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Using a mouse skin tumor model, we reported previously that
cyclooxygenase-2 (COX-2) deficiency reduced papilloma for-
mation. However, this model did not differentiate between the
effects of systemic COX-2-deficiency and keratinocyte-specific
COX-2 deficiency on tumor formation. To determine whether
keratinocyte-specific COX-2 deficiency reduced papilloma for-
mation, v-H-ras-transformed COX-2+/+ and COX-2—/- Kkeratino-
cytes were grafted onto nude mice and tumor development was
compared. Transformed COX-2+/+ and COX-2-/- keratino-
cytes expressed similar levels of H-ras, epidermal growth factor
receptor and phospho-extracellular signal-regulated kinasel/2 in
vitro; and COX-2-deficiency did not reduce uninfected or v-H-ras
infected keratinocyte replication. In contrast, tumors arising from
grafted transformed COX-2+/+ and COX-2-/- keratinocytes
expressed similar levels of H-ras, but COX-2 deficiency reduced
phospho-extracellular signal-regulated kinase 1/2 and epidermal
growth factor receptor levels 50-60% and tumor volume by 80%
at 3 weeks. Two factors appeared to account for the reduced pap-
illoma size. First, papillomas derived from COX-2—/- Kkeratino-
cytes showed about 70% decreased proliferation, as measured
by bromodeoxyuridine incorporation, compared with papillomas
derived from COX-2+/+ Kkeratinocytes. Second, keratin 1 immu-
nostaining of papillomas indicated that COX-2—/- keratinocytes
prematurely initiated terminal differentiation. Differences in the
levels of apoptosis and vascularization did not appear to be con-
tributing factors as their levels were similar in tumors derived
from COX-2-/- and COX-2+/+ keratinocytes. Overall, the data
are in agreement with our previous observations that decreased
papilloma number and size on COX-2—/- mice resulted from
reduced keratinocyte proliferation and accelerated keratinocyte
differentiation. Furthermore, the data indicate that deficiency/
inhibition of COX-2 in the initiated keratinocyte is an important
determinant of papilloma forming ability.

Introduction

Non-melanoma skin cancers are among the most prevalent cancers
affecting humans (1). Because the rising incidence of non-melanoma
skin cancers represents a significant impact on human health and med-
ical costs, understanding the molecular mechanisms underlying skin
cancer development and developing chemopreventive/chemothera-
peutic approaches are active areas of investigation. Prostaglandins
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(PGs), which are generated by cyclooxygenase-1 and -2 (COX-1
and COX-2), are elevated in most tumor types including skin tumors
(for reviews see (2-6)). Mouse models in which COX-1 or COX-2
have been genetically altered or pharmacologically inhibited have
shown that the PGs play an important role in the development of both
chemical- and ultraviolet (UV) light-induced skin tumors (for reviews
see (5,0)). Although both COX-1 and COX-2 can contribute to skin
tumor development (7,8), it is COX-2 that is upregulated in most
tumor types, including skin tumors (5,6,9). Because COX-2 plays key
roles in tumor development, elucidating its cell type—specific loca-
tion in tumors and its mechanistic contributions to tumor development
remains active areas of investigation.

A number of studies have indicated roles for COX-2 and the PGs it
generates in skin tumor development and growth. Studies with mice
genetically deficient for COX-2 showed decreased PG production and
decreased tumor size and multiplicity when either chemical initiation/
promotion or UV exposure protocols were used to induce papillo-
mas or squamous cell tumors (7,10). COX-2-deficiency has also been
reported to reduce basal-cell carcinoma size and multiplicity in the
PTCH1+/— mouse exposed to ionizing radiation (8). Furthermore,
transgenic mice overexpressing COX-2 showed increased PG produc-
tion and increased skin tumor formation following chemical treatment
or UV exposure (10-13) suggesting that COX-2 overexpression con-
tributed to the promotion of skin tumor development. Thus, COX-2
deficiency has been demonstrated to decrease mouse skin tumor for-
mation, whereas COX-2 overexpression has been shown to increase
both UV and chemically induced mouse skin tumors.

