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Abstract
High levels of prostaglandin E2 (PGE2) synthesis resulting from the upregulation of COX-2 has
been shown to be critical for the development of non-melanoma skin tumors. This effect of PGE2
is likely mediated by one or more of its 4 G-protein coupled membrane receptors, EP1–4. A
previous study showed that BK5.EP1 transgenic mice produced more carcinomas than wild type
(WT) mice using initiation/promotion protocols, although the tumor response was dependent on
the type of tumor promoter used. In this study, a single topical application of either 7,12-
dimethylbenz[a]anthracene (DMBA) or benzo[a]pyrene (B[a]P), alone, was found to elicit
squamous cell carcinomas (SCC) in the BK5.EP1 transgenic mice, but not in WT mice. While the
epidermis of both WT and transgenic mice was hyperplastic several days after DMBA, this effect
regressed in the WT mice while proliferation continued in the transgenic mice. Several parameters
associated with carcinogen initiation were measured and were found to be similar between
genotypes, including CYP1B1 and aromatase expression, B[a]P adduct formation, Ras activity
and keratinocyte stem cell numbers. However, EP1 transgene expression elevated COX-2 levels in
the epidermis and SCC could be completely prevented in DMBA-treated BK5.EP1 mice either by
feeding the selective COX-2 inhibitor celecoxib in their diet or by crossing them onto a COX-2
null background. These data suggest that the tumor promoting/progressing effects of EP1 require
the PGE2 synthesized by COX-2.
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INTRODUCTION
Extensive epidemiological studies show non-steroidal anti-inflammatory drugs (NSAIDs),
which are cyclooxygenase (COX) inhibitors, reduce the risk of several types of cancer
including colorectal, esophageal, lung, breast, bladder and prostate cancer [1–3]. Two
isoforms of COX have been identified, i.e., COX-1 and COX-2. COX-1 is constitutively
expressed in most cells and tissues and maintains normal physiological functions such as
mucosal integrity. COX-2, the inducible isoform, is an immediate-early response gene that is
not normally expressed in most tissues but is induced by mitogens, hypoxia, growth factors
such as epidermal growth factor and platelet derived growth factor, hormones, tumor
promoters, polysaccharides, and inflammatory stimuli [4–6]. In many epithelial tumors,
including colon, gastric, cervix, liver, pancreas, esophagus, breast, bladder, lung and skin,
COX-2 is constitutively upregulated [7–10].
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The importance of COX-2 to cancer development has been shown in experimental animal
models as well as in clinical studies [7,11–20]. Following ultraviolet light (UV) exposure,
COX-2 is transiently upregulated in murine and human keratinocytes in vitro and in vivo
and is consitutively upregulated in nonmelanoma skin tumors resulting from either UV
exposure or chemical carcinogens [21–24]. In a 7,12-dimethylbenz[a]anthracene (DMBA)/
12-O-tetradecanoylphorbol 13-acetate (TPA) skin carcinogenesis model, both COX-1 null
mice and COX-2 null mice had significantly reduced tumor development [25].
Administration of COX inhibitors reduced DMBA/TPA as well as UV-induced tumor
formation [24,26,27]. Consistent with these findings, transgenic mice that overexpress
COX-2 in the epidermis develop more skin tumors than wild type mice [28,29].

PGE2 is the major COX-derived arachidonic acid metabolite in cultured mouse skin
epidermal cells [30], human normal colorectal mucosa and human colorectal adenoma from
familial adenomatous polyposis patients [31] and mouse mammary tissue [32]. In human
and murine keratinocytes, the PGE2 level is increased after UVB exposure [23,26]. There
are several studies that show that PGE2 is important in epithelial tumorigenesis. Celecoxib,
a COX-2 selective inhibitor, inhibited human head and neck xenograft tumor growth with
concomitant inhibition of PGE2 production by the tumor [33]. Administration of PGE2
reversed NSAID-mediated suppression of intestinal tumor formation in APCMin mice [34]
and enhanced azoxymethane-induced colon cancer formation in rats [35]. Injection of an
antibody against PGE2 decreased intestinal tumor formation in APCMin mice [34] and tumor
growth in a head and neck squamous cell carcinoma (SCC) xenograft model [33]. PGE2 was
also shown to abolish indomethacin– mediated growth inhibition of malignant keratinocytes
[36].

