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Introduction
Basal cell carcinomas (BCCs) are the most common human cancer,
affecting one million Americans each year. It is estimated that one in
three Caucasians will develop at least one BCC in his or her lifetime
(1–3). Patients affected by the rare dominantly inherited disorder
nevoid basal cell carcinoma syndrome (NBCCS), or Gorlin syn-
drome, develop dozens to hundreds of BCCs as well as various extra-
cutaneous tumors (4). NBCCS patients are known to have PTCH1
mutations (1), and mutations in PTCH1 as well as smoothened
(SMO) have been identified in sporadic BCCs (5–10). These genes
constitute the major components of the sonic hedgehog (SHH) sig-
naling pathway, which plays a key role in BCC development (11). The
receptor for SHH is the product of the tumor-suppressor gene PTCH.
The protein PTCH is a negative regulator of SHH signaling and
thereby blocks the expression of downstream target genes such as
Gli, which drives proliferation and PTCH1 itself (12).

Murine models of skin carcinogenesis induced by ultraviolet B
(UVB) have provided important insights into the pathogenesis of
squamous cell carcinomas (SCCs) (13). However, understanding of
the causation of BCCs has progressed more slowly because of the
lack of a suitable animal model for this tumor. In the past decade,
mouse models for BCCs have been developed (12). One of these is

the Ptch1+/– knockout mouse, in which exons 1 and 2 are deleted and
a Lac reporter gene is inserted at the deleted site (14, 15). The skin of
these mice appears grossly normal. However, histologic examination
reveals microscopic basaloid cell proliferation that mimics BCCs as
well as benign trichoblastomas. Exposure of the skin of these mice
to UVB or γ-ray irradiation accelerates the induction of BCCs (16).

Ornithine decarboxylase (ODC) catalyzes the conversion of
ornithine to putrescine, which is the essential building block
required for the production of higher polyamines (spermidine and
spermine) within the cell. Polyamines are ubiquitous polycationic
molecules that are critical for normal and neoplastic cell growth
(17). The importance of ODC in skin tumor development has been
investigated in several mouse models (18). Increased levels of ODC
play a crucial role in promoting SCCs by driving the continued pro-
liferation and selective clonal expansion of v-Ha-ras–initiated cells
(19). Using a similar treatment protocol, it has been shown that
ODC activity is higher in BCCs than in normal human skin (20).
Virtually all known tumor promoters are potent inducers of ODC
(21). Engineered ODC overexpression enhances the tumorigenicity
of premalignant epidermal cells that possess an activated Ha-ras
gene (22). ODC transgenic mice with keratin 6 promoter–driven
overexpression of epidermal ODC (K6-ODC mice) develop squa-
mous papillomas following topical application of sub-threshold
doses of carcinogens in the absence of further application of tumor
promoter (23). When a similar treatment protocol was used in
K6-ODC mice on an FVB genetic background, the majority of
tumors that developed were SCCs rather than papillomas (24). UVB
rapidly induces papillomas and SCCs in transgenic mice with ker-
atin 5 promoter–driven overexpression of ODC compared with non-
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transgenic littermates (25). It is unclear whether these mechanisms
of tumor promotion that are pertinent to induction of SCCs are rel-
evant to BCCs, although, as mentioned earlier, ODC activity is
increased in BCCs (20, 26, 27). Cellular polyamine content is tight-
ly regulated by various mechanisms, including transcriptional,
translational, and posttranslational regulation of the enzymes
responsible for polyamine synthesis and catabolism as well as a high-
ly inducible polyamine-transport system (18, 28). A multifunction-
al protein known as antizyme (AZ) exerts posttranslational control
of ODC (29, 30). Overexpression of AZ in the skin of transgenic mice
with either keratin 5 (K5) or keratin 6 (K6) promoter elements leads
to decreased ODC activity and polyamine content following cuta-
neous application of tumor promoters (31).

In this study we have assessed ODC as a molecular target for the
chemoprevention of BCCs. ODC overexpression in Ptch1+/– mice
augmented UVB induction of BCCs, whereas ODC inhibition both
genetically and pharmacologically diminished UVB-induced BCCs,
indicating that chemoprevention strategies directed against ODC
and cellular polyamines could be useful in reducing the risk of
BCCs in human populations.

Methods
Reagents. Rabbit AZ antiserum was produced at Cocalico Biologicals
Inc. (Reamstown, Pennsylvania, USA) using a purified polyhistidine-
tagged AZ fusion protein (31) and was further purified with a
6xHis-AZ affinity column (AminoLink Plus Immobilization Kit;
Pierce Biotechnology Inc., Rockford, Illinois, USA). In addition, com-
mercially obtained antibodies were employed for the Western blot
analysis and/or immunohistochemistry using vendors’ protocols.
Antibodies for cyclins A/D1, Gli1, Ptch1, and Hip were purchased
from Santa Cruz Biotech Inc. (Santa Cruz, California, USA), anti-cyclin
B1 and anti-K17 antibodies from NeoMarkers (Fremont, California,
USA), anti-PCNA antibody from Oncogene (Boston, Massachusetts,
USA), and anti-ODC antibody from Sigma-Aldrich (St. Louis, Mis-
souri, USA). Anti-AZ antibody was a gift from Anthony Pegg.