In addition to the effects of COX-2 genetic modification, pharma-
cological inhibition of COX-2, using COX-2 selective inhibitors, sup-
pressed chemically and UV-induced skin tumor development in mice
(14-17) further supporting a role for COX-2-generated PGs in skin
tumor development. In addition to the effects of gene disruption and
COX-2 inhibitors on skin tumor formation in mice, COX-2 inhibition
has also been demonstrated to inhibit the growth of grafted tumors in
various animal models. The selective COX-2 inhibitor, meloxicam,
suppressed tumor development when a human ovarian cancer cell line
was xenotransplanted subcutaneously into nude mice (18), and Ragel
et al. (19) demonstrated that celecoxib reduced tumor growth when
meningioma cells were transplanted into nude mice.

In the above studies utilizing COX-2-deficient mice or COX-2
selective inhibitors to inhibit tumor development, the results did not
differentiate between systemic inhibition of COX-2 in the host and
inhibition of COX-2 in the tumor cells. In an attempt to assess the host
effects of systemic COX-2 deficiency, Williams ez al. (20) transplanted
Lewis Lung Carcinoma cells into COX-2+/+ and COX-2—/— mice and
observed that host COX-2 deficiency significantly attenuated tumor
growth. Although these data support a role for the systemic deficiency
of COX-2 in reducing tumor growth, they do not rule out the possibil-
ity that COX-2 deficiency in the tumor cell itself can also contribute
to reduced tumor growth.

Based on our previous study demonstrating that initiated/promoted
COX-2—-/- mice developed fewer and smaller papillomas (7), we
undertook the present study to investigate the possibility that COX-2
deficiency in the keratinocyte itself could reduce tumor development.
As H-ras mutation is a key event in the initiation/promotion skin tumor
model (21), we utilized the approach of Dlugosz et al. (22) on grafting
primary Harvey ras oncogene (v-H-ras)-transduced COX-2+/+ and
COX-2-/- keratinocytes as orthografts onto nude mice and compared
the ability of these cells to form tumors in a COX-2+/+ background.
Herein, we show that v-H-ras-transformed COX-2—/— keratinocytes,
in agreement with our studies utilizing initiated/promoted COX-2—/—
mice(7), formed fewer and smaller papillomas compared with
v-H-ras-transformed COX-2+/+ keratinocytes. In addition, we
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demonstrate that papillomas arising from COX-2—-/- keratinocytes
showed decreased epidermal growth factor receptor (EGFR) and
phospho-extracellular signal-regulated kinase 1/2 (p-ERK1/2)
levels, as well as decreased keratinocyte proliferation concomitant
with accelerated keratinocyte terminal differentiation. Thus, COX-2
deficiency in the keratinocyte itself is sufficient to reduce skin tumor
development.

Materials and methods

Animals

COX-2+/+ and COX-2—/— mice (23) were obtained from Taconic Farms
(Germantown, NY). The COX-2 mice are maintained on a C57Bl/6-1290Ila
background as originally described (23). The COX-2+/+ and COX-2—/— mice
utilized were generated by mating COX-2+/— X COX-2+4/— mice. Athymic
nude mice were obtained from the National Cancer Institute (Frederick, MD)
and housed in the National Institute of Environmental Health Sciences animal
facility under 12-h light/dark cycle and food and water provided ad libitum.
All animals were maintained in accordance with Institutional guidelines gov-
erning the care and use of experimental animals under an animal-use protocol
approved by the National Institute of Environmental Health Sciences Animal
Care and Use Committee.

Keratinocyte isolation, culture and v-H-ras infection

The COX-2+4/+ and COX-2—/- keratinocytes were obtained from littermates
derived by COX-2+/- X COX-2+/— breedings. The keratinocytes were
obtained from 1- to 2-day-old pups, and after genotype identification by PCR
(24), keratinocytes of similar genotypes were combined. Briefly, the skin was
digested overnight in 0.25% trypsin at 4°C to separate the epidermis from
the dermis. COX-2+/+ fibroblasts were isolated from the dermis and grown
in Ca?*-free Eagle's minimum essential medium (BioWhittaker, Walkersville,
MD) supplemented with 10% fetal bovine serum and 100 units/ml penicillin,
100 pg/ml streptomycin, 250ng/ml Fungizone (all from Invitrogen, Carlsbad,
CA). Pooled keratinocytes from COX-2+/+ and COX-2—/— neonates were
seeded at a density of 3.5 to 4.0x 10° cells per 100mm dish, using Eagle's
minimum essential medium as described above. After 4h in culture (37°C,
5% CO,), media was removed and replaced with keratinocyte serum-free
medium, supplemented with 50 pg/ml bovine pituitary extract, Sng/ml
recombinant human epidermal growth factor, 5 pg/ml gentamycin (all from
Invitrogen, Carlsbad, CA). The Ca?* concentration in the medium was adjusted
to 0.05mM. The day the cells were seeded was defined as day 0.