PGE2 binds four subtypes of membrane receptors (EP1, EP2, EP3 and EP4) that are
members of the family of seven-transmembrane G protein-coupled receptors. EP2 and EP4
are coupled to Gs and increase cAMP while EP3, which is coupled to Gi, reduces cAMP
levels. PGE2 activation of the EP1 receptor raises the level of inositol-1,4,5-trisphosphate
and cytosolic calcium, leading to the activation of protein kinase C (PKC) [37,38]. The EP2
and EP4 receptors have been shown to contribute significantly to the development of tumors
of the skin and colon [39–41] while the EP3 receptor does not appear to be involved in skin
carcinogenesis [42]. Several studies have suggested that the EP1 receptor, which is the most
highly upregulated PGE2 receptor in nonmelanoma murine and human skin cancer,
contributes to skin cancer development. After UV treatment of mice, the number of EP1-
positive cells was reported to be increased in skin [43]. We recently showed that the mRNA
level for EP1 increased significantly after either a single or multiple treatments with TPA or
UV [44]. We and others have also shown that in DMBA/TPA and UVB-induced mouse
papillomas and SCCs, and human SCCs, EP1 mRNA expression and protein levels were
increased ~2- to 10-fold relative to untreated normal mouse skin and adjacent non-tumor
bearing human skin [44–46]. Additionally, topical application of ONO-8713, an EP1
antagonist, reduced UV-induced skin tumor formation and UV-induced inflammatory
markers, such as skin thickness, myeloperoxidase activity, PGE2 content and the number of
p53-positive cells [43]. Finally, the EP1/EP3 agonist 17-phenyl trinor PGE2 was reported to
abolish indomethacin–mediated growth inhibition in malignant keratinocytes that do not
express EP3 [36].

To more definitively characterize the contribution of EP1 to skin carcinogenesis, we
generated BK5.EP1 transgenic mice, which overexpress EP1 in the basal layer of the
epidermis. Using either DMBA/TPA or DMBA/anthralin initiation/promotion protocols we
found that EP1 transgenic mice produced significantly more carcinomas than wild type mice
[44]. Because we observed the development of a few tumors following initiation but before
promotion was started, we were interested in determining whether EP1 overexpression

Surh et al. Page 2

Mol Carcinog. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



confers endogenous tumor promoting activity. Here we describe the development of
aggressive skin tumors following treatment with DMBA, in the absence of treatment with
tumor promoters. We also show that development of these tumors is entirely COX-2
dependent.

MATERIALS AND METHODS
Animals

Wild type female FVB/N mice at the age of 3–4 weeks were purchased from Harlan
(Indianapolis, IN). BK5.EP1 transgenic mice, on a FVB background, were generated as
previously described and bred at Science Park [44]. COX-2 knockout mice, on an FVB
background, were obtained from Louise Howe [47] and crossed with BK5.EP1 mice. For all
experiments, female mice at 6–9 weeks of age were used. All mice were maintained at the
University of Texas MD Anderson Cancer Center – Science Park Research Division and
housed in an air-conditioned (22 ± 1°C at 50% humidity) facility that is accredited by the
Association for Assessment and Accreditation of Lab Animal Care; all experiments were
carried out in accordance with IACUC approved procedures.

Carcinogenesis protocols
For experiment #1, 32 female BK5.EP1 transgenic mice on the FVB background and 32
female wild type FVB mice at 6–9 weeks of age were used. Dorsal hair of the mice was
shaved 2 days prior to a single topical treament with DMBA (Sigma Aldrich, St. Louis, MO;
400μg/200μl acetone). Tumors were counted weekly to calculate tumor incidence
(percentage of mice bearing tumors) and multiplicity (average number of tumors per
mouse). At the end of the experiment, all skin lesions were removed and processed for
histological analysis of pathological type. For experiment #2, groups of 7 female BK5.EP1
transgenic and wild type mice were treated with a single topical dose of 2,500 μg/200 μl
benzo[a]pyrene (B[a]P). Lesions were assessed weekly for 10 weeks. For experiment #3,
groups of 6 female BK5.EP1 transgenic mice were fed AIN-control diet or AIN diet
containing 1000 ppm celecoxib starting one week before a single topical treatment with
DMBA (400μg/200μl acetone). Two weeks after DMBA, one mouse from each group was
sacrificed and the skin processed for histological evaluation. For experiment #4, groups of 4
female mice each of wild type, BK5.EP1, BK5.EP1/COX-2+/− and BK5.EP1/COX-2−/−

were shaved 2 days prior to single topical treament with DMBA (400μg/200μl acetone).
Lesions were assessed weekly for 10 weeks.