Animals. Ptch1+/– heterozygous knockout C57BL/6 mice were devel-
oped by deletion of exons 1 and 2 and insertion of the LacZ gene at
the deletion site as described previously (15, 16). We purchased male
breeders (6–7 weeks old) of hemizygous ODC transgenic B6.Cg-Tg
(K6-Odc)55Tgo strain (Taconic, Germantown, New York, USA).
Transgenic mice with the bovine cytokeratin 6 promoter directing
expression of AZ in the skin were derived as described previously
(31). The studies presented here used mice with the K6-AZ line 52
transgene on B6C3F2 backcrossed onto the C57BL/6J inbred strain
for seven generations or more (31). The detailed breeding protocols
and genotyping of Ptch1+/– heterozygous ODC transgenic and
Ptch1+/– heterozygous ODC AZ transgenic animals were described
previously (15, 31). The animal experiments were conducted using
protocols approved by the institutional review board.

UV light source. A UV irradiation unit (Daavlin Co., Bryan, Ohio,
USA) equipped with an electronic controller to regulate dosage was
used routinely for these studies. The UVB source consisted of eight
FS72T12-UVB-HO lamps that emitted UVB (290–320 nm, 75–80%
of total energy) and ultraviolet A (320–380 nm, 20–25% of total ener-
gy). We used a cellulose film (Kodacel TA401/407) (Eastman Kodak
Co., Rochester, New York, USA) to eliminate ultraviolet C (UVC)
radiation. A UVC sensor (Goldilux UVC probe; Thermo Oriel, Strat-
ford, Connecticut, USA) was used during each exposure to confirm
lack of UVC emission. The dose of UVB was quantified with a UVB
Spectra 305 dosimeter (Daavlin Co.). The radiation was further cal-

ibrated with an IL1700 research radiometer/photometer from Inter-
national Light Inc. (Newburyport, Massachusetts, USA). The dis-
tance between the radiation source and targets was maintained at 30
cm. The irradiation assembly was kept in an air-conditioned room
and a fan was placed inside the exposure chamber to minimize tem-
perature fluctuations during irradiation as described previously (32).

Assessment of microscopic lesions. Microscopic BCC-like lesions were
defined as tumor islands composed of monomorphic basaloid cells
with scant cytoplasm arranged as nests within the dermis. These
lesions were counted as numbers per unit area and also as total tumor
area per square millimeter skin section. Skin samples were prepared
using 10% buffered formalin–fixed H&E-stained and β-gal–stained
samples of full-thickness dorsal skin. For β-gal staining, glutaralde-
hyde and formalin-fixed tissue were treated with X-gal and iron
buffer solution (Roche Diagnostics Corp., Indianapolis, Indiana,
USA) for 48 hours and processed using the vendor’s protocol.

RNA isolation and RT-PCR. Total cellular RNA was isolated from con-
trol skin and BCCs as described previously (16). RT-PCR was carried
out using a Promega A-1260 kit (Promega Corp., Madison, Wiscon-
sin, USA) according to the vendor’s protocol. A list of primers used
to assess the expression of SHH pathway genes in skin and UVB-
induced tumors in Ptch1+/–/ODC TgN mice is shown in Table 1.

The methods of scoring of carcinoma incidence and multiplicity,
H&E staining, immunohistochemical analysis of Gli1, Ptch, hip,
cyclin D1, and PCNA proteins, tissue lysate preparation, Western
blotting, and measurement of ODC activity and polyamine levels
were the same as published previously (16, 20, 21, 27, 31, 32).

Experimental protocol. To investigate the effects of ODC overexpres-
sion on the induction of BCCs by UVB in Ptch1+/– mice, seven of the
14 first-generation Ptch1+/–/ODC TgN mice were UVB-irradiated (180
mJ/cm2 twice per week for 30 weeks beginning at week 8), and the
remaining seven were sham-irradiated and served as control. At the
end of 30 weeks, all animals were killed; their dorsal skin was excised,
cut into small pieces with surgical scissors, and used for β-gal stain-
ing, histology, immunohistochemistry, and epidermal preparations
for RT-PCR. The dose of 180 mJ/cm2 was selected because, in our
experience, it is consistently tumorigenic in SKH-1 hairless mice (33).

