarters lacking natural light and with 50%
humidity and ambient temperature of 70 to 74 °F, and were exposed daily
to 12 h of white light from 34-watt fluorescent bulbs.

Exposure of mice to UV and IR. UV was delivered three times per week at
3 MED (177 mJ/cm2 ultraviolet B) using an air-cooled Hanovia (Aero-
Kromayer, Newark, New Jersey) hot quartz contact lamp, which emits 229
mJ/cm2 per second of ultraviolet C, 59 mJ/cm2 per second of ultraviolet B
and 221 mJ/cm2 per second of ultraviolet A at a distance of 1.9 cm. The
back hair of the mice was clipped with barber shears before the initial UV
exposure and at 3- to 4-week intervals thereafter. An area of exposed skin
2.5 cm in diameter on the mid-back at the level of the hind limbs was irra-
diated at a distance of 1.9 cm for 3 s three times per week starting at the
age of 2 months and for a total of 12 months33,34. The radiation energy was
measured with a Hanovia Ultraviolet meter (model AV-97; Aero-Kromayer,
Newark, New Jersey). UV-exposed skin became erythematous and scaly,
but no other UV-associated morbidity or mortality was noted. Of all the UV-
exposed Ptch+/– mice, 12% (4 of 33) developed medulloblastomas and 9%
(3 of 33) developed rhabdomyosarcomas. There was no substantial differ-
ence in the incidence of these extracutaneous tumors in UV-exposed and
untreated Ptch+/– mice.

At 2 months of age, Ptch+/– mice and wild-type control littermates were
anesthetized with ketamine and xylazine and were treated with unfiltered X-
ray (250 kV) at 15 mamp, half-value layer, (HVL) 1.8 mm Cu, for a total dose
of either 2 or 4 Gy at the target skin distance of 38.5 cm, using the
Westinghouse Quadrocondex (dose rate of 2.54 Gy/min) or gamma radia-
tion delivered by the Best Industries (Springfield, Virginia) cesium-137 radia-
tion device (half-value layer, 0.60 cm Pb; dose rate, 0.94 Gy/min) with total
radiation doses of 1, 3 or 4 Gy. One of twenty-four mice died 1 d after IR
treatment; one of nine X-ray-exposed Ptch+/– mice developed a medulloblas-
toma and two Ptch+/– mice (one cesium- and one X-ray-exposed) developed
large rhabdomyosarcomas of the hind limb. All other mice survived the sub-
sequent year, and no acute morbidity, including dermatitis, was noted.

Tumor sampling and quantification. A circular area of caudal back skin
2.5 cm in diameter (corresponding to the site of UV treatment in UV-ex-
posed mice) was excised from anesthetized mice, and was divided into five
slivers 0.5 cm in thickness, fixed in 10% buffered formalin for routine stain-
ing with hematoxylin and eosin or processed for staining with β-gal. Tumor

area was determined by measuring the two-dimensional cross-sectional size
of all BCC-like tumors found in the five skin slivers, thereby maintaining
equal random sampling among all study groups. Here, total BCC area is the
sum of the cross-sectional areas of all BCC-like tumors observed in the five
sections taken from the 2.5-cm sample area. Statistical analysis used a one-
tailed Student’s t-test for data sets of unequal variance. In 70% of tumor-
bearing mice, gross examination and biopsies to ascertain tumor metastasis
were obtained from local and distant lymph nodes, liver, lungs and spleen.