Histological evaluation and immunohistochemistry
Dorsal skins were fixed in 10% formalin and processed for paraffin embedding by the
Histology and Tissue Processing Core at Science Park. Deparaffinized sections were stained
with hematoxylin and eosin (H&E) or processed for Ki67 immunostaining using an
overnight incubation of a 1:200 dilution of anti-Ki67 (DAKO, Carpinteria, CA). Following
washes and incubation with a rabbit anti-rat antibody (Vector Laboratories, Inc.,
Burlingame, CA), 3,3′-diaminobenzidine tetrahydrochloride was used as a chromogen and
sections were counterstained with hematoxylin. Ki67 positive and negative basal cells in the
interfollicular region of the epidermis were counted under a microscope (200 X). At least
1,500 total basal cells were counted for each sample. An imaging system (Nikon ACT-1,
Nikon, Melville, NY) was used to measure epidermal thickness. The on-screen thicknesses
of the epidermis were obtained for at least 50 points of the interfollicular region per sample.
The actual thickness of the epidermis was calculated by dividing the screen measurements
by the magnification factor (×650). A veterinary pathologist, Dr. Donna Kusewitt, assessed
the pathology of the lesions and tumors.
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Western blot analysis
At specified times after treatment, total protein was extracted from epidermis with modified
RIPA buffer (150 mM NaCl, 0.5% Triton X-100, 0.2 mM EDTA (pH 8.0), 50 mM Tris, pH
7.5). Fifty μg of protein was separated on 7 or 10% SDS-polyacrylamide gels by
electrophoresis and transferred onto polyvinylidene difluoride membranes. The blots were
incubated for 1 hr in 5% non-fat milk solution in Tris-buffered saline to block nonspecific
binding. Blots were incubated with a 1:500 dilution of primary antibodies against CYP1B1
or CYP19a1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or COX-2 (Cayman
Chemical Co., Ann Arbor, MI), for 1 hr at room temperature or overnight at 4°C. The blots
were washed 3X with 0.1% Tween 20 in Tris-buffered saline for 5 min each. Horseradish
peroxidase-conjugated secondary antibody (GE Healthcare, Piscataway, NJ) at 1:10,000 was
applied for 1 hr at room temperature. The blots were washed, incubated with
chemiluminescence substrate (Perkin-Elmer Life Sciences, Boston, MA), and exposed to
autoradiography film.

3H-benzo[a]pyrene-DNA adduct formation
Four female wild type and transgenic mice were treated topically with 200 nmol 3H-B[a]P
(American Radiolabled Chemicals, Inc., St. Louis, MO; specific activity 50 Ci/mmol).
Fifteen hr later mice were sacrificed, and DNA was isolated from the dorsal epidermis as
described by Cai et al., [48]. Briefly, the epidermis was scraped into guanidine
isothiocyanate buffer, homogenized by trituration with a syringe, and dialyzed against 0.15
M NaCl. The samples were then digested with proteinase K and RNase A, extracted with
isoamyl alcohol and chloroform, and DNA was precipitated with ammonium acetate and
ethanol. Resuspended DNA was then quantified by absorbance and aliquots counted in a
scintillation counter. Adduct formation was calculated as pmol adduct/mg DNA.

Ras activation assay
Ras activity was measured by a Ras activation assay kit according to the supplied
instructions (Millipore Inc., Beillerica, MA). Briefly, the epidermis of 3 wild type and 3
transgenic mice was harvested and protein extracted with magnesium lysis buffer. Ten μg of
the Ras assay reagent (Raf-1 RBD, agarose) was incubated with 500 μg protein extract
overnight at 4° C. After centrifugation, washed beads were boiled and loaded onto a 12%
SDS-polyacrylamide gel. Following electrophoresis, the proteins were transferred to
polyvinylidene difluoride membranes. The membrane blot was incubated for 2 hr in 3%
non-fat milk solution in Tris-buffered saline to block non-specific binding and incubated
overnight at 4° C with an anti-Ras antibody. Washed blots were then incubated for 1 hr at
room temperature with horseradish peroxidase conjugated anti-mouse IgG antibody, and the
Ras protein was visualized with chemiluminescent substrate (Perkin-Elmer Life Sciences,
Boston, MA) and exposure to autoradiography film.