To assess the effects of tissue depletion of ODC and polyamines
on UVB-induced BCCs, we used Ptch1+/– mice overexpressing AZ as
well as their littermates, which included Ptch1+/–, Ptch1+/+, and
Ptch1+/+/AZ mice generated by crossing of the K6-AZ mice with our

Table 1
Primers used to assess the expression of SHH pathway genes

Genes Primers

Ptch1 5′-AACAAAAATTCAACCAAACCTC-3′
5′-TGTCTTCATTCCAGTTGATGTG-3′

Ptch2 5′-TGCCTCTCTGGAGGGCTTCC-3′
5′-CAGTTCCTCCTGCCAGTGCA-3′

Gli1 5′-GTCGGAAGTCCTATTCACGC-3′
5′-CAGTCTGCTCTCTTCCCTGC-3′

Gli2 5′-GAGCAGAAGCCCTTCAAG-3′
5′-GACAGTCTTCACATGCTT-3′

Gli3 5′-CAAGCCTGATGAAGACCTCC-3′
5′-GCTTTGAACGGTTTCTGCTC-3′

Cyclin D1 5′-CTCTGGCTCTGTGCCTTTCT-3′
5′-CCGGAGGACTCAGAGCAAATC-3′

Actin 5′-TACCACAGGCATTGTGATGGA-3′
5′-CAACGTCACACTTCATGATGG-3′
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Ptc1+/– mice. These four groups of mice (ten mice in each group) were
UVB-irradiated (240 mJ/cm2 three times per week for 37 weeks), and
tumor data were recorded weekly. The dose of 240 mJ/cm2 UVB is
based on previously published studies showing that this dose is suf-
ficient to induce both microscopic and visible tumors in Ptch1+/–

mice (16). After 37 weeks, all animals were killed; their dorsal skin
was excised, cut into small pieces, and used for β-gal staining, histo-
logic examination, immunohistochemistry, and preparation of
whole skin lysates for assays of polyamine levels and ODC activity.

To investigate whether pharmacologic inhibition of ODC can
reduce the growth of UVB-induced BCCs, we used α-difluoromethy-
lornithine (DFMO), a known potent inhibitor of ODC (34), and
administered it to UVB-irradiated Ptch1+/– mice. For this experiment,
60 Ptch1+/– mice were irradiated with UVB (240 mJ/cm2 three times
per week) for 32 weeks. Thereafter, UVB irradiation was discontin-
ued, and tumor-bearing animals were divided into two groups of 20
each in such a way that initially each group had approximately the
same number of tumors. Non–tumor-bearing UVB-irradiated mice
were not used. Group 1 animals were then given ordinary drinking
water for the next 20 weeks, whereas group 2 mice received 1% DFMO
in drinking water. The tumor data were recorded weekly and plotted
as number of tumors per mouse as a function of weeks on treatment.
The mice were sacrificed at 52 weeks, their dorsal skin was removed,
and tumors were harvested and collected for Western blot, RT-PCR,
β-gal staining, and histologic and immunohistochemical studies.

Results

Studies in Ptch1+/– heterozygous mice overexpressing ODC
Ptch1+/– heterozygous mice overexpressing ODC. We generated Ptch1+/– mice
expressing the K6-ODC transgene, hereafter referred to as
Ptch1+/–/ODC TgN. Fourteen Ptch1+/–/ODC TgN mice (including both

males and females) were used. ODC overexpression in Ptch1+/– mice
yielded a hairless phenotype similar to that of the parent ODC trans-
genic animals (23, 35). These mice were fertile but smaller in birth
weight than their Ptch1+/– nontransgenic littermates and showed exces-
sive nail growth and a normal first hair cycle, followed by progressive
hair loss beginning at 2–3 weeks of age. With increasing age, the skin
manifested pronounced wrinkling and folding. Similar to Ptch1+/– mice
(Figure 1B), some of these animals exhibited developmental abnor-
malities (Figure 1D), including skull deformities. The skin of untreat-
ed animals was grossly normal. However, histologic examination of the
skin showed small basaloid lesions (data not shown). Immunohisto-
chemical studies of these sections verified that these BCC-like lesions
stain positively for Gli1, β-gal, and hip (data not shown). None of the
Ptch1+/+ K6-ODC or Ptch1+/– nontransgenic littermates demonstrated
such lesions or showed positive staining for β-gal.

UVB-induced BCCs. We evaluated the effect of chronic UVB irradia-
tion (180 mJ/cm2 twice per week for 30 weeks beginning at week 8) on
the induction of BCCs in Ptch1+/–/ODC TgN mice. Following 10 weeks
of UVB exposure, multiple small visible tumors were apparent, and
they increased in both number and size during the following 20 weeks
of irradiation, reaching a tumor incidence of 100% by week 30. At this

Figure 1
Ptch1+/– heterozygous mice overexpress-
ing ODC (Ptch1+/–/ODC TgN mice). (A)
Ptch1+/– heterozygous mouse. (B) Ptch1+/–

heterozygous mouse showing skull abnor-
mality. (C) Ptch1+/–/ODC TgN mouse. (D)
Ptch1+/–/ODC TgN mouse showing skull
abnormality. (E) Ptch1+/–/ODC TgN mouse
at week 10. (F) Ptch1+/–/ODC TgN mouse
at week 30. (G) UVB-irradiated Ptch1+/–/
ODC TgN mouse at week 10. (H) UVB-
irradiated Ptch1+/–/ODC TgN mouse at
week 20. (I) UVB-irradiated Ptch1+/–/ODC
TgN mouse at week 30.