Immunohistology. Skin samples of mouse BCC or trichoblastoma-like tu-
mors were embedded in OCT and sections 8 µm in thickness were cut, air-
dried, and fixed in 4% paraformaldehyde. Sections were then washed with
PBS and blocked with 10% normal goat serum with 0.1% Triton X-100.
Tissue was incubated with antibodies for 2 h at room temperature, washed
with PBS, and incubated for 1 h with a corresponding FITC-labeled sec-
ondary antibody and a 7-AAD (1:100 dilution) counterstain. Alternatively,
samples incubated with antibodies against Bcl2 and vimentin were subse-
quently incubated with biotinylated secondary antibodies followed by
staining with horseradish peroxidase and DAB. Sections were viewed using
confocal or light microscopy. Antibodies used included control rabbit im-
munoglobulin (1:250 dilution) and mouse antibody against K10 (1:100 di-
lution)(both from Dako, Carpinteria, California), rabbit antibodies against
K14 (1:500 dilution) and loricrin (1:500 dilution)(both from BAbCo,
Maspeth, New York), rabbit antibody against BP180 (1:1,000 dilution; a gift
from Z. Liu), rabbit antibody against lam 5 (1:100 dilution; a gift from D.
Aberdam), rat α6 integrin (1:100 dilution; a gift from P. Marinkovich), rat
antibody against β4 (1:100 dilution; RDI, Flanders, New Jersey)35,36,37, goat
antibody against vimentin (1:40 dilution; Sigma), and polyclonal rabbit an-
tibody against mouse Bcl2 (1:800 dilution; PharMingen, San Diego,
California)38.

β-gal stain. LacZ-encoded bacterial β-galactosidase was detected by incu-
bation of glutaraldehyde and formalin fixed tissue with X-gal and iron
buffer solution (Boehringer) for 48 h.

In situ analysis. Twelve tumors ranging in size from 0.0025 to 1.3 mm2

were examined. In situ hybridization studies used a standard protocol and
paraffin-embedded mouse tumor tissue, with antisense and sense control
probes. The Gli1 template was a mouse Gli1 partial cDNA provided by A.A.
Joyner (New York University).

Assessment of Ptch loss of heterozygosity. Freshly excised mouse BCC-
like tumors (n = 5), SCCs (n = 2) and fibrosarcomas (n = 7) were dissected
from overlying epidermis and dermal stroma. DNA was extracted, and PCR
primers specific to the wild-type exon 1 site and neo inserts were used as de-
scribed14.

p53 mutation detection. DNA from BCC-like tumors (n = 5), fibrosarcomas
(n = 7), SCCs (n = 2) and normal-appearing skin (n = 4) from UV-exposed
sites of Ptch+/– mice, one BCC-like tumor from a cesium-exposed Ptch+/–

mouse and one SCC from a wild-type UV-exposed mouse were screened for
p53 mutations using single-strand conformational polymorphism analysis
using primers for exons 5, 6, 7 and 8 (ref. 39). Controls were unirradiated
tail DNA (n = 3) and two spontaneous rhabdomyosarcomas. Tumor DNA
exons with detectable single-strand conformational polymorphism abnor-
malities were cloned into plasmid vector pCR2.1 and sequenced using the
ABI Prism sequencer (Foster City, California).

BCC tumor cell culture. BCC-like tumors were grossly dissected from epi-
dermis and normal dermis, placed in DMEM media supplemented with
10% FCS, penicillin/streptomycin and fungizone, and incubated 12 h at 
4 °C in media containing 0.25% trypsin. Earl’s BSS medium with 10% FCS
was added, and cells were centrifuged at 1,000 rpm for 5 min. The pellet
was resuspended in 5 ml of 154CF media (Cascade Biologics, Portland,
Oregon) supplemented with gentamicin, and was then plated and incu-
bated at 37 °C in an atmosphere of 7% CO2.

Immune response to topical dinitrochlorobenzene. Ptch+/– mice and
wild-type littermates were sensitized by application to their shaved ab-
domens of 50 µl of 4% dinitrochlorobenzene (Sigma) in a vehicle of ace-
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tone and olive oil; 7 d after sensitization, immune response was elicited by
application of 2% dinitrochlorobenzene or vehicle alone (25 µl) to the pin-
nae as described40. Ear thickness measurements were obtained with a digital
micrometer (Mitutoyo, Japan) before elicitation and 24 and 48 h after elici-
tation in Ptch+/– mice not exposed to UV or IR (n = 12), treated with UV for
1–1.5 months (n = 14) or treated 12 months before with a single dose of ce-
sium or X-ray irradiation (n = 12), and in wild-type littermate control mice
treated similarly (n = 7, n = 11, or n = 9).
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