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Cell-type-specific roles for COX-2 in UVB-induced skin cancer
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of California, San Diego, La Jolla, CA 92093, USA
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In human tumors, and in mouse models, cyclooxygenase-2 (COX-
2) levels are frequently correlated with tumor development/
burden. In addition to intrinsic tumor cell expression, COX-2 is 
often present in fibroblasts, myofibroblasts and endothelial cells 
of the tumor microenvironment, and in infiltrating immune cells. 
Intrinsic cancer cell COX-2 expression is postulated as only one of 
many sources for prostanoids required for tumor promotion/pro-
gression. Although both COX-2 inhibition and global Cox-2 gene 
deletion ameliorate ultraviolet B (UVB)-induced SKH-1 mouse 
skin tumorigenesis, neither manipulation can elucidate the cell 
type(s) in which COX-2 expression is required for tumorigenesis; 
both eliminate COX-2 activity in all cells. To address this ques-
tion, we created Cox-2flox/flox mice, in which the Cox-2 gene can be 
eliminated in a cell-type-specific fashion by targeted Cre recom-
binase expression. Cox-2 deletion in skin epithelial cells of SKH-1 
Cox-2flox/flox;K14Cre+ mice resulted, following UVB irradiation, 
in reduced skin hyperplasia and increased apoptosis. Targeted 
epithelial cell Cox-2 deletion also resulted in reduced tumor inci-
dence, frequency, size and proliferation rate, altered tumor cell 
differentiation and reduced tumor vascularization. Moreover, 
Cox-2flox/flox;K14Cre+ papillomas did not progress to squamous 
cell carcinomas. In contrast, Cox-2 deletion in SKH-1 Cox-2flox/flox; 
LysMCre+ myeloid cells had no effect on UVB tumor induction. 
We conclude that (i) intrinsic epithelial COX-2 activity plays a 
major role in UVB-induced skin cancer, (ii) macrophage/myeloid 
COX-2 plays no role in UVB-induced skin cancer and (iii) either 
there may be another COX-2-dependent prostanoid source(s) 
that drives UVB skin tumor induction or there may exist a COX-
2-independent pathway(s) to UVB-induced skin cancer.

Introduction

Ultraviolet (UV) irradiation from solar exposure is the major etio-
logic/environmental factor leading to clinically important cutaneous 
squamous cell tumors and basal cell tumors. UV irradiation causes 
acute inflammation, with consequent epidermal hyperplasia. Repeated 
UVB irradiation of SKH-1 hairless mice is among the most well-
studied experimental skin cancer induction models (1). In SKH-1 
mice, UVB irradiation elicits acute inflammation resembling those 
that observed in the skin of humans exposed to high environmental 
UV radiation levels. Moreover, chronic UVB irradiation of SKH-1 
mice elicits premalignant and malignant skin tumors similar to those 

observed in patients exposed chronically to excessive environmental 
UV radiation.

Prostaglandins play a major role in modulating the inflammatory 
properties observed in UVB-irradiated skin and in UVB-induced 
experimental tumors (2). Two cyclooxygenase isoforms, COX-1 and 
COX-2, are responsible for production of prostaglandin H2 (PGH2), 
the common precursor to a wide range of prostanoids (3). COX-1 is 
expressed constitutively in most tissues; in contrast, COX-2 is highly 
inducible in many tissues, in response to many stimuli (4). In mouse 
skin, UVB irradiation induces extensive Cox-2 gene activation and 
COX-2 protein accumulation (5,6). Both COX-1 and COX-2 are 
present in non-melanoma skin cancers from patients and in UVB 
radiation-induced SKH-1 mouse premalignant skin papillomas and 
squamous cell carcinomas (SCCs) (2). COX-dependent prostaglan-
dins are, consequently, postulated to be drivers of UVB-induced skin 
cancer promotion and progression (7).

Both coxibs (COX-2-selective inhibitors) and non-steroidal anti-
inflammatory drugs (NSAIDs) that inhibit both COX-1 and COX-2 
are widely used to investigate the roles of the cyclooxygenases in 
animal cancer models. A  recent population-based study suggested 
that NSAIDs may decrease human SCC risk (8). Both indometha-
cin (an NSAID) and celecoxib (a COX-2 selective inhibitor), delay 
appearance of UVB-induced skin tumors on SKH-1 mice. Moreover, 
celecoxib reduced UVB-induced tumor formation by ~80%, sug-
gesting that global COX-2 inhibition in mice can nearly completely 
prevent UVB skin tumor induction (9). COX-2-specific inhibition 
suggests that COX-2-derived prostanoids play a major role in UVB-
induced skin tumor promotion and progression.

A second approach to determine the roles of COX-1 and COX-2 
in biological phenomena has been the use of mice with global Cox-1  
and Cox-2 gene deletions (2). The use of these genetically altered 
mice eliminates questions of off-target NSAID and coxib effects but 
introduces potential problems of altered developmental and physi-
ological mechanisms in the mutant mice to compensate for absence 
of the COX enzymes. Nevertheless, Cox-1−/− and Cox-2−/− mice have 
been used to investigate COX-1 and COX-2 roles in animal models of 
neuroinflammation, cardiovascular disease, arthritis, infertility, colitis 
and many cancers (10).

COX-1 and COX-2 roles in UVB-induced skin cancer have been 
investigated using SKH-1 mice with global Cox-1 and Cox-2 gene 
deletions. Deleting both copies of the Cox-1 gene in SKH-1 mice had 
no effect on UV-induced skin tumor number, average tumor size or 
time of tumor onset (11). However, SKH-1 Cox-2−/− mice could not 
be used in similar studies; although viable, SKH-1 Cox-2−/− mice 
could not withstand the UVB carcinogenesis paradigm. Heterozygous 
SKH-1 Cox-2+/− mice, however, demonstrated reduced tumor inci-
dence and multiplicity in response to UVB irradiation, suggesting a 
Cox-2 gene dosage effect in this tumor induction protocol (12). As a 
consequence, in the absence of studies with global SKH-1 Cox-2−/− 
deletion, the extent of the requirement for COX-2 expression could 
not be determined.