Figure 2
Effects of ODC overexpression on the development of UVB-induced
tumors in the skin of Ptch1+/– mice. (A) Effects of ODC overexpression on
the number of UVB-induced tumors. P < 0.002 vs. Ptch1+/– mice. (B)
Effects of ODC overexpression on the area of UVB-induced microscopic
BCC-like lesions. P < 0.043 vs. Ptch1+/– mice. (C) Effects of ODC overex-
pression on the number of UVB-induced microscopic BCC-like lesions.
P < 0.024 vs. Ptch1+/– mice. (D) Histologic staining for β-gal (blue) in tri-
choblastoma-like lesions (i) and BCC-like lesions (ii).
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time, innumerable tumors were visible on the dorsal surface of virtu-
ally all of these mice (Figure 1I). As shown in Figure 2A, the number
of tumors per mouse was 10 ± 1.9 (only tumors greater than 4 mm in
diameter were counted). Histologically, many of these lesions resem-
bled human BCCs and/or trichoblastomas, with tumor islands con-
sisting of monomorphic basaloid cells with scant cytoplasm arranged
as nests within the dermis. Immunohistochemical studies of skin sec-
tions of these mice showed interfollicular basaloid proliferation and
histologic features of BCCs and trichoblastomas. The area (Figure 2B)
and number (Figure 2C) of microscopic BCCs that developed follow-
ing 30 weeks of UVB exposure were 7.05 × 10–3 ± 2.1 × 10–3 mm2 and
1.43 ± 0.4/mm2 tissue area, respectively, which were significantly high-
er (P < 0.04) than the tumor burden in their Ptch1+/– littermates. Both
BCCs and trichoblastomas showed strong positive staining for β-gal
(Figure 2D), Gli1, and hip. Lesions with strong β-gal staining also
stained positive for Gli1 (data not shown). It is of interest that some
lesions in UVB-irradiated skin of Ptch1+/–/ODC TgN mice resembled
UVB-induced murine SCCs. RT-PCR analysis of total RNA from dor-
sal skin showed high expression of Gli1, Gli2, Ptch1, and Ptch2 in UVB-

induced BCCs and adjacent nontumor skin com-
pared with age-matched nonirradiated control skin.
However, Gli3 expression was similar in tumor and
control skin. We next assessed the tissue distribution
of ODC expression in control (nonirradiated) and
UVB-irradiated nontumor skin and BCC-bearing
skin of these mice. ODC expression was localized pre-
dominantly in the suprabasal epidermis in UVB-irra-
diated nontumor skin (data not shown). Interesting-
ly, intense staining for ODC occurred in the stroma
surrounding BCCs. Staining in the tumor stroma
may be related to UVB-induced ODC. In contrast,
spontaneously developing BCC-like lesions revealed
no stromal staining (data not shown).

Molecular characterization of UVB-induced BCCs. Cyclin D1 overexpres-
sion has been documented in human BCCs (20). To determine whether
murine BCCs also show high expression of cyclin D1, we immunos-
tained paraffin sections of control skin (nonirradiated), nontumor
UVB-irradiated skin, and BCCs harvested from Ptch1+/–/ODC TgN
mice. Cyclin D1 overexpression was seen in the cytoplasm of suprabasal
keratinocytes in UVB-exposed nontumor skin. Furthermore, nuclear
staining occurred in most BCCs (data not shown). We also assessed the
expression of PCNA, an auxiliary protein of DNA polymerase, as an
approach to identifying proliferating cells in control (nonirradiated),
nontumor UVB-irradiated skin and BCCs in Ptch1+/–/ODC TgN mice.
PCNA-positive nuclei were seen in the suprabasal layers of UVB-
exposed nontumor skin (data not shown). Interestingly, BCCs showed
strong immunostaining for PCNA in the tumor margins. In an effort
to further document the proliferative properties of these BCCs, we
immunostained tumor tissue with an antibody specific for keratin 17,
an outer root sheath (ORS) protein. As in human BCCs and BCCs in
Gli2 transgenic mice, keratin 17 expression was increased in these BCCs
(36). We also immunostained BCCs and uninvolved skin for keratins

Table 2
Effects of AZ expression on UVB-induced tumorigenesis in Ptch1+/– and wild-type
(Ptch1+/+) mice

Groups Total no. of Tumors/mouse
mice analyzed BCCs SCCs Papillomas Fibrosarcomas

Ptch+/– 14 0.2 ± 0.11A 0.2 ± 0.11B 0 0.60 ± 0.13C

Ptch+/–/AZ 12 0 0 0.17 ± 0.1 0
Ptch+/+ 11 0 0.36 ± 0.15D 0 0.36 ± 0.15E

Ptch+/+/AZ 12 0 0 0.17 ± 0.1 0

Each data point represents mean ± SEM. AP < 0.04, BP < 0.04, CP < 0.001 vs. Ptch+/–/AZ.
DP < 0.02, EP < 0.08 vs. Ptch+/+/AZ.