Keratinocyte stem cell analysis
Bulge region keratinocyte stem cells were isolated from 3 WT and 3 BK5.EP1 transgenic
mice 7 weeks of age as previously described [49]. Briefly, the fat was removed from the
subcutis of dorsal skins, which were then incubated overnight with dispase at 4°C. After
removing the epidermis, the dermis was incubated in 1% collagenase for 2 hr at 37°C. The
hair follicle fraction was isolated by centrifugation at 300 × g for 5 min at 4°C followed by
centrifugation at 52 × g for 5 min at 4°C. The hair follicles were then trypsinized for 10 min
at 37°C, filtered first with a 70 μm cell strainer, then a 40 μm strainer (BD Biosciences, San
Jose, CA). Following resuspension in 1X phosphate-buffered saline, the isolated stem cells
were labeled with a CD34-biotin antibody (eBioscience, San Diego, CA), a keratinocyte hair
follicle bulge region stem cell marker [49], followed with streptavidin coupled to
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allophycocyanin as well as an α6 integrin-PE (CD49f) antibody (BD Pharmingen, San
Diego, CA) that is a marker of basal cells [50]. Cells were analyzed using a BD FACSAria
SORP flow cytometer by the Cell and Tissue Analysis Facility Core at Science Park.

Statistical analysis
Data are shown as the mean ± standard deviation. To determine statistical differences
between means, Student’s t-test, independent or proportions test, Poisson regression or
Fisher’s exact test were used where applicable.

RESULTS
Effects of EP1 overexpression on DMBA-only skin carcinogenesis

Tumor formation was observed in some EP1 transgenic mice prior to application of the
tumor promoter TPA in a previously decribed DMBA/TPA study [44]; therefore, here a
DMBA-only experimental protocol was used to determine whether expression of EP1
confered endogenous tumor promoting activity. However, a higher dose of DMBA (400μg)
than in the DMBA/TPA protocol (100 μg) was used to ensure tumor formation in wild type
mice. Raised hyperproliferative lesions, referred to as such because they were generalized
and lacked discrete structure, appeared within one week of DMBA application in both wild
type and transgenic mice, although the lesions were more prominent and covered a much
larger area in the transgenic mice. The lesions often coalesced, making quantitation difficult.
By two weeks the lesions were regressing in the WT mice, and did not reappear, but not
BK5.EP1 mice, which had a 100% tumor incidence (Figure 1A,B,D). By 3–4 weeks the
lesions in the transgenic mice were distinct tumors, defined as such because they were
discrete structures, and could be counted (Figure 1A,B,E). The first carcinoma appeared at 4
weeks on a transgenic mouse and the number continued to increase up to ~9 weeks (Figure
1C,E,F). Mice with carcinomas larger than 1 cm in diameter were sacrificed in the middle of
the experiment for humane reasons. No carcinomas appeared in wild type mice even after 49
weeks (Figure 1C,F and data not shown). By 6 weeks the majority of the wild type mice had
no lesions while many of the lesions in transgenic mice were large and rapidly growing
(Figure 1F). The closeness and aggressiveness of some of the tumors as they coalesced,
reduced the apparent number of tumors (Figure 1A,D). Overall these data clearly show that
overexpression of EP1 greatly enhanced malignant tumor formation in the DMBA-only skin
carcinogenesis protocol suggesting that EP1 has intrinsic tumor promoting and progression
activity.