A requisite role for epithelial cell-intrinsic (e.g. tumor cell autono-
mous) COX-2 expression versus requisite role(s) for COX-2 expres-
sion in the various cells of the microenvironment (e.g. fibroblasts, 
myofibroblasts, endothelial cells, infiltrating myeloid cells) in driving 
tumor proliferation and progression are subjects of substantial specu-
lation and debate for many epithelial cancers (13). An et al. (5) report 
COX-2 expression ‘…in tumor stroma… surrounding inflammatory 
infiltrate, which consisted of lymphocytes and macrophages…and 
dermal fibroblasts’ in UVB-induced SKH-1 SCCs. Pentland et al. (14) 
observe ‘…greatly increased density of intensely stained cells in the 
dermis, which appeared to be lymphocytes and histiocytes’. Although 
both COX-2 pharmacologic inhibition and Cox-2 gene knockout data 
demonstrate a role for COX-2 in UVB-induced skin cancer in SKH-1 
mice, neither of these approaches can determine in what cell type(s) 

Abbreviations: COX, cyclooxygenase; DMBA, 7,12-dimethylbenz[α]anthra-
cene; IHC, immunohistochemistry; NSAID, non-steroidal anti-inflammatory 
drug; SCC, squamous cell carcinoma; TPA, 12-O-tetradecanoylphorbol-13-
acetate; UV, ultraviolet.
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Cell-intrinsic role of COX-2 in UVB skin cancer

COX-2 expression is required to drive UVB-induced skin cancer pro-
motion and subsequent progression to SCC; both pharmacologic inhi-
bition and global Cox-2 deletion eliminate COX-2-driven prostanoid 
production in all cells.

We developed Cox-2flox mice (15) and used them to study COX-2 
cell-specific roles in animal models of colitis (16), cardiac function 
(17) and pancreatic cancer progression (18). Here, we use SKH-1 
Cox-2flox/flox mice to determine possible roles for intrinsic skin epider-
mal cell-specific COX-2 expression and myeloid cell-specific COX-2 
expression in UVB-induced skin tumorigenesis in SKH-1 mice.

Materials and methods

Animals
Cox-2flox/flox mice, in which Cox-2 exons are flanked by loxP sites, were 
described previously (15). K14Cre (Tg(KRT14-Cre)1Amc) and LysMCre 
knock-in (B6.129P2-Lyz2tm1(cre)lfo/J) mice were from Jackson Laboratory (Bar 
Harbor, ME); SKH1-HR from Charles River Labs, Wilmington, MA. Cox-
2flox/+;K14Cre+ and Cox-2flox/+;LysMCre+ mice were backcrossed onto SKH-1 
mice for at least five generations. The resulting SKH-1 Cox-2flox/flox;K14Cre+ 
mice and their littermate SKH-1 Cox-2flox/flox mice, and the SKH-1 Cox-2flox/flox; 
LysMCre+ mice and their littermate SKH-1 Cox-2flox/flox mice, were used for 
UVB irradiation experiments. Animal experiments were performed following 
approval by the Animal Care and Use Committee at the University of Texas 
MD Anderson Cancer Center.

UV irradiation
The UV apparatus consisted of eight Westinghouse FS20 sunlamps, an 
IL-1400 radiometer, and an attached UVB photometer. Spectral irradiance for 
the UV lamps was 280–400 nm, 80% in the UVB region and 20% in the UVA 
region. Peak light source intensity was 297 nm; fluence 60 cm from the mouse 
dorsal surface was 0.48–0.50 mJ/cm2/s. Mice were placed in individual com-
partments in a plastic holder on a rotating base to abrogate fluence differences 
across the UV sources. For tumor studies, Cox-2flox/flox;K14Cre+ mice (n = 25), 
their littermate Cox-2flox/flox mice (n = 30), Cox-2flox/flox;LysMCre+ mice (n = 31) 
mice and their littermate Cox-2flox/flox mice (n = 37) were UV irradiated three 
times weekly with an initial dose of 90 mJ/cm2 for the first week, followed by 
a weekly 10% increase until a dose of 175 mJ/cm2 was reached. Weekly tumor 
counts were performed after the appearance of the first tumor and continued 
until the termination of the experiment. At termination of the experiment, 
tumor diameters were measured and tumors were assigned to size categories. 
Tumors were processed for histological analysis. Differences in tumor multi-
plicity and incidence were analyzed by the Mann–Whitney U-test and the χ2 
test, respectively.

Epidermal thickness
Epidermal thickness was measured on hematoxylin and eosin (H&E) stained 
sections, using a ×20 objective. Epidermal thickness was defined as the dis-
tance between the basement lamina and the apical surface of the uppermost 
nucleated keratinocytes (19). Measurements (20 fields per mouse, 4 mice per 
genotype) and quantification were done using NIS-Elements BR 3.00 software 
(Nikon).

Immunohistochemistry reagents and procedures
Mouse skin and papillomas fixed in 4% paraformaldehyde were paraffin-
embedded and sectioned (4 μm thickness). Sections were stained with H&E 
or processed for immunohistochemical analysis. Antigen retrieval was per-
formed by heating slides at 95oC in citrate buffer (pH 6.0) or Tris Buffer 
(pH 9.0) for 15 min or by treating slides at 37°C in Proteinase K solution 
(DAKO, Carpentaria, CA) prior to staining. Primary antibodies were COX-2 
(160106) (Cayman Chemical, Ann Arbor, MI), F4/80 (AbD Serotec, Raleigh, 
NC), K1 (Covance, Princeton, NJ), Ki67 (Vector Labs, Burlingame, CA), 
γH2AX (#9718, Cell Signaling Technology, Danvers, MA), cleaved Caspase-3 
(Asp175) (#9661, Cell Signaling Technology, Danvers, MA), p53 (NCL-p53-
CM5p, Novocastra) and CD31 (ab28364, abcam, Cambridge, MA). Samples 
were visualized using a NIKON Eclipse TE 2000-U microscope.