Figure 3
Effects of AZ overexpression on the development of UVB-induced tumors in the skin of wild-type and Ptch1+/– mice. (A) Effects of AZ overexpres-
sion on the number of UVB-induced tumors. (B) Wild-type and Ptch1+/– normal and AZ-overexpressing mice chronically exposed to UVB. (C) Vol-
ume of UVB-induced macroscopic tumors. *P < 0.008 vs. Ptch1+/–. **P < 0.05 vs. Ptch1+/+. (D) Effects of AZ overexpression on the area of UVB-
induced microscopic BCC-like lesions. (E) Effects of AZ overexpression on the number of UVB-induced microscopic BCC-like lesions. (F) Histology
of skin showing staining for β-gal (blue) in BCC-like lesions.
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1 and 10, known to be markers of terminal differentiation. These ker-
atins were abundantly expressed in suprabasal epidermis of uninvolved
skin, but very little or no staining was seen in these BCCs (data not
shown). Consistent with the pattern seen in human BCCs, K6 expres-
sion was seen in all epidermal layers and in BCCs. K6 expression is char-
acteristic of hyperproliferation and is a feature of tumor cells in BCCs
and epidermis overlaying tumor tissue (data not shown).

Studies in Ptch1+/– heterozygous mice overexpressing AZ
To further demonstrate the importance of ODC induction in BCC
development, we used transgenic mice with targeted AZ expression
to inhibit ODC activity and suppress polyamine levels in skin of our
Ptch1+/– mice and then performed studies to assess their susceptibili-
ty to UVB-induced photocarcinogenesis.

Ptch1+/– heterozygous mice overexpressing AZ. In these experiments,
we generated similar numbers of Ptch1+/–/AZ TgN, Ptch1+/–, Ptch1+/+,
and Ptch1+/+/AZ mice. Ptch1+/– heterozygous mice overexpressing AZ
(Ptch1+/–/AZ TgN mice) have a grossly normal phenotype.

UVB-induced BCCs in Ptch1+/–/AZ TgN mice. The effect of chronic UVB
irradiation on Ptch1+/–/AZ TgN, Ptch1+/–, Ptch1+/+/AZ TgN, and Ptch1+/+

(wild-type) mice is shown in Figure 3A. These animals developed many
visible tumors (Figure 3B). Histologically, these tumors were heteroge-
neous and included BCCs, SCCs, papillomas, and fibrosarcomas, as
shown in Table 2. Ptch1+/–/AZ TgN mice developed significantly fewer
visible BCCs (P < 0.04) compared with their Ptch1+/– littermates
(Table 2), and the volume of these tumors was also substantially

reduced (P < 0.008), as shown in Figure 3C. Similarly, tumor area
(0.234 × 10–3 ± 0.16 × 10–3 mm2 vs. 4.059 × 10–3 ± 1.7 × 10–3 mm2 per
unit section area) and number (0.18 ± 0.04/mm2 tissue area vs. 0.06 ±
0.02/mm2 tissue area) of microscopic BCCs were also significantly
reduced (P < 0.04) in the Ptch1+/–/AZ TgN mice as compared with the
Ptch1+/– mice, as shown in Figure 3, D and E, respectively. The histolo-
gy and relative size of microscopic BCCs in Ptch1+/– and Ptch1+/–/AZ TgN
mice are shown in Figure 3F. Ptch1+/+/AZ TgN mice developed no SCCs
or fibrosarcomas and only a few papillomas, whereas their Ptch1+/+ lit-
termates developed mainly SCCs and fibrosarcomas (Table 2). Ptch1+/–/AZ
TgN mice also manifested only papillomas. However, like Ptch1+/+ mice,
Ptch1+/– mice developed SCCs and fibrosarcomas (Table 2).

Effects of UVB irradiation on cutaneous ODC and polyamines. The
effects of UVB on the induction of ODC in skin of Ptch1+/–/AZ TgN,
Ptch1+/–, Ptch1+/+, and Ptch1+/+/AZ TgN mice are compared in Figure
4. Western blot analysis showed lower ODC levels in Ptch1+/–/AZ
TgN mice than in Ptch1+/– mice. Similarly, ODC was diminished in
Ptch1+/+/AZ mice as compared with Ptch1+/+ animals (Figure 4A). Par-
allel to this, UVB induction of ODC activity was substantially lower
in Ptch1+/–/AZ TgN mice than in Ptch1+/– mice (P < 0.05). Similarly,
ODC induction was much lower in Ptch1+/+/AZ mice than in their
Ptch1+/+ littermates (P < 0.013), as shown in Figure 4B. Next we
assessed the effects of AZ overexpression on UVB-induced
polyamine synthesis during BCC tumorigenesis. Overexpression of
AZ in both UVB-irradiated Ptch1+/– and Ptch1+/+ mice significantly
diminished putrescine levels (Figure 4C). Spermidine and spermine