Effect of EP1 overexpression on DMBA–induced cell proliferation
To begin to characterize the differences in response to DMBA between wild type and
transgenic mice, the effect of EP1 overexpression on DMBA-induced epidermal cell
proliferation was examined by assessing Ki-67 staining and epidermal thickness. With
vehicle (acetone) treatment, the percent of Ki-67 positive cells and epidermal thickness were
similar in wild type and BK5.EP1 transgenic mice, although there was a slight increase in
the BK5.EP1 epidermis (Figures 2A and 2B). One day following DMBA treatment,
proliferation of both WT and BK5.EP1 epidermis was reduced to the same extent, although
both proliferation and epidermal thickness increased with time, up to day 5 (Figures 2A and
2B). The transgenic mice responded more robustly than the wild type such that at days 1 to 5
their epidermis was significantly more hyperplastic (Figures 2C–F). These data clearly show
that overexpression of EP1 increases DMBA-induced epidermal cell proliferation which
likely contributes to the more numerous and larger lesions seen in the transgenic mice.
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Effect of EP1 overexpression on DMBA–induced histological changes
At 1 day after DMBA treatment, the epidermis of WT mice appeared unperturbed and there
was a mild inflammatory cell infiltrate in the dermis (Figure 2C). By 5 days after exposure,
mild epidermal hyperplasia and hyperkeratosis, as well as moderate dermal inflammation
were evident (Figure 2E). However, by 2 weeks after DMBA treatment these changes had
largely resolved, except for mild hyperpkeratosis (Figure 3A). At 5 and 10 weeks after
exposure, previously treated WT skin was indistinguishable from untreated skin (Figure
3B,C). In contrast, BK5.EP1 mice developed widespread proliferative lesions that rapidly
progressed to squamous cell carcinoma. Even at 1 day after DMBA treatment, moderate
epidermal hyperplasia and dermal inflammation were apparent (Figure 2D), and by 5 days
after treatment (Figure 2F), moderately severe hyperplasia affecting the interfollicular
epithelium and infundibula of the hair follicles was seen. Two weeks after DMBA treatment
(Figure 3E), there were large confluent areas characterized by marked hyperplasia of
interfollicular and follicular epithelium and the formation of keratin-filled follicular cysts.
By 5 weeks after exposure (Figure 3F), individual squamous cell carcinomas arose. These
tumors were moderately well differentiated and many invaded the panniculus carnosus. By
10 weeks after exposure, the squamous cell carcinomas appeared much less differentiated
and had penetrated well below the panniculus carnosus (Figure 3G).

Effect of EP1 overexpression on tumor initiation
To detemine whether the tumorigenic effect of DMBA on EP1 transgenics was due to
differences in events usually associated with initiation, several parameters associated wth
carcinogen metabolism and DNA adduct formation were investigated. First, the effect of
EP1 overexpression on the expression of CYP1B1, the enzyme that metabolizes DMBA to
reactive intermediates, was examined by western blot. No differences in expression of
CYP1B1 was discernable between BK5.EP1 and wild type mice (Figure 4A). The
expression of CYP19a1 (aromatase) was also examined because it has been reported to be
upregulated by EP1 in some tissues [51], although it is not known whether aromatase
metabolizes DMBA. The level of expression was similar between EP1 transgenic and wild
type mice (Figure 4A). Thus it appears that there are no differences in the expression of the
metabolic enzymes.

Second, benzo[a]pyrene (B[a]P)-DNA adduct formation was measured. 3H-B[a]P was used
because 3H-DMBA was not commercially available. B[a]P and DMBA are both polycyclic
aromatic hydrocarbons and are metabolized by the same cytochrome P450 (CYP1B1)
enzyme to their reactive forms [52]. Fifteen hours after 3H-B[a]P treatment, wild type mice
had an average of 7.4 ± 1.5 pmol adduct/mg DNA while 6.5 ± 0.7 pmol adduct/mg DNA
was detected in EP1 transgenic mice. To assure that the tumor response seen with DMBA
was not unique to this carcinogen, another experiment was carried out using a single
treatment of B[a]P. B[a]P caused the development of discrete tumors, 3 of which were
carcinomas by week 8; the wild type mice on the other hand never developed visible lesions
(Figure 4B).

Activation of EP1 has been reported to activate Ras through activation of phospholipase C
[53]. To determine if this was occurring in the epidermis of BK5.EP1 mice, the level of Ras
activity was measured by a pull-down assay. BK5.EP1 transgenic mice had a similar level of
epidermal Ras activity as wild type mice (Figure 4C).

Because prostaglandins promote stem cell proliferation [54], the effect of EP1
overexpression on keratinocyte stem cell numbers was investigated. Keratinocyte stem cell
from the bulge region express the hematopoietic stem cell marker CD34 on their cell surface
[55], in addition to α6 integrin, a cell surface marker for basal keratinocytes that is
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associated with proliferation [56]. As shown in Figure 4D, there was an increase in the
percentage of α6 integrin positive cells and a decrease in the percentage of CD34 positive
cells in the BK5.EP1 mice, although these differences were not highly significant. The
higher α6 integrin expression suggests increased proliferation in the BK5.EP1 mice.
Overall, however, these data suggest that the increased number of carcinomas in the
BK5.EP1 mice is not likely due to an increase in the number of stem cells or properties
associated with carcinogen metabolism.