On day 2, keratinocytes in keratinocyte serum-free medium were infected
with a 1:10 dilution of replication-defective v-H-ras retrovirus in the pres-
ence of 4 pg/ml polybrene (22) for 1h followed by a medium change. For cell
growth comparisons, COX-2+/+ and COX-2-/- keratinocytes were seeded at
0.75% 10° cells per 35mm dish and infected as described above. Cell counts
were obtained in triplicate for control and infected cells on days 2 and 6 for
both genotypes with the Beckman Z1 Coulter particle counter. The average
cell numbers for the four types of cells, COX-2+/+ control, COX-2+/+ v-H-ras
infected, COX-2—/- control and COX-2—/— v-H-ras infected, were compared
using the Student’s r-test. A P-value of 0.05 or less was considered significant.

Grafting of v-H-ras-infected keratinocytes onto athymic nude mice

Athymic mice were prepared for grafting by implanting a silicone dome subcu-
taneously in the dorsal surface skin and allowing it to heal for 2 days (25). The
v-H-ras-transformed keratinocytes to be grafted were harvested after 6 days
growth in culture, and a slurry containing 3x 10° v-H-ras-infected keratino-
cytes combined with 6 x 10° COX-2+/+ fibroblasts was applied to the exposed
dorsal fascia within the silicone chamber through the port on the apex of the
dome (25). The grafting chambers were removed 1 week later and mice were
monitored weekly for tumor growth. Tumor dimensions were measured on a
weekly basis for 4 weeks and tumor volumes were determined by multiplying
tumor length, width and height.

Western blot analysis

For western blot analysis, proteins were isolated from non-infected and
v-H-ras-infected COX-2+/+ and COX-2—/— keratinocytes in culture or from
grafted papillomas. Cells or tissues were immediately placed in lysis buffer
(Cell Signaling Technology, Danvers, MA) containing 1 mM phenylmethyl-
sulfonylfluoride. The protein content was determined using the Bicinchoninic
acid assay (BCA). (Pierce, Rockford, IL) according to manufacturer’s instruc-
tions. Equal amounts (30 pg) of protein were loaded onto 4-12% NuPAGE
Bis-Tris Gels (Invitrogen, Carlsbad, CA) and electroblotted onto nitrocellulose
membranes. Blots were stained with antibodies to H-ras (anti-mouse, 1:2000,
from BD Biosciences, San Diego, CA), COX-1 (1:1000), COX-2 (1:1000)
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(both from Cayman Chemical, Ann Arbor, MI), p-ERK (1:500, Cell Signaling
Technology, Danvers, MA), total ERK (1:1000, Cell Signaling Technology,
Danvers, MA) or EGFR (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA).
Blots were then incubated with a secondary antibody (anti-rabbit or mouse
IgG, horse radish peroxidase-linked antibody from Cell Signaling Technology,
Danvers, MA) and signals detected using the enhanced chemiluminescence
reagent (GE Healthcare, Piscataway, NJ).