Quantification of immunohistochemical staining
Skin. Skin proliferation indices were calculated as the percentage of Ki67-
positive staining basal cells. The percentage of K1-positive basal cells is presented 
as the number of K1-positive basal cells/total basal keratinocytes. The percentage 
of apoptotic cells was calculated as number of cleaved-Caspase-3-positive cells 
(apoptotic cells)/total epidermal cells. Ki67-positive cells, K1-positive basal cells 
and apoptotic cells were each determined on at least four random areas for each 
section, three sections per mouse and three mice per genotype. For COX-2, p53 

and γH2AX quantification, slides were digitized on a ScanScope AT (Aperio 
Technologies, Vista, CA) instrument and morphometric analysis was performed 
using Definiens’ Tissue Studio (Definiens, Parsippany, NJ) software. Using the 
predefined nuclear detection module and classification tool to determine the per-
centage of p53 or γH2AX-positive cells, positive and negative nuclei within each 
interfollicular epithelial region were identified. Using the predefined cytoplasm 
detection module and classification tool to determine the percentage of COX-
2-positive cells, positive and negative stained cells within each epithelial region 
were identified. Thresholds were set to classify hematoxylin stain for negative 
nuclei and diaminobenzidine stain for positive nuclei.
Tumor. For tumor sections, slides were digitized on the ScanScope AT instru-
ment and morphometric analysis was performed as described above. Ki67-
positive cells were determined with the predefined nuclear detection module 
and classification tool; positive and negative nuclei within each epithelial region 
were identified. K1-positive cells were identified using the predefined cyto-
plasm detection module and classification tool. Thresholds were set to classify 
hematoxylin stain for negative nuclei and diaminobenzidine stain for positive 
nuclei. To determine vessel density, the predefined vessel detection module and 
classification tool were used; numbers of positive vessels per unit area, based on 
CD31-positive staining, within each tumor region were identified.

All data were analyzed for statistical significance using an unpaired 
Student’s t-test. Scanning and scan analyses were performed with help from 
the Translational Pathology Core Laboratory, Department of Pathology and 
Laboratory Medicine, David Geffen School of Medicine at UCLA.

Results

Targeted Cox-2 deletion in skin epidermal cells reduces UVB tumor 
induction
In addition to epithelial cell COX-2, expression of COX-2 in myeloid 
cells, endothelial cells, fibroblasts and myofibroblasts has been sug-
gested to contribute to epithelial cell tumor promotion (5–7). COX-2 
is expressed extensively in epithelial cells of UVB-induced tumors 
from Cox-2flox/flox mice (Figure 1A).

SKH-1 Cox-2−/− mice with homozygous global Cox-2 gene deletions, 
although viable, do not survive the standard UVB irradiation tumor 
induction protocol (12). However, viability of SKH-1 Cox-2flox/flox; 
K14Cre+ mice with homozygous epidermal cell-specific-targeted Cox-2 
gene deletions is not reduced in response to the UVB tumor induction 
protocol. Consequently, we could determine whether epithelial cell-
intrinsic COX-2 expression is required for UVB skin tumor induction.

Reduced skin tumor incidence occurred in UVB-treated Cox-
2flox/flox;K14Cre+ mice relative to their Cox-2flox/flox littermate mice 
(Figure  1B, left panel). There was a significant delay in tumor 
development in Cox-2flox/flox;K14Cre+ mice compared with their 
UVB-irradiated littermate Cox-2flox/flox controls; 24 weeks after UV 
irradiation, only 60% of the Cox-2flox/flox;K14Cre+ mice developed 
papillomas. In contrast, all Cox-2flox/flox mice had papillomas by this 
time (P < 0.05, χ2 test). There was also a substantial reduction in 
tumor multiplicity in UVB-treated Cox-2flox/flox;K14Cre+ mice com-
pared with littermate Cox-2flox/flox mice (Figure 1B, right panel). At the 
end of the experiment, Cox-2flox/flox;K14Cre+ mice with an epithelial 
cell-specific Cox-2 deletion had only one-third the tumor number pre-
sent on littermate Cox-2flox/flox mice (P < 0.05, Mann–Whitney U-test).

It is possible that K14Cre-dependent Cox-2flox/flox gene cleavage is 
incomplete in SKH-1 mice and consequently tumors on UVB-treated 
Cox-2flox/flox;K14Cre+ mice might be derived from mice able to express 
COX-2 from an uncleaved Cox-2 allele(s). However, COX-2 protein 
was easily detectable in epithelial cells of tumors from control Cox-
2flox/flox mice (Figure 1C, left panel), but not in epithelial cells of tumors 
from Cox-2flox/flox;K14Cre+ mice (Figure 1C, right panel), suggesting 
that intrinsic COX-2 expression in epithelial cells is not driving tumor 
promotion in those tumors present on Cox-2flox/flox;K14Cre+ mice.

Targeted myeloid cell Cox-2 deletion has no effect on UVB skin 
tumor induction
Macrophages in UVB irradiation-induced skin tumors of wild-type 
SKH-1 mice and SKH-1 Cox-2flox/flox mice express COX-2 protein (5) 
(Figure 1A). In contrast to the results for mice with epidermal cell-
specific Cox-2 gene deletion, myeloid cell Cox-2 gene deletion had no 
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discernible effect on UVB skin tumor induction. Both skin tumor inci-
dence (Figure 2A, left panel; P = 0.279, χ2 test) and tumor multiplicity 
(Figure 2A, right panel; P = 0.44, Mann–Whitney U-test) in UVB-
irradiated Cox-2flox/flox;LysMCre+ mice and littermate Cox-2flox/flox mice 
were statistically indistinguishable. COX-2 protein expression in skin 
tumors from Cox-2flox/flox;LysMCre+ mice and littermate Cox-2flox/flox 
mice (Figure 2B) is observed primarily in tumor epithelial cells.