The effect of EP1 overexpression on skin carcinogenesis is COX-2 dependent
It was previously reported that the EP1 agonist 17-phenyl-2-trinor PGE2 induces COX-2
mRNA and increases PGE2 production in mouse osteoblastic cells [57]. In addition,
application of the EP1 antagonist ONO-8713 on mouse skin effectively prevents UV-
mediated induction of PGE2 [43]. In the present study, we found that there was no COX-2
protein expression in wild type mouse epidermis, as previously reported [22,58], whereas
the COX-2 protein was clearly upregulated in the absence of treatment in BK5.EP1
transgenic mice (Figure 5A). To determine the significance of upregulated COX-2 in
BK5.EP1 transgenic mouse, the selective COX-2 antagonist celecoxib (1000 ppm in the
diet) was administered starting 1 week before DMBA treatment. The BK5.EP1 transgenic
mice that were fed AIN control diet produced an average of 4 skin lesions/mouse 2 weeks
after DMBA treatment. The BK5.EP1 transgenic mice that were fed celecoxib produced no
lesions or tumors after DMBA treatment (Figure 5B). At the 2-week time point, hyperplasia
of the epidermis and inflammatory cell infiltration in the dermis were observed in BK5.EP1
transgenic mice fed control diet (Figure 5C). However, celecoxib-fed BK5.EP1 transgenic
mice showed relatively normal skin architecture and very few inflammatory cells (Figure
5D). As seen in the DMBA experiment shown in Figure 1A, there is an apparent drop in the
number of hyperplastic lesions after week 2. This is largely due to the coalescence of many
of the lesions (Figure 5B).

To verify that this was not an off-target effect of celecoxib, which has been reported to
inhibit Akt activation and mouse skin tumor promotion [59], BK5.EP1 mice were crossed
with COX-2 null mice. As shown in Figure 5E, loss of one allele of COX-2 reduced tumor
development by 50%, while loss of both alleles completely prevented tumor development.
The above studies clearly show that expression of COX-2 in the BK5.EP1 transgenic mice is
required for the increased DMBA-induced skin carcinogenesis in the EP1 transgenic mice.

DISCUSSION
In our earlier study using DMBA initiation and TPA promotion, we noticed some papilloma
formation before TPA treatment was begun in the EP1 transgenics but not in WT mice.
However, the number of papillomas arising after several months of repeated TPA promotion
were considerably smaller in the transgenic mice, likely due to reduced PKC expression.
When anthralin, which does not activate PKC, was used as a tumor promoter, more
papillomas and carcinomas were observed in the transgenic than WT mice, suggesting that
the transgenic animals have endogenous tumor promoting and progression activity [44]. In
addition, Tober et al. [43] reported that topical application of a specific EP1 antagonist
significantly reduced the number of UV-induced skin tumors and associated inflammation.
Here we report that the BK5.EP1 transgenic mice are extremely sensitive to the carcinogenic
actions of both DMBA and B[a]P compared to WT mice in a carcinogen-only protocol.

This observation is similar to that seen with PKCε transgenic mice, since PKCε transgenic
mice show increased carcinoma development in a DMBA/acetone protocol [60,61]. COX-2
transgenic mice have also been reported to produce more tumors with a DMBA-only
protocol [28,29]. The observation that both the COX-2 and EP1 transgenic mice produce
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considerably more skin tumors than their wild type counterparts suggests that the effects of
prostaglandin E2 on tumor development are mediated in part via the EP1 receptor. We have
also shown, however, that the EP2, but not EP3, receptor contributes significantly to the
development of DMBA/TPA- and UV-induced skin cancer [42].

Interestingly, the BK5.EP1 transgenic mice differed from the previously described
K14.COX-2 transgenic mice in the temporal aspects of tumor development. In the
K14.COX-2 transgenic mice, more wild type mice initially developed skin tumors and it was
only after 20 weeks that the transgenic mice developed more tumors/mouse and had a higher
incidence than wild type mice [29]. In contrast, the BK5.EP1 mice developed more tumors
than wild type mice from the beginning of the experiment. In addition, although K14.COX-2
transgenic mice had more total tumors than wild type, only 16% of these were SCC
compared to 41% in wild type mice after 42 weeks [29]. In the experiments described here
with BK5.EP1 mice, no SCC developed in wild type mice during the 49 week experiment,
while 35 SCC developed in 32 BK5.EP1 mice. Thus, while elevated COX-2 levels are
associated with increased promotion of skin tumors in both the K14.COX-2 and BK5.EP1
mice, PGE2 signaling through EP1 appears to also significantly enhance malignant
progression.