Immunohistochemistry

The preparation of skin tissues for immunohistochemistry has been described
previously (7). Following the blocking of endogenous peroxidases with 3%
aqueous hydrogen peroxide, sections were subjected to antigen retrieval by
heating in antigen unmasking solution according to the manufacturer’s instruc-
tions (Vector Laboratories, Burlingame, CA). All antibodies were diluted in
Ix automation buffer (Biomeda Corp., Foster City, CA) containing 1% bovine
serum albumin (Sigma Chemical Co., St. Louis, MO) and 1% non-fat dry milk.
Sections were incubated with various primary antibodies according to the fol-
lowing conditions: COX-1 at 1:1000 dilution, COX-2 at 1:5000 dilution (both
antibodies were obtained from Cayman Chemical, Ann Arbor, MI) or keratin 1
at 1:4000 dilution (Covance Research Products, Berkeley, CA) and were incu-
bated overnight at 4°C. For detection of bromodeoxyuridine (BrdU) incorpo-
ration, an anti-BrdU antibody was used at 1:800 dilution (Accurate Chemical
and Scientific Corp., Westbury, NY) and incubated at room temperature for
30min. Factor VIII primary antibody was used at a 1:500 dilution (Biocare
Medical, Concord, CA) and incubated at room temperature for 1h. Antibody
binding was detected using Vectastain Elite ABC Kits (Vector Laboratories,
Burlingame, CA) according to the manufacturer’s instructions.

BrdU labeling

Mice were euthanized at 14 and 20 days after grafting to compare cell prolif-
eration as measured by BrdU (GE Healthcare, Piscataway, NJ) incorporation.
Two hours prior to sacrifice, each mouse received an intraperitoneal injection of
a BrdU-labeling solution (10 mM BrdU and 1 mM FdU in phosphate-buffered
saline, 1 m1/100 g mouse body weight). Tumors were collected and fixed over-
night in 10% neutral buffered formalin and then processed by standard his-
tological procedures and paraffin embedded. Tissue sections were prepared
for histological examination and immunohistochemical analysis as described
above. BrdU incorporation in COX-2+/+ and COX-2—/— tumors was compared
by counting BrdU-labeled keratinocytes per 100 basal cells in four papillo-
mas at each time point and genotype. The percentage of BrdU-labeled cells
was then determined and a P-value of 0.05 or less was considered statistically
significant.

Assessment of vascularization

Angiogenesis in COX-2+/+ and COX-2—/— tumors was evaluated using Factor
VIII immunohistochemistry to identify endothelial cells and counting the
stained blood vessels. Photos of stained slides were taken from four papillomas
for each time point of each genotype and the average number of vessels per
mm? determined. The data from COX-2+/+ and COX-2-/- papillomas were
compared using the Student’s 7-test and a P-value of 0.05 or less was consid-
ered statistically significant.

Apoptosis

Apoptotic cells were detected in paraffin-embedded sections using the
Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling
(TUNEL) system kit (DeadEnd™, Promega, Madison, WI) according to the
manufacturer’s instructions. Four papillomas of each genotype were collected
14 days after grafting and 20 microscope fields were counted for each mouse.
The data are expressed as the number of apoptotic cells/10,000 cells.

Results

Characterization  of
COX-2—/- keratinocytes

Keratinocytes harvested from the skin of newborn COX-2+/+ and
COX-2—-/- littermates were infected with a replication-defective
v-H-ras retrovirus, and the effects of COX-2 deficiency on the
growth of control and infected cells were determined (Figure 1A).
Both COX-2+/+ and COX-2—/- keratinocytes exhibited similar cell
numbers when infected 2 days after seeding (Figure 1A). However,
after 6 days in culture (4 days post infection) uninfected and v-H-
ras-infected COX-2—-/— keratinocytes displayed a trend toward
slower growth compared with COX-2+/+ keratinocytes; but the
differences in growth did not reach statistical significance at P < 0.05
after 6 days in culture. Furthermore, both transformed COX-2+/+
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Fig. 1. Effects of COX-2 deficiency and v-H-ras transformation on
keratinocyte growth and expression of H-ras, pERK1/2, EGFR, COX-1 and
COX-2. (A) Keratinocytes were prepared from COX-2+/+ and COX-2—/- 1
to 2-day-old neonates, seeded at 0.75 x 10° cells per 35 mm dish and infected
with v-H-ras 2 days after seeding. Cells from three dishes for each genotype
plus/minus v-H-ras infection were counted 2 and 6 days after seeding; and
the experiment was repeated. Data are reported as mean + standard error,

n = 6 dishes. (B) Cell lysates were prepared 4 days post infection and western
blot analysis conducted to determine H-ras, p-ERK1/2, EGFR, COX-1 and
COX-2 levels in untransformed and v-H-ras-transformed keratinocytes

(30 pg per lane loaded). Actin was used as loading control and all protein
levels were determined by densitometry. The data are reported as mean
densitometry values + standard error from three independent blots. Ctrl:
control, ras: v-H-ras-transformed keratinocytes.