Representative tumors harvested at week 32 were evaluated histolog-
ically (Figure 2C). Many UVB-induced papillomas from Cox-2flox/flox; 
LysMCre+ mice, and papillomas from UVB-treated control Cox-2flox/

flox mice from the experiments with both Cox-2flox/flox;K14Cre+ mice 
and Cox-2flox/flox;LysMCre+ mice, progressed to SCCs. In contrast, no 

UVB-induced papillomas from Cox-2flox/flox;K14Cre+ mice, in which 
the Cox-2 gene is specifically deleted in epidermal cells, progressed to 
SCCs. The frequency of SCCs (i.e. the percent of conversion of papil-
lomas to carcinomas) ranged between 36 and 45% for UV-irradiated 
Cox-2flox/flox;LysMCre+ mice, Cox-2flox/flox littermate controls of Cox-
2flox/flox;LysMCre+ mice and Cox-2flox/flox littermate controls of Cox-2flox/

flox;K14Cre+ mice; in contrast, no papillomas on UV-irradiated Cox-
2flox/flox;K14Cre+ mice progressed to SCCs (Figure 2C).

We conclude that Cox-2 gene deletion in skin epidermal cells 
results in substantially reduced frequency of skin tumor induction 
in response to UVB irradiation. Intrinsic epidermal cell Cox-2 gene 
deletion also retards UVB-induced papilloma progression to SCCs. 

HE                                   COX-2                                  F4/80A
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Weeks Weeks

Fig. 1. Epidermal cell-specific Cox-2 gene deletion reduces UVB-induced mouse skin papilloma formation. (A) Consecutive sections of a UVB-induced skin 
papilloma of a Cox-2flox/flox mouse were stained for H&E, COX-2 expression and F4/80 expression. The arrows indicate cells with positive F4/80 and COX-2 
expression. (B) Cox-2flox/flox;K14Cre+ mice (n = 25) and Cox-2flox/flox littermates (n = 30) were subjected to UVB-irradiated skin cancer induction as described in 
Materials and methods. (C) Epithelial cells of papillomas from UVB-irradiated Cox-2flox/flox mice express COX-2. In contrast, epithelial cells of papillomas from 
UVB-irradiated Cox-2flox/flox;K14Cre+ mice do not express COX-2.
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Fig. 2. Myeloid cell-specific Cox-2 gene deletion has no effect on UVB-induced mouse skin papilloma formation. (A) UVB-irradiated skin tumor induction in 
Cox-2flox/flox;LysMCre+ mice (n = 31) and Cox-2flox/flox littermates (n = 37). (B) Epithelial cells of papillomas from UVB-irradiated Cox-2flox/flox mice and epithelial 
cells of papillomas from UVB-irradiated Cox-2flox/flox;LysMCre+ mice both express COX-2. (C) Representative papillomas and SCCs from Cox-2flox/flox;K14Cre+ 
mice and their littermate Cox-2flox/flox controls, and from Cox-2flox/flox;LysMCre+ mice and their littermate controls. The number in each box is the percentage of 
papillomas (upper panels) and SCCs (lower panels) for each of the four cohorts of UVB-irradiated mice. Tumors were harvested at 32 weeks of tumor induction 
for histologic evaluation.
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In contrast, targeted Cox-2 gene deletion in myeloid cells does not 
modulate UVB skin tumor induction.

UVB-induced skin epidermal hyperplasia is reduced in Cox-2flox/flox; 
K14Cre+ mice
Global Cox-2−/− mice in a 129Ola/C57Bl6 background exhibit sig-
nificantly decreased epidermal hyperplasia following UVB treatment 
compared with Cox-2+/+ littermate mice (20). Pharmacologic studies 
also suggest that COX-2 plays a role in UVB-induced skin hyperpla-
sia in SKH-1 hairless mice (21). However, the cell-type-specific role 
of the Cox-2 gene in UVB-induced hyperplasia has not been exam-
ined in SKH-1 mice.

Skin morphology is similar for unirradiated SKH-1 Cox-2flox/flox; 
K14Cre+ mice, Cox-2flox/flox;LysMCre+ mice and their Cox-2flox/flox lit-
termates (Figure 3). To determine the effect of UVB irradiation on 
skin hyperplasia in SKH-1 mice, and the role of cell-specific COX-2 
expression on this response, we measured epidermal thickness follow-
ing UV exposure of SKH-1 Cox-2flox/flox;K14Cre+ mice, Cox-2flox/flox; 
LysMCre+ mice and their respective Cox-2flox/flox littermate con-
trols. Substantially induced hyperplasia is evident 72 h after UVB 
exposure in both Cox-2flox/flox cohorts (Figure 3). Acute UV irradia-
tion of Cox-2flox/flox;LysMCre+ mice, in which UVB tumor induc-
tion is not effected (Figure 2), induces skin hyperplasia similar to 
Cox-2flox/flox littermate controls (Figure 3). In contrast, Cox-2flox/flox; 
K14Cre+ mice, which exhibit reduced skin tumor formation in 
response to UVB irradiation (Figure 2), also exhibit reduced skin 

hyperplasia 72 h after UV irradiation compared with Cox-2flox/flox 
controls (Figure 3).

COX-2 expression is induced in skin epithelial cells of SKH-1 mice 
following a single UVB irradiation exposure, and is absent in mice 
with an epithelial cell-specific Cox-2 gene deletion
COX-2 expression was easily detectable in epithelial cells of SKH-1 
Cox-2flox/flox mice following UVB irradiation (Figure 4A). Although 
modest expression was observed at the first time point monitored 
(24 h), the percentage of cells expressing COX-2 was substantially 
increased at 72 h. In contrast, no COX-2 expression was detectable in 
skin epithelial cells of SKH-1 Cox-2flox/flox;K14Cre+ mice, again dem-
onstrating the extensive penetrance of Cre cleavage of the Cox-2flox/flox 
genes by keratin14-driven Cre recombinase.