Figure 4
Effects of AZ overexpression on the levels and activity of ODC in the skin of UVB-irradiated wild-type and Ptch1+/– mice. (A) Western blot analysis
showing effects of AZ overexpression on ODC. (B) Effects of AZ overexpression on ODC activity. *P < 0.013 vs. Ptch1+/+. **P < 0.048 vs. Ptch1+/–.
(C) Effects of AZ overexpression on putrescine. *P < 0.005 vs. Ptch1+/+. **P < 0.046 vs. Ptch1+/–. (D) Immunohistochemical staining for AZ in epi-
dermis of UVB-irradiated Ptch1+/– mice overexpressing AZ.The brown staining in epidermis and hair follicles represents AZ expression. (E) Immuno-
histochemical staining for PCNA in epidermis and in BCC-like lesions in UVB-irradiated Ptch1+/– mice overexpressing AZ. The dark brown staining
in the basal cell layer of epidermis and in tumor islands represents PCNA expression.
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are additional polyamines formed from putrescine by the sequen-
tial action of spermidine synthase and spermine synthase, which
catalyzes the transfer of an aminopropyl group from decarboxylat-
ed S-adenosylmethionine produced by the enzyme S-adenosylme-
thionine decarboxylase (28, 37). The level of these polyamines was
unaffected (data not shown).

Effects of UVB irradiation on AZ expression. In Ptch1+/–/AZ TgN mice,
the K6 promoter directs constitutive AZ expression in the ORS of
the hair follicle. In addition, tumor promoters and other prolifera-
tive stimuli are known to elevate K6-driven expression of genes in
the ORS and to induce their expression in the interfollicular epi-
dermis (38). Immunohistochemical localization studies using spe-
cific antibodies directed against AZ reveal positive staining in hair
follicles and some staining in epidermis of UVB-treated Ptch1+/–/AZ
TgN and Ptch1+/+/AZ TgN mice but almost no staining in Ptch1+/– and
Ptch1+/+ animals, as shown in Figure 4D.

Expression of PCNA in UVB-irradiated skin in Ptch1+/–/AZ TgN mice.
Immunohistochemical staining for PCNA was used to detect prolif-
erating cells in Ptch1+/–/AZ TgN and Ptc1+/– mice. PCNA-positive nuclei
were seen in the suprabasal epidermal layers of UVB-irradiated skin of
Ptch1+/– mice but were virtually absent in the skin of Ptch1+/–/AZ TgN
animals. Interestingly, microscopic BCCs in Ptch1+/–/AZ mice also
showed diminished immunostaining for PCNA (Figure 4E).

Studies in UVB-irradiated Ptch1+/– heterozygous mice treated 
with DFMO
To further document the effects of inhibition of ODC activity on the
growth of UVB-induced BCCs, we employed DFMO, a suicidal ODC
inhibitor. Oral administration of DFMO has been shown to sup-
press the development of a number of tumor types in various
murine cancer models (39, 40), including UVB-induced SCCs in the
skin of SKH-1 hairless mice (35, 41–44).

Effect of oral administration of DFMO on UVB-induced BCC development in
Ptch1+/– mice. As shown in Figure 5, A and B, DFMO treatment reduced
the total number of visible tumors by about 30%. However, the num-
ber of BCCs and SCCs in the DFMO-treated animals was reduced to
about 60% of that in the vehicle-treated control group, whereas there
was no effect on the number of fibrosarcomas (Figure 5C). These
tumor numbers represent the sum of both the already existing tumors
at the beginning of the experiment and the new tumors that developed
during the 20 weeks of DFMO treatment. It was not possible to ascer-
tain whether DFMO treatment preferentially ablated existing tumors
or whether it reduced new tumors, or both. As shown in Figure 5, D
and E, DFMO treatment not only reduced visible tumors but also
diminished BCC-like microscopic lesions by more than 80%.

Effects of DFMO on the expression of SHH pathway genes. The effect of
DFMO treatment on the expression of SHH pathway genes in
non–tumor-bearing UVB-irradiated skin of Ptch1+/– mice was also
determined. DFMO treatment reduced mRNA expression of the
SHH pathway genes Ptch1, Ptch2, Gli1, Gli2, and Gli3 (data not shown).

Effects of DFMO on the expression of cell cycle regulatory proteins. At week
5 of DFMO treatment, there was a substantial decrease in UVB-
induced overexpression of cell cycle proteins that regulate prolifer-
ation, such as cyclins A2, B1, and D1 (Figure 6, A and B). However,
in samples taken at the termination of the experiments (20 weeks of
DFMO treatment), a similar reduction in cell cycle proteins was seen
only in nontumor skin (Figure 6B). The expression of cyclin D1
mRNA was also decreased (data not shown). The diminished expres-
sion of cyclins in tumor tissue suggests the possibility that some
tumors in these mice were resistant to DFMO.

Effects of DFMO on PCNA staining in UVB-induced BCCs. As shown in
Figure 6C, the strongly positive PCNA staining that characterizes
BCCs and UVB-irradiated epidermis is largely abrogated in animals
treated with DFMO.