COX-2-deficient keratinocytes reduce tumorigenesis

and COX-2—/- keratinocytes expressed significantly increased and
comparable levels of total H-ras at 4 days post infection (Figure 1B),
indicating that COX-2 deficiency did not influence v-H-ras expression.
As expected, v-H-ras transfection increased p-ERK1/2 levels in both
COX-2+/+ and COX-2—/- keratinocytes, but COX-2 deficiency did
not reduce the level of activated ERK1/2 in keratinocytes in vitro.
Figure 1B also shows that EGFR levels were similar in COX-2+/+
and COX-2—/- keratinocytes and that EGFR levels in vitro were not
significantly altered by v-H-ras infection or by COX-2 deficiency.
COX-1 expression in COX-2+/+ and COX-2—-/— Kkeratinocytes
also was unchanged by v-H-ras-infection or COX-2 deficiency
(Figure 1B), and v-H-ras transfection did not alter COX-2 levels in
COX-2+/+ cells. Thus, the data indicate that both COX-2+/+ and
COX-2—/- keratinocytes were infected equally by v-H-ras and that
p-ERK1/2 levels in keratinocytes were elevated by v-H-ras infection
independent of COX-2 expression.

COX-2 deficiency reduced the growth of papillomas arising from
v-H-ras-transformed keratinocytes

Previous work in our laboratory demonstrated that COX-2 deficiency
resulted in reduced skin papilloma development using the two-stage
mouse skin model (7). To determine whether COX-2 deficiency in
the keratinocytes was sufficient to decrease tumor development, v-H-
ras-infected COX-2+/+ and COX-2—/— keratinocytes were grafted
as cutaneous orthografts onto nude mice and their abilities to form
tumors were compared. Figure 2A and 2B show the morphologies
and relative sizes of COX-2+/+ and COX-2—/— tumors at 4 weeks
post grafting. Tumor volume was significantly diminished in COX-
2—/— papillomas (Figure 2C), although lesions formed from both the
v-H-ras-transformed COX-2+/+ and COX-2—/- keratinocytes had the
typical morphology of squamous cell papillomas, consisting of an
inner stromal core surrounded by a stratified squamous epithelium.
Tumors arising from both COX-2+/+ and COX-2—/—keratinocytes
were apparent by 2 weeks post grafting (Figure 2C), but tumor sizes
were decreased in COX-2—/— tumors at all time points over the 4-week
course of the study. Furthermore, the tumor incidence of grafted COX-
2—/—- keratinocytes was decreased compared with grafted COX-2+/+
keratinocytes at all time points (Figure 2D). These data demonstrate
that COX-2 deficiency reduces both tumor size and incidence in v-H-
ras-infected keratinocytes through a cell-autonomous mechanism.

COX-2 deficiency reduced keratinocyte proliferation and acceler-
ated terminal differentiation in tumors

Because our previous work indicated that COX-2 deficiency caused
reduced keratinocyte proliferation and increased differentiation
in papillomas (7), the levels of keratinocyte proliferation and
differentiation were determined in the tumors of grafted COX-2+/+
and COX-2-deficient keratinocytes. To better compare the locations
of replicating and differentiating keratinocytes in the two genotypes,
serial papilloma sections were stained for BrdU and keratin 1, a
marker for the onset of terminal differentiation in keratinocytes
(26). As shown in Figure 3A, when proliferation was assessed by
BrdU incorporation, the tumors that developed from COX-2—/—
keratinocytes had significantly fewer BrdU-positive cells compared
with tumors arising from COX-2+/+ keratinocytes. In addition, the
localization of BrdU-positive cells was largely confined to the basal
layer in COX-2—/— tumors, whereas BrdU-labeled cells were observed
in the basal and suprabasal cells of tumors resulting from COX-2+/+
keratinocytes. Figure 3D shows quantitatively the differences in
percentage of BrdU-labeled cells for the two genotypes at days 14
and 20 post grafting. Thus, the data indicate an increase in the number
of proliferative cells in tumors arising from COX-2+/+ compared with
tumors arising from COX-2—/- keratinocytes.