DNA damage measurements in skin epithelial cells of SKH-1 mice 
are similar, following a single UVB irradiation exposure, in SKH-1 
control Cox-2flox/flox mice and Cox-2flox/flox; K14Cre+ mice with an 
epithelial cell-specific Cox-2 gene deletion
Phosphorylation of H2AX (γH2AX) in epithelial cells, reflecting 
DNA damage, is an early response to SKH-1 mouse skin UVB irradi-
ation (22,23). To determine whether intrinsic COX-2 expression in the 
skin epithelial cells modulates this measurement of DNA damage fol-
lowing UVB irradiation, we analyzed γH2AX in SKH-1 Cox-2flox/flox; 
K14Cre+ mice and in Cox-2flox/flox littermate controls (Figure 4B). No 
difference in the time or extent of γH2AX was observed.
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Fig. 3. Epidermal hyperplasia is reduced in response to UVB irradiation in mice with an epidermal cell-specific Cox-2 gene deletion but is not affected in 
UVB-irradiated mice with a myeloid cell-specific Cox-2 gene deletion. (A) H&E sections from the skin of Cox-2flox/flox;K14Cre+ mice (n = 4) and their littermate 
Cox-2flox/flox mice (n = 4), and from skin of Cox-2flox/flox;LysMCre+ mice (n = 4) and their littermate Cox-2flox/flox mice (n = 4) at the times shown following a single 
UVB irradiation. After UV irradiation, Cox-2flox/flox;K14Cre+ mice exhibit decreased epidermal hyperplasia compared with littermate Cox-2flox/flox mice. (B) 
Quantification of epidermal thickness. Error bars are standard deviation. **P < 0.01. Scale bar: 50 µm.
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Like γH2AX, p53 is an early response to a single UVB irradiation of 
SKH-1 mice (22–24). Sulindac, a cyclooxygenase inhibitor, is reported to 
reduce p53 expression in UVB-irradiated skin of SKH-1 mice (25). UVB 
irradiation induced p53 expression in both SKH-1 Cox-2flox/flox;K14Cre+ 
and their Cox-2flox/flox littermate controls. However, there was no signifi-
cant difference detectable between the two strains (Figure 4C).

Epidermal cell-specific Cox-2 gene deletion in SKH-1 mice does 
not alter acute UVB-induced epidermal cell proliferation or epi-
dermal cell differentiation, but increases UVB-induced apoptosis
Proliferation and differentiation of keratinocytes and keratinocyte 
precursors are modulated by a variety of factors. During movement of 
basal cells to suprabasal positions, the cells undergo terminal differ-
entiation. The balance between keratinocyte proliferation, differentia-
tion and cell death regulates epidermal homeostasis (26). To identify 
possible mediators for the altered hyperplastic response to acute UVB 
irradiation for SKH-1 mice with an epidermal cell-specific-targeted 
Cox-2 gene deletion (Figure  3), we examined Cox-2flox/flox;K14Cre+ 
mice and their Cox-2flox/flox littermates for possible differences in cell 
proliferation, epidermal cell differentiation and apoptosis following 
UVB irradiation (Figure 5).

To determine if reduced skin hyperplasia of UVB-irradiated Cox-
2flox/flox;K14Cre+ mice relative to littermate Cox-2flox/flox mice (Figure 3) 
correlates with a reduction in keratinocyte proliferation, Ki67 expres-
sion was examined in skin samples from untreated mice and from 
mice at 0, 24 and 72 h after a single UVB irradiation. Untreated skin 

of both Cox-2flox/flox;K14Cre+ mice and Cox-2flox/flox littermates have 
very few Ki67-positive cells. Following UVB irradiation, the skin 
of mice with an epithelial cell-specific Cox-2 deletion and the skin 
of their control mice had essentially identical, highly proliferative 
responses (Figure 5A, 72 h). Quantification of proliferation responses 
is shown in Figure 5A, right panel.

When keratinocytes become committed to differentiation, they 
express Keratin 1 (27). Increased basal cell differentiation was 
reported to contribute to the reduced hyperplasia in the skin of 
7,12-dimethylbenz[α]anthracene/12-O-tetradecanoylphorbol- 
13-acetate (DMBA/TPA)-treated mice with a global Cox-2−/− deletion 
(28). K1 antigen staining was very low in basal cells of untreated skin 
from both Cox-2flox/flox;K14Cre+ mice and their littermate Cox-2flox/flox 
controls. A  single UVB irradiation of SKH-1 Cox-2flox/flox;K14Cre+ 
mice and their Cox-2flox/flox littermates resulted in similar (low) per-
centages of skin basal cells expressing the K1 keratinocyte differen-
tiation antigen (Figure 5B, 72 h). Quantification of the data is shown 
in Figure 5B, right panel.

UVB radiation-induced apoptosis was significantly increased in 
homozygous global Cox-2−/− 129Ola/C57Bl6 knockout mice com-
pared with littermate Cox-2+/+ mice (20). Although not examined 
in homozygous Cox-2 SKH-1 knockouts, UVB-induced apoptosis 
was also increased, relative to control littermate Cox-2+/+ mice, in 
heterozygous SKH-1 global Cox-2+/- mice (12). To determine if the 
increase in apoptosis that accompanies loss of COX-2 expression is 
mediated by intrinsic epithelial cell-specific COX-2 expression, we 
examined UVB-induced apoptosis in SKH-1 Cox-2flox/flox;K14Cre+ 