The mechanism(s) by which EP1 contributes to skin carcinogenesis is not clear. Konger et al
[37,62] found that in normal human epidermis EP1 is expressed in the differentiated
compartment and is coupled to keratinocyte differentiation. However, Thompson et al [36]
found that malignant murine keratinocytes depend in part on the EP1 receptor for their in
vitro growth. We recently reported that proliferation of basal keratinocytes in vivo was
essentially the same in untreated BK5.EP1 and wild type mice, although the epidermis was
thicker in the transgenic animals [44]. The BK5.EP1 mice, however, showed a greater
proliferative response and inflammatory cell recruitment after DMBA treatment than wild
type mice. These features likely contribute to the tumor promoting activity of EP1.

To further elucidate the mechanism(s) by which EP1 overexpression increases tumor
formation in the DMBA-only skin carcinogenesis model, processes associated with
carcinogen initiation were measured, including B[a]P-DNA adduct formation, expression of
CYP1B1 and CYP19a1, and Ras activation levels. The level of expression of CYP1B1, a
cytochrome P450 enzyme that metabolizes DMBA to its active carcinogenic form, was not
altered in the BK5.EP1 transgenic mice compared to wild type mice, suggesing that the
metabolism of DMBA was the same in transgenic and wild type mice. This is further
supported by the finding that B[a]P-DNA adduct formation was also similar in the BK5.EP1
transgenic mice compared to wild type mice. In addition, the level of the active form of Ras
was essentially the same in the transgenic mice and wild type mice. Thus, EP1
overexpression does not appear to affect these aspects of the initiation stage of skin
carcinogenesis.

The mouse skin carcinogenesis model has been the focus of investigations on the
identification of initiated cells that give rise to skin tumors. Several studies have shown that
keratinocyte stem cells, the self-renewing cells located in the bulge region of the hair
follicle, are the target cells for skin carcinogenesis [63–65]. Because prostaglandin E2 has
been shown to stimulate stem cell proliferation [54], presumably via one or more of the EP
receptors, we sought to determine whether there were differences in stem cell number
between BK5.EP1 and wild type mice that could explain their differential tumor response.
Using the same stem cell markers and procedures used by others [49,50,65], we found only
slight differences between the transgenic and wild type mice in the number ofα6 and/or
CD34 cells. It is possible that the increased number of α6 expressing cells represents a more
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proliferative population of stem cells [55]; this may contribute to the increased carcinoma
incidence since proliferation could prevent repair of DNA adducts.

The observation that COX-2 is constitutively expressed in the BK5.EP1 but not WT mice
raised the question of whether this contributed to the high tumor burden in the transgenic
mice. Administration of the selective COX-2 inhibitor celecoxib in the diet completely
prevented DMBA-induced tumor development in the BK5.EP1 mice. To assure that this
phenomenon was not due to off-target effects of celecoxib, the BK5.EP1 mice were crossed
with COX-2 null mice. There was a clear COX-2 gene dose-dependent effect such that the
absence of both alleles prevented tumor development while the presence of one allele of
COX-2 gave a tumor response that was approximately half that of BK5.EP1 mice bearing
both alleles. Thus, the up-regulated expression of COX-2 in the BK5.EP1 transgenic mice
directly contributes to the enhanced susceptibility of these mice to skin carcinogenesis.

The requirement for COX-2 is likely that it supplies high levels of PGE2 that activates the
EP1 receptor in the transgenic mouse. We previously showed that PKC is constitutively
down-regulated in the epidermis of BK5.EP1 mice, which is likely the result of continuous
activation followed by down regulation [44]. This may be responsible for the
protumorigenic activity of EP1, which may involve a feedback cycle of PGE2 activating
EP1, resulting in upregulated COX-2 and thus more PGE2. Further studies are needed to
determine the significance of this feedback loop as well as determining the basis for the
extreme sensitivity to the carcinogenic effects of DMBA and B[a]P.