The levels of terminal differentiation in the tumors resulting from
grafted COX-2+/+ and COX-2-deficient keratinocytes were deter-
mined by assessing the expression of keratin 1. As shown in Figure 3B,
and at a higher magnification in Figure 3C, keratin 1 expression
was primarily detectable 3-5 cell layers above the basal layer in
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Fig. 2. Deficiency of COX-2 in v-H-ras -ransformed keratinocytes causes
reduced papilloma growth. (A and B) Hematoxylin and eosin staining

of papillomas developed from v-H-ras-transformed COX-2+/+ or COX-

2—/— keratinocytes showed that both papilloma genotypes had the typical
morphology of squamous cell papillomas, consisting of a stromal core
surrounded by a proliferating stratified squamous epithelium, with COX-2—/—
tumors being significantly smaller. (C) Papillomas were visible by day 14 after
grafting in both genotypes and the sizes were determined by multiplying tumor
length, width and height. Size and incidence comparison for COX-2+/+ and
COX-2—/- papillomas were made at 2, 3 and 4 weeks post grafting. Data are
compiled from 33 mice/genotype from four independent experiments and are
reported as mean * standard error, *P < 0.05. (D) Tumor incidence comparison
for COX-2+/+ and COX-2—/— papillomas was made at 2, 3 and 4 weeks after
grafting. Data are compiled from 33 mice/genotype from four independent
experiments and are reported as mean + standard error, *P < 0.05.
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Fig. 3. Papillomas arising from mutant v-H-ras-transformed COX-2 —/—
keratinocytes exhibit decreased proliferation and increased differentiation.
(A) BrdU-labeled cells in the COX-2—/— papillomas mainly resided in

the basal cells, whereas in COX-2+/+ papillomas, BrdU-labeled cells are
observed both in basal cells and suprabasal cells. (B) The expression of
keratin 1 in COX-2+/+ and COX-2—/- papillomas. It should be noted that
BrdU incorporation and keratin 1 expression were mutually exclusive both in
COX-2+/+ and COX-2—/- papillomas. (C) Keratin 1 expression in COX-2+/+
and COX-2—/- papilloma from (B) above shown at higher magnification is
detected about 3-5 cell layers above the basal layer in COX-2+/+ papillomas,
whereas keratin 1 expression is generally detected 1-2 cell layers above the
basal cells in COX-2—/- papillomas. (D) Comparison of BrdU incorporation
at days 14 and 20 was determined by counting the BrdU-labeled cells from
four papillomas for each genotype and for each time point. Data were
expressed as the percentage of BrdU-labeled keratinocytes per 100 basal
cells per papilloma counted. Data are reported as mean * standard error, n=4
papillomas. **P < 0.001.



COX-2+/+ tumors, whereas keratin 1 expression was detectable 1-2
cell layers above the basal cells in COX-2—/— tumors (Figure 3B
and 3C). These data are in agreement with our previous report that
COX-2 deficiency caused the premature onset of terminal differentia-
tion in epidermal keratinocytes (7). The data in Figure 3A and 3B,
which are serial sections, indicate that areas of keratinocyte replica-
tion and terminal differentiation are essentially mutually exclusive in
papillomas resulting from both v-H-ras-transformed COX-2+/+ and
COX-2—/- keratinocytes.

COX-2 deficiency reduces p-ERK1/2 and EGFR levels in papillo-
mas, but not H-ras or COX-1 levels