Figure 5
Effect of DFMO on UVB-induced skin tumorigenesis
in Ptch1+/– mice. (A) Effect of DFMO administration
on the growth of UVB-induced skin tumors. The
experiment was terminated at week 52. (B) Mice
showing the effect of DFMO treatment on UVB-
induced skin tumors. Left: UVB-treated control. Right:
mouse treated with UVB plus DFMO, shown at week
52. (C) Effect of orally administered DFMO on the
growth of UVB-induced BCCs, SCCs, and fibrosar-
comas. *P < 0.025. **P < 0.05. (D) β-Gal (blue) and
H&E (red) staining showing the effect of orally admin-
istered DFMO on UVB-induced microscopic BCC-
like lesions in Ptch1+/– mice. Upper panel: skin sec-
tion from UVB-irradiated Ptch1+/– mouse. Lower
panel: skin section from UVB-irradiated DFMO-treat-
ed Ptch1+/– mouse. (E) Effect of orally administered
DFMO on UVB-induced microscopic BCC-like
lesions in Ptch1+/– mice. Samples of full-thickness
dorsal skin were fixed in 10% buffered formalin and
stained with H&E and β-gal, and microscopic BCC-
like lesions were measured as total tumor area per
square millimeter skin sample.
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Discussion
Human cancers result largely from environmental exposures, and a
major strategy for reducing cancer risk is to diminish the procar-
cinogenic effects of these exposures. This has led to a search for non-
toxic chemical compounds capable of altering the activity of signal-
ing pathways that drive the malignant phenotype (45, 46). ODC is an
important enzyme in polyamine biosynthesis, which plays a crucial
role in proliferative signaling and in carcinogenesis (18). In murine
skin, ODC overexpression has been shown to promote the sponta-
neous development of SCCs in Hras transgenic mice (19). Adminis-
tration of DFMO diminishes tumor development in this model and
reduces UVB-induced SCCs in the skin of K5-ODC transgenic mice
and in actinic keratoses in humans (25, 34, 42). Increased ODC activ-
ity has been documented in sporadic human BCCs compared with
adjacent nontumor skin, but little is known about ODC in the mul-

tiple BCCs that develop in NBCCS patients. Our results indicate that
overexpression of ODC enhances UVB-induced BCCs, whereas reduc-
tion of ODC expression, either by overexpression of AZ or by admin-
istration of DFMO, substantially inhibits the development of these
lesions in UVB-irradiated Ptch1+/– mice. This indicates the crucial
importance of this enzyme in the pathogenesis of these tumors.

The K6 promoter in both Ptch1+/–/ODC TgN and Ptch1+/–/AZ TgN
mice directs transgene overexpression to the ORS of hair follicles
adjacent to the bulge region, where epidermal stem cells are believed
to reside (47–49). It is likely that BCCs originate from stem cells in
the ORS of hair follicles (48, 50). Thus, modulation of ODC expres-
sion in ORS keratinocytes could diminish their proliferative capac-
ity directly, thereby reducing BCC tumorigenesis. It is also possible
that inhibition of ODC in stromal cells could diminish the paracrine
effects of polyamines in BCC tumorigenesis (12).

Our results confirm the importance of ODC as a proliferative
signaling enzyme (51), since there was diminished PCNA staining
in skin and tumors of Ptch1+/–/AZ TgN animals as well as Ptch1+/–

mice treated with DFMO. In contrast, PCNA and keratin 17 stain-
ing was enhanced in Ptch1+/–/ODC TgN mice. It is of interest that
ODC overexpression in these animals is associated with the appar-
ent conversion of hair follicles into epidermal cysts, which show
strongly positive immunostaining for ODC. This cystic transfor-
mation progresses with age and is followed by visible wrinkling
and folding of the skin (Figure 1I). Enhanced epidermal cyst for-
mation has also been observed in the skin of some NBCCS patients
(52, 53). While ODC expression has not been assessed in the mul-
tiple BCCs in NBCCS patients (27), it seems highly likely that these
lesions will manifest increased expression of this enzyme. A corol-
lary to this hypothesis is that the epithelial lining of odontogenic
keratinocysts in NBCCS patients has enhanced growth potential
demonstrated by high expression of known proliferation markers
such as PCNA and Ki67 (53–58).

It is conceivable that the use of genetic and pharmacologic
approaches to the inhibition of ODC activity in tumor cells may
also reduce enzyme activity in other tissues, leading to some
adverse effects. Therefore, cancer-chemoprevention clinical trials
that use abrogation of ODC activity should be planned carefully.
However, it is encouraging that both murine and human con-
sumption of DFMO in cancer-chemoprevention studies has
revealed no toxic effects other than ototoxicity at high doses, which
was reversible after discontinuation of DFMO treatment (39, 40).
Furthermore, a topical formulation of DFMO (13.9%) has been
approved by the US Food and Drug Administration for human use
for hair removal. Clinical studies have shown that this formulation
has a favorable human dermal safety profile appropriate for a top-
ical medication to be applied routinely (59). In addition, a phase II
randomized trial of topical DFMO in human subjects reduced the
number of precancerous actinic keratoses, suppressed polyamines,
and reduced p53 protein. No serious adverse cutaneous effects
were seen in these subjects (46).