Fig. 4. COX-2 expression and measurements of DNA damage in SKH-1 mice with an epithelial cell-specific Cox-2 gene deletion and in their littermate 
controls. (A) COX-2 protein expression in the interfollicular epidermis of SKH-1 Cox-2flox/flox;K14Cre+ mice (n = 3) and their littermate Cox-2flox/flox mice (n = 3) 
following a single UVB irradiation. The graph on the right shows quantification of the percentage of COX-2-positive epithelial cells. The panels on the left show 
immunohistochemical (IHC) results for cells irradiated for 72 h, the time of maximal COX-2 expression in this experiment. (B) γH2AX in the interfollicular 
epidermis of SKH-1Cox-2flox/flox;K14Cre+ mice (n = 3) and their littermate Cox-2flox/flox mice (n = 3) following a single UVB irradiation. The graph on the right 
shows quantification of the percentage of γH2AX-positive interfollicular epithelial cells. The panels on the left show IHC results for cells irradiated for 24 h. (C) 
p53 protein expression in the interfollicular epidermis of SKH-1 Cox-2flox/flox;K14Cre+ mice (n = 3) and their littermate Cox-2flox/flox mice (n = 3) following a single 
UVB irradiation. The graph on the right shows quantification of the percentage of p53-positive interfollicular epithelial cells. The panels on the left show IHC 
results for cells irradiated for 24 h. Scale bar: 50 µm.
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and littermate Cox-2flox/flox mice. Skin of both unirradiated SKH-1 
Cox-2flox/flox;K14Cre+ mice and control littermate Cox-2flox/flox mice 
has very few apoptotic cells, as indicated by cleaved Caspase-3 stain-
ing. Skin of SKH-1 Cox-2flox/flox mice has clearly detectable cleaved 
Caspase-3-positive apoptotic cells after a single acute UVB radiation 
exposure (Figure  5C, 24 h). Moreover, following UVB irradiation, 
the frequency of apoptotic cells is significantly increased at 24 h in 
the skin of SKH-1 Cox-2flox/flox;K14Cre+ mice with an epidermal cell-
specific Cox-2 gene deletion, relative to littermate Cox-2flox/flox mice. 
Quantification of cleaved Caspase-3-positive apoptotic cells is shown 
in Figure 5C, right panel. In contrast, the apoptotic index was iden-
tical in SKH-1 control Cox-2flox/flox mice and Cox-2flox/flox;LysMCre+ 
mice (Supplementary Figure 1, available at Carcinogenesis Online), 
in which Cox-2 gene deletion has no effect on UVB skin tumor induc-
tion (Figure 2). These data suggest a possible contributing role for the 
absence of COX-2 expression in the increased apoptosis and reduced 
hyperplasia observed in UVB-irradiated Cox-2flox/flox;K14Cre+ mice 
compared with control Cox-2flox/flox mice, and for the reduced tumor 
frequency observed in UVB-irradiated Cox-2flox/flox;K14Cre+ mice 
(Figure 1).

UVB-induced tumors from mice with an epidermal cell-specific 
Cox-2 deletion exhibit both a decreased proliferation index and 
an increased extent of differentiation compared with tumors from  
littermate Cox-2flox/flox mice
Fewer tumors are induced in response to UVB irradiation in Cox-2flox/flox; 
K14Cre+ mice with an epithelial cell-targeted Cox-2 gene deletion 
than in their Cox-2flox/flox littermates (Figure  1). Moreover, the pap-
illomas that are induced grow more slowly and do not progress to 
SCCs (Figure 2C). In acutely irradiated skin, there are no measurable 

differences either in UVB-induced epithelial cell proliferation or in 
basal cell differentiation (Figure 5A and B). However, UVB-induced 
apoptosis occurs to a greater extent in skin of Cox-2flox/flox;K14Cre+ 
mice than in their Cox-2flox/flox littermates (Figure 5C). Here, we meas-
ure those same properties in UVB-induced skin papillomas to assess 
whether these same intrinsic epithelial cell characteristics are modi-
fied by epithelial cell-specific Cox-2 gene deletion in skin tumors of 
Cox-2flox/flox;K14Cre+ mice relative to tumors on control Cox-2flox/

flox mice.
Although proliferation rates for skin epithelial cells of UVB-treated 

Cox-2flox/flox;K14Cre+ mice and their UVB-irradiated littermate con-
trol Cox-2flox/flox mice were similar (Figure 5A), proliferation rates for 
epithelial cells in papillomas present on UVB-induced Cox-2flox/flox; 
K14Cre+ mice were significantly lower than proliferation rates 
observed for papillomas on control Cox-2flox/flox mice (Figure 6A).

Loss of K1 expression is associated with papilloma progression 
to higher grade tumors (29). In addition to a decreased proliferation 
rate, epithelial cell differentiation (evaluated as Keratin1 expres-
sion) is significantly increased in tumors of SKH-1 mice with an 
epithelial cell-specific Cox-2 gene deletion, in comparison with 
their Cox-2flox/flox controls (Figure 6B). Apoptosis, as measured by 
cleaved Caspase-3 staining, was very infrequent and was not distin-
guishably different in tumors from SKH-1 Cox-2flox/flox;K14Cre+ and 
littermate Cox-2flox/flox mice (Supplementary Figure  2, available at 
Carcinogenesis Online).

Intrinsic, epithelial cell-specific Cox-2 gene deletion clearly 
modifies both proliferation rate and differentiation characteristics 
of UVB-induced tumors on SKH-1 mice. These data suggest that 
intrinsic epithelial cell COX-2 expression play a major role in driv-
ing both the proliferation and progression of UVB-induced skin 
tumors.