Because papillomas resulting from COX-2-deficient keratinocytes
showed decreased keratinocyte proliferation, the levels of H-ras,
p-ERK1/2 and EGFR, effectors known to influence cell replication
(27,28), in COX-2+/+ and COX-2—-/- papillomas were compared.
Western blot analysis showed that the levels of H-ras were similar in
the tumors that developed from COX-2+/+ and COX-2—/- keratino-
cytes (Figure 4A). However, the levels of p-ERK1/2 and EGFR were
decreased by about 50-60% in tumors arising from COX-2-deficient
keratinocytes compared with the tumors derived from COX-2+/+
keratinocytes. The levels of these effectors in tumors arising from
COX-2+/+ and COX-2-deficient keratinocytes are in contrast to
the similar levels of p-ERK1/2 and EGFR observed in transformed
COX-2+/+ and COX-2—/- keratinocytes in culture (Figure 1B).
Furthermore, the data in Figure 4A show that COX-1 was expressed
at similar levels in the tumors that developed from COX-2+/+ and
COX-2—/- keratinocytes. In agreement with our previous study (7),
immunostaining for COX-1 in COX-2+/+ and COX-2—/— tumors
showed COX-1 expression was detected 2— 4 cell layers above the
basal layer in COX-2+/+ tumors and detected 1-2 cell layers above
the basal layer in COX-2—/—- tumors. In general, COX-1 expression
was co-localized with keratin 1 expression in COX-2+/+ and COX-
2—/—- papillomas (compare Figures 3B and 4C). The data in Figure 4B
show that COX-2 on the other hand was primarily localized in the
replicating basal-cell region of wild-type tumors (Figure 4B). As
expected, COX-2 was not detected by western blotting or immunohis-
tochemistry in tumors that developed from COX-2-deficient keratino-
cytes (Figure 4A and 4B).

COX-2 deficiency did not affect levels of apoptosis or vasculariza-
tion in papillomas
It has been reported that inhibition of COX-2 increases apoptosis
(29,30). However, in agreement with our previous finding (7), the lev-
els of apoptosis in tumors arising from COX-2+4/+ or COX-2-deficient
keratinocytes were similar (Figure 5A), indicating that apoptosis
was not a factor that contributed to the smaller size of tumors result-
ing from COX-2-deficient keratinocytes. Figure 5B shows actual
TUNEL-positive cells in COX-2+/+ and COX-2—/— papillomas.
COX-2 has also been reported to play an important role in tumor
angiogenesis (31-33), and therefore, tumors arising from COX-2—/—
keratinocytes were compared with tumors arising from COX-2+/+
keratinocytes for possible reduced levels of vascularization. Figure
5C shows tissue sections of COX-2+/+ and COX-2-deficient tumors
removed on day 20 after grafting and stained for Factor VIII, a marker
of endothelial cells (34). The data in Figure 5D show that COX-2+/+
and COX-2—/- tumors removed on day 14 or 20 contained similar
numbers of blood vessels in the stromal region of the tumors. These
data indicate that the intrinsic loss of COX-2 in transformed keratino-
cytes did not alter the level of vascularization during tumor develop-
ment and that decreased vascularization was not a cause of reduced
tumor growth in this model.

Discussion

In the present study, we investigated the contributions of
keratinocyte-specific COX-2 deficiency on skin tumor development by
utilizing a mouse keratinocyte grafting model (25). The data indicated

COX-2-deficient keratinocytes reduce tumorigenesis
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Fig. 4. Western blotting and immunohistochemistry of COX-2+/+ and
COX-2—-/- papillomas. (A) Protein lysates were prepared from two COX-
2+/+ papillomas and two COX-2—/— papillomas and analyzed for H-ras,
p-ERK1/2, total ERK1/2, EGFR, COX-2 and COX-1 by western blotting
(30 pg per lane loaded). The numbers above each lane represent densitometry
readings. (B) COX-2 immunostaining of COX-2+/+ papillomas indicated
that COX-2 is primarily located in the basal cells and, as expected, COX-2
was not detected in the COX-2—/— papillomas. (C) COX-1 immunostaining
indicated that the COX-2+/+ and COX-2—/— papillomas expressed COX-1 in
the suprabasal cell layers at comparable levels in agreement with the western
blotting results.