The mechanism by which sustained activation of ODC drives the
development of BCCs is unknown. However, Xie et al. showed that
Gli1 can activate PDGFRα (60). Increased expression of PDGFRα
was also observed in murine and human BCCs (60). PDGF-depen-
dent signaling is known to activate various cell-proliferation path-
ways, including ODC activity (61). This is particularly important
since it has recently been shown that BCCs lose PKCα expression
and also, to some extent, PKCδ expression, which are essential for
upregulation of Gli (62). These PKC isozymes are also known to reg-

Figure 6
Effects of orally administered DFMO on UVB-induced expression of cell
cycle regulatory proteins and proliferation markers in skin of Ptch1+/–

mice. (A) Western blot showing the effects of orally administered DFMO
on UVB-induced expression of cell cycle regulatory proteins in skin of
Ptch1+/– mice. Samples were taken after 37 weeks, including 32 weeks
of UVB irradiation followed by 5 weeks of DFMO treatment. Lanes 1 and
2, age-matched nonirradiated normal skin (control); lanes 3 and 4, UVB-
irradiated nontumor skin; lanes 5 and 6, UVB-irradiated DFMO-treated
nontumor skin. (B) Western blot showing the effects of orally adminis-
tered DFMO on UVB-induced expression of cell cycle proteins in both
skin and tumor of Ptch1+/– mice. Samples were taken at the termination
of the experiment at week 52. Lane 1, age-matched nonirradiated nor-
mal skin (control); lane 2, UVB-irradiated nontumor skin; lane 3, UVB-
induced BCC; lane 4, UVB-irradiated DFMO-treated nontumor skin; lane
5, UVB-irradiated DFMO-treated BCC. (C) Immunohistochemical stain-
ing for PCNA in epidermis and BCCs in UVB-irradiated Ptch1+/– mice.
The dark brown staining in the basal cell layer of epidermis and in tumor
islands represents PCNA expression.
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ulate the expression of ODC in response to tumor promoters (51).
These data indicate that multiple mechanisms may be involved in
regulating ODC levels in BCCs.

Altered regulation of cell cycle progression is associated with the
development of epithelial cancers in many tissues, including skin. It
is known that ODC activity is elevated in the late G1 phase and is asso-
ciated with entry into the S phase in various cell types (63). However,
the impact of ODC overexpression on cell cycle progression is largely
unknown. ODC overexpression in K6-ODC transgenic mice was
shown to stimulate cyclin E/cdk2– and cyclin A/cdk2–associated
kinase activity, which in ODC/ras double-transgenic mice augments
induction of cutaneous SCCs (64). Our results confirm that ODC
overexpression is associated with elevated cyclin D1 and PCNA expres-
sion in BCCs induced by UVB in these animals. In Ptch1+/–/ODC TgN
mice, we observed nuclear accumulation of cyclin D1 in BCC tumor
cells, suggesting that cells transiting from the G0 phase remain in the
G1 phase. The fact that DFMO treatment diminishes the expression
of cyclins, including cyclin D1, suggests that ODC activity helps to
drive rapid progression of the cell cycle in BCCs. Furthermore, the
observed increase in PCNA staining in Ptch1+/–/ODC TgN mice and
the decrease in both Ptch1+/–/AZ TgN and DFMO-treated Ptch1+/– mice
provide additional support for the concept that ODC and elevated
polyamines augment cell proliferation in BCCs.

In summary, we have developed an innovative mouse model for
the study of the pathogenesis of BCCs. We have established that our
Ptch1+/–/ODC TgN mice manifest accelerated development of large
numbers of BCCs, mimicking the phenotype of patients with
NBCCS. These tumors closely resemble human BCCs, showing gross
characteristic histologic features such as palisading basaloid cells in
the periphery of tumor nests, the appearance of retraction spaces,
the lack of keratinizing centers, and the characteristic expression

pattern of marker biomolecules such as keratin 17, Gli1, Gli13, Ptch1,
and Ptch2 (65, 66). In addition, these mice developed trichoblas-
tomas, SCCs, and fibrosarcomas. Parental Ptch1+/– mice sponta-
neously develop relatively few microscopic BCCs and trichoblas-
tomas, and macroscopic tumor growth is minimal unless the
animals are exposed to additional carcinogenic stimuli such as ion-
izing or UVB radiation. Using a standard UVB irradiation protocol,
macroscopic BCCs are readily induced in Ptch1+/– mice after 52 weeks
of irradiation. However, our Ptch1+/–/ODC TgN mice showed accel-
erated spontaneous development of BCCs that was further aug-
mented by UVB radiation, leading to a tumorigenic response that
closely mimicked the phenotype of NBCCS patients. Our results
indicate that inhibition of ODC activity either by genetic or by phar-
macologic mechanisms substantially diminishes the development
of BCCs. It is likely that chemopreventive agents capable of inhibit-
ing ODC in our murine models could prove to be effective antitu-
mor agents in human populations as well.
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