Fig. 5. Epidermal cell-specific Cox-2 deletion does not reduce epithelial cell proliferation or increase premature basal cell differentiation in response to UVB 
irradiation but results in increased apoptosis. (A) Ki67 protein expression in the skin of SKH-1 Cox-2flox/flox;K14Cre+ mice and their littermate Cox-2flox/flox mice 
following a single UVB irradiation. The graph on the right shows quantification of the percentage of Ki67-positive basal epithelial cells. The panels on the left show 
IHC results for cells irradiated for 72 h, (B) K1 protein expression in the skin of SKH-1 Cox-2flox/flox;K14Cre+ mice and their littermate Cox-2flox/flox mice following a 
single UVB irradiation. The graph on the right shows quantification of the percentage of K1-positive basal epithelial cells. The panels on the left show IHC results 
for cells irradiated for 72 h, (C) cleaved Caspase-3 protein expression in the interfollicular epidermis of SKH-1 Cox-2flox/flox;K14Cre+ mice and their littermate 
Cox-2flox/flox mice following a single UVB irradiation. The graph on the right shows quantification of the percentage of cleaved Caspase-3-positive (apoptotic cells) 
epithelial cells. The panels on the left show IHC results for cells irradiated for 24 h. Error bars are standard deviation. *P < 0.05. Scale bar: 50 µm.
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Vascularization of UVB-induced tumors of SKH-1 Cox-2flox/flox; 
K14Cre+ mice is reduced compared with tumors present on control 
Cox-2flox/flox mice
It is possible, and even likely, that elimination of intrinsic COX-2 
expression in the epithelial cells of UVB-induced tumors influences 
the surrounding cells of the microenvironment and consequently the 
effect of those cells on tumor proliferation, promotion and/or pro-
gression. To investigate this possibility, we measured the vascularity 
of papillomas present on SKH-1 Cox-2flox/flox;K14Cre+ mice, in which 
the Cox-2 gene is deleted only in the tumor cells and in papillomas 
from littermate Cox-2flox/flox control mice. Vascularity was signifi-
cantly reduced in papillomas from Cox-2flox/flox;K14Cre+ mice com-
pared with vascularity in papillomas from control Cox-2flox/flox mice 
(Figure 6C).

Discussion

Biochemical, genetic and pharmacologic studies suggest that COX-2 
plays a major role in epithelial cancers. COX-2 protein is overex-
pressed in many human epithelial carcinomas, including bladder, 
brain, breast, cervix, colorectal, esophagus, head and neck, liver, lung, 
pancreas, prostate, skin and stomach tumors (10). COX-2 inhibitors 

have been most extensively tested clinically as chemotherapeutic and 
preventive agents in patients at risk for colon cancer. Clinical trials 
with COX-2 inhibitors demonstrate a role for COX-2 in hereditary 
and spontaneous colon cancer (30), and celecoxib remains an FDA-
approved chemopreventive agent for patients with familial adeno-
matous polyposis. Pharmacologic studies with COX-2 inhibitors in 
mouse models and in clinical trials have implicated elevated COX-2 
levels as contributory to lung, breast, prostate, pancreatic, esophageal, 
skin and stomach cancer and suggested the potential use of coxibs in 
cancer prevention and chemotherapy (31,32).

Skin tumor induction in mice is the most widely studied preclinical 
cancer model for relatively obvious reasons—one can easily moni-
tor the time of tumor appearance, the frequency of tumor occurrence 
and the size of the tumors. In addition, effects of potential enhanc-
ers and inhibitors of tumor development can easily be monitored, 
non-invasively and in real time, by inspection. The most extensively 
studied model of skin cancer is the DMBA/TPA initiation/promotion 
paradigm (29,33). UVB irradiation-induced skin cancer in SKH-1 
mice shares many of the same experimental advantages but has more 
extensive genetic restrictions in its applications. Although chemi-
cally induced skin cancer and UVB-induced skin cancer are similar in 
many respects, their skin cancer endpoints are reached by somewhat 
different pathways. In the DMBA/TPA initiation/promotion model, a 

Fig. 6. Tumor cell proliferation, tumor cell differentiation and tumor vascularization of UVB-induced tumors from mice with an epithelial cell-specific Cox-2 
gene deletion. (A) Ki67 protein expression in tumors of SKH-1 Cox-2flox/flox;K14Cre+ mice and their littermate Cox-2flox/flox mice. The panels on the left show IHC 
results. The graph on the right shows quantification of the percentage of Ki67-positive epithelial cells. (B) K1 protein expression in tumors of SKH-1 Cox-2flox/flox; 
K14Cre+ mice and their littermate Cox-2flox/flox mice. The panels on the left show IHC results. The graph on the right shows quantification of the percentage of 
K1-positive epithelial cells. (C) Vascularization of tumors from SKH-1 Cox-2flox/flox;K14Cre+ mice and their littermate Cox-2flox/flox mice. The panels on the left 
show IHC results for the CD31 endothelial antigen, outlining vessels. The graph on the right shows quantification of the number of vessels per square millimeter 
of tumor. For all cases, each symbol represents the measurement from a single tumor. *P < 0.05. **P < 0.01. Scale bar: 50 µm.
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well-defined initiation event, a c-Ha-ras gene mutation in an endog-
enous epithelial cell precursor, occurs in response to DMBA (29). In 
contrast, no initiating mutation has been clearly defined in the UVB-
induced SKH-1 mouse skin cancer model. However, UVB SKH-1 
skin cancer more closely resembles the human clinical syndrome; 
p53 mutations (not common in DMBA/TPA-induced skin tumors) are 
often associated with both clinical (34,35) and experimental UVB-
induced (36,37) premalignant actinic keratoses and SCCs.

COX-1 and COX-2 requirements differ between the DMBA/TPA 
and UVB skin cancer models. COX-2 expression is required both 
for DMBA/TPA-induced (28) and for UVB-induced skin cancer 
(12). COX-1 expression is also essential for DMBA/TPA skin can-
cer induction (28); however, COX-1 expression is not necessary for 
UVB-induced skin cancer (11,12).

COX-2 is present in epithelial cells of UVB-induced SKH-1 tumors, 
and in lymphocytes, histiocytes, macrophages and dermal fibroblasts 
of the tumor stroma (5). COX-2 inhibition studies and global Cox-2 
gene deletion studies cannot identify the cell type(s) in which COX-2 
expression is necessary to drive skin tumors; both eliminate COX-2 
function in all cells. Our data allow us to reach conclusions that can-
not be determined by any protocol other than cell-specific Cox-2 gene 
deletion: (i) intrinsic, cell-autonomous COX-2-dependent prostanoid 
production in epithelial skin cells plays a major role in UVB-induced 
tumor formation (Figure 1); (ii) myeloid/macrophage COX-2 expres-
sion plays no discernable role in UVB-induced skin tumor induction 
(Figure 2); (iii) tumor progression from papilloma to SCC is highly, 
perhaps completely, dependent on intrinsic epithelial tumor cell 
COX-2 expression (Figure 2C) and (iv) since skin epithelial cell-tar-
geted Cox-2 deletion does not eliminate all UVB-induced skin tumo-
rigenesis, there may be another cell type(s) in which COX-2 function 
drives these tumors and/or there may exist a COX-2 independent 
pathway(s) to UVB-induced skin cancer.