Considering that the EP1 receptor is upregulated in papillomas and SCC of wild type mice
following either a UV or initiation/promotion protocol, and the demonstration here that EP1
has tumor promoting/progressing activity, inhibitors of EP1 are likely to be effective skin
cancer prevention agents. The extent to which the observations in skin are applicable to
other epithelial tissues remains to be determined. However, if this generalization is correct,
inhibition of EP1 (and EP2) should circumvent the cardiovascular problems associated with
inhibition of COX-2 because the levels of thromboxane and prostacyclin should remain in
balance [66].
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COX cyclooxygenase
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PG prostaglandin

PKC protein kinase C

SCC squamous cell carcinoma

TPA 12-O-tetradecanoylphorbol-13-acetate

UV ultraviolet light
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Figure 1. The effect of EP1 overexpression in DMBA-only skin tumor development
A DMBA-only skin carcinogenesis protocol was used with 32 BK5.EP1 transgenic mice
(EP1 TG) and 32 wild type mice (WT). A: Tumor multiplicity; data are expressed as the
average number of tumors per mouse. * p<0.001, Poisson regression. B: Tumor incidence;
data are expressed as the percentage of mice bearing lesions/tumors. * p<0.001, Fisher exact
test. C: Cumulative number of carcinomas; data are expressed as cumulative number of
carcinomas. D–F: photographs of representative mice: D, Two weeks after DMBA
treatment; E: Four weeks after DMBA treatment; F, Six weeks after DMBA treatment.
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Figure 2. Effect of DMBA on epidermal cell proliferation and hyperplasia in BK5.EP1
transgenic (EP1 TG) and wild type (WT) mice
A: Ki-67 expression. Mice were topically treated with DMBA (400 μg/200 μl) or acetone
(200 μl). At specified times after treatment, dorsal skin was removed, fixed in formalin, and
immunostained for Ki-67. The data are shown as percentage of Ki-67 positive basal cells. B:
Epidermal thickness. Dorsal skin was collected at specified times after acetone (200 μl) or
DMBA (400 μg/200 μl acetone) treatment and stained with H&E. Epidermal thickness was
measured under a microscope as described under ‘Methods and Materials’. * p <0.05, **
p<0.01, *** p <0.001, independent T or proportions test, BK5.EP1 compared to WT. C–F:
Representative H&E stained sections were photographed at 200×.
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Figure 3. Histological appearance of lesions and tumors after DMBA
Mice were topically treated with DMBA (400 μg/200 μl). At specified times after treatment,
dorsal skin was removed, fixed in formalin, and stained with H&E and photographed. A–C,
wild type epidermis (100×). D: Squamous cell carcinoma from BK5.EP1 mice (400×). E–G,
lesions and tumors from BK5.EP1 mice.
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Figure 4. Effect of EP1 overexpression on initiation
A: Protein was extracted from epidermis at specified times from wild type (WT) and
BK5.EP1 transgenic mice (EP1 TG). CYP1B1 and CYP19a1 protein levels were determined
by western blot; actin levels were used as loading controls. B: Tumor response of BK5.EP1
and wild type FVB mice to a single B[a]P treatment. C: Protein was extracted from
epidermis of untreated wild type (WT) and BK5.EP1 transgenic mice. Ras-GTP protein
level was determined by pull down assay. PC, positive control, untreated wild type protein
treated with GTPγS before pull down; NC, negative control, untreated wild type protein
treated with GDP before pull down. Total Ras protein activity was determined by western
blot. D: Quantification of bulge region keratinocyte stem cell markers by FACS analysis of
keratinocytes from untreated BK5.EP1 (EP1 TG) and WT mice. Data presented as the mean
(n=3) ± std. dev. of the percentage of total cells positive for α6 and/or CD34. *, p = 0.034.
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Figure 5. The effect of EP1 overexpression on DMBA-induced skin carcinogenesis is COX-2
dependent
A: Protein was extracted from epidermis of untreated wild type (WT) and BK5.EP1
transgenic mice. COX-2 protein level was determined by western blot; actin levels were
used as loading controls. B: Groups of six BK5.EP1 mice were fed AIN diet (control) or
AIN diet containing celecoxib (1000 ppm) starting one week before a single DMBA (400
μg) application. Data are presented as the average number of lesions per mouse. C–D: Two
weeks after DMBA treatment, a skin sample of one mouse from each group was collected,
fixed in formalin and stained with H&E. C: Skin of AIN-control diet fed mice. D: Skin of
celecoxib fed mice. E: BK5.EP1 mice were crossed with COX-2 null mice; groups of 4 mice
of the indicated genotype were treated with 400 μg DMBA and the number of lesions
assessed. Bars represent the mean number of lesions at 10 weeks ± std. dev.
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