Targeted Cox-2 gene deletion has also been examined in mouse 
pancreatic and breast cancer models but was confined only to the 
appropriate epithelial cell. In the pancreatic cancer model, the time 
to 50% survival was more than doubled in mice homozygous for 
epithelial cell-specific Cox-2 gene deletion (18). In the breast cancer 
model, targeted mammary epithelial Cox-2 gene deletion resulted a 
~30% increase in the time required for 50% of the mice to develop an 
observable tumor (38).

Clearly, COX-2 expression in other cell types can modulate bio-
logical function. Targeted intestinal epithelial Cox-2 gene dele-
tion did not modify colitis in the mouse model of repeated dextran 
sodium sulfate administration. In contrast, targeted Cox-2 gene dele-
tion in either endothelial or myeloid/macrophage cells exacerbated 
dextran sodium sulfate-induced colitis (16). Cell-specific COX-2 
function is likely to vary substantially from one biological context 
to another; targeted Cox-2 gene will be required to clarify COX-2 
cell-specific roles.

In attempting to understand the role of COX-2 in UVB-irradiated 
skin tumor induction in SKH-1 mice, the consequences of pharmaco-
logic interventions on skin DNA damage, hyperplasia, proliferation 
and apoptosis in response to acute UVB exposure have been exam-
ined. Treatment of Cox-2+/+ SKH-1 mice with the COX-2 inhibi-
tor SC-791 (21) or with sulindac (25) reduces acute UVB-induced 
hyperplasia and increases UVB-induced epidermal cell apoptosis. 
However, these experiments cannot determine whether these phe-
notypes, proposed to be causal in the reduced UVB-induced tumor 
frequency, result from loss of intrinsic, autonomous COX-2 function 
in skin epithelial cells or result from loss of COX-2 function by other 
cell types in the skin epithelial cell environment. Our studies deter-
mined that the reduction in skin hyperplasia observed previously in 
UVB-irradiated SKH-1 mice treated with cyclooxygenase inhibitors 
(21) is due predominantly, if not entirely, to the absence of intrin-
sic, autonomous COX-2 function in skin epithelial cells (Figure 3). 
Similarly, a substantial portion, and perhaps all, of the increase in 
apoptosis observed in UVB-irradiated skin of SKH-1 mice treated 
with cyclooxygenase inhibitors (21) is also due to loss of intrinsic, 
endogenous COX-2 expression in skin epithelial cells (Figure  5C). 

In contrast, several DNA damage responses previously demonstrated 
in SKH-1 skin following UVB irradiation (22,24) are not modulated 
by absence of epithelial cell-specific COX-2 (Figure 4B and C). The 
bulk of the early events mediated by COX-2 in response to acute UVB 
radiation appear to be associated with intrinsic, epithelial cell-auton-
omous COX-2 expression/function; COX-2 expression in other cell 
types seems to play a minor (if any) role.

It seems clear that, in the early responses to UVB irradiation, intrin-
sic epithelial cell COX-2 expression mediates two major observable 
changes in skin: hyperplasia and increased apoptosis. Intrinsic COX-2 
expression also modulates papilloma promotion and progression; epi-
thelial cell-specific Cox-2 gene deletion reduces tumor cell prolifera-
tion (Figure 6A), enhances tumor cell differentiation (Figure 6B) and 
prevents papilloma progression to SCCs (Figure 2C). Lao et al. (39), 
approaching the question of the role of epithelial cell-specific COX-2 
expression in skin cancer from a different perspective, also suggest 
that epithelial cell-intrinsic COX-2 expression plays a major role in 
skin cancer progression. They compared tumor formation by v-H-ras-
transformed Cox-2+/+ and Cox-2−/− keratinocytes grafted onto immu-
nodeficient mice; as in our studies with epithelial cell-specific Cox-2 
gene deletion, tumor size and incidence were reduced and ‘resulted 
from reduced keratinocyte proliferation and accelerated keratinocyte 
differentiation’.

Clearly, it is attractive to suggest that these tumor responses 
(reduced tumor cell proliferation, enhanced tumor cell differentiation, 
inability to progress to SCCs) are the direct result of intrinsic Cox-2 
gene deletion, perhaps due to an autocrine effect in which epithelial 
cell COX-2 prostanoids ‘feedback’ on these cells through prostanoid 
receptors. However, our data demonstrate that the role(s) of epithe-
lial cell-specific COX-2 expression in skin cancer formation is more 
complicated; targeted epithelial cell-specific elimination of COX-2 
expression also reduces vascularization of the tumor, suggesting (i) 
that epithelial cell COX-2-dependent prostanoids modulate the biol-
ogy of cells in the tumor microenvironment and (ii) that, in response, 
the participation in tumor progression of other cells in the micro-
environment (e.g. endothelial cells, myeloid cells, myofibroblasts, 
mesenchymal stem cells) is modulated by epithelial cell-specific 
COX-2 products. These alternatives, such as studies described here 
to identify the cell type(s) in which COX-2 expression is necessary 
for UVB skin cancer induction, will require targeted deletion of the 
Cox-2 gene and the various prostanoid receptors in specific cell types 
in the tumor microenvironment and examination of the consequences 
of these targeted deletions on tumorigenesis. Similar concerns for 
cell-specific roles for all tumor-modulating extracellular signaling 
molecules, and their receptors, exist and will need to be similarly 
explored.

Supplementary material

Supplementary Figures 1 and 2 can be found at http://carcin.oxford-
journals.org/
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