that v-H-ras-transformed COX-2-deficient keratinocytes displayed
delayed tumor onset and formed smaller tumors than transformed
COX-2+/+ keratinocytes. These results are in agreement with our pre-
vious report in which initiation/promotion of COX-2-deficient mice
resulted in delayed skin tumor onset and smaller tumors compared
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Fig. 5. COX-2 deficiency did not affect levels of apoptosis or vascularization
in papillomas. (A) Apoptotic cells were detected in paraffin-embedded
papilloma sections using the TUNEL assay. Four papillomas of each
genotype were collected 14 days after grafting and 20 microscope fields
were counted for each tumor. Data are expressed as the number of apoptotic
cells/10,000 cells (mean + standard error, n = 4). Both the COX-2+/+ and
COX-2—-/- papillomas showed similarly low levels of apoptosis. (B) COX-
2+/+ and COX-2—/- papilloma sections showing apoptotic cells stained in
the TUNEL assay. (C) Tissue sections of COX-2+/+ and COX-2—/— tumors
removed on day 20 after grafting and stained for FactorVIII, a marker of
endothelial cells. COX-2+/+ and COX-2—/— papillomas showed similar levels
of vascularization in both papilloma genotypes. (D) Quantitative analysis of
the number of vessels in four COX-2+/+ and COX-2—/— papillomas at day

14 or 20 post grafting was determined and the number of vessels per mm?
calculated. Data are reported as mean * standard error, n = 4. Statistical
analysis showed no difference in blood vessel numbers between COX-2+/+
and COX-2—/— papillomas.
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with COX-2+/+ mice (7). Furthermore, as was observed with tumors
induced on COX-2+/+ and COX-2-deficient mice, tumors arising from
v-H-ras-transformed COX-2—/— keratinocytes displayed reduced
keratinocyte replication and accelerated onset of keratinocyte ter-
minal differentiation compared with tumors arising from COX-2+/+
keratinocytes. Tumors arising from transformed COX-2—/- keratino-
cytes also showed reduced levels of the growth effectors, p-ERK1/2
and EGFR. Thus, the results indicate that keratinocyte-specific defi-
ciency of COX-2 results in similar effects on tumor development and
growth as does the systemic deficiency of COX-2 when skin tumors
are induced with the initiation/promotion protocol. Overall, the data
indicate that cell-autonomous COX-2 deficiency in the keratinocyte is
a significant factor in reducing skin tumor development in the mouse.

In an attempt to gain insight into the mechanism(s) by which
COX-2 deficiency decreased the size of tumors arising from v-H-
ras-transformed COX-2—/— keratinocytes (Figure 2A and 2B), the
levels of vascularization and apoptosis in wild-type and COX-2—/—
tumors were compared. It is known that blood vessel development
is an integral part of tumor growth and studies had linked COX-2
inhibition to decreased angiogenesis (33,35). However, when the
number of blood vessels in the stromal tissue of COX-2+/+ and
COX-2—/- papillomas was compared, no significant difference was
observed (Figure 5C and 5D). COX-2 inhibition has also been asso-
ciated with increased apoptosis in various types of cancer (36,37).
However, when apoptosis was measured in tumor epithelium aris-
ing from grafted COX-2—-/— keratinocytes, the data indicated that
COX-2+/+ and COX-2—/- papillomas had similar levels of apoptosis
(Figure 5A). These vascularization and apoptotic data are in agree-
ment with our earlier observations for the tumors that developed on
initiated/promoted COX-2-deficient mice (7) and indicate that neither
decreased vascularization nor increased apoptosis contributed to the
smaller tumor sizes in either model.

Mutated H-ras is a key effector in skin tumor development in
the initiation/promotion mouse model (21), and therefore the pos-
sible effects of COX-2 deficiency on H-ras expression in v-H-
ras-transformed keratinocytes in vitro and in grafted tumors in vivo
were determined. When COX-2+/+ and COX-2-/- keratinocytes
were transformed by v-H-ras, it was observed that neither the levels
of H-ras expression in the keratinocytes in vitro (Figure 1B) nor the
levels of H-ras in the resultant tumors (Figure 4A) was affected by
COX-2 deficiency. Thus, these results indicated that decreased H-ras
expression was not the cause of the reduced growth of tumors aris-
ing from COX-2-deficient keratinocytes. However, when the levels
of p-ERK and EGFR were determined in the tumors, it was observed
that their levels were decreased in COX-2—/— tumors compared with
COX-2+/+ tumors (Figure 4A) although their levels in COX-2+/+
and COX-2—/— keratinocytes in vitro were not significantly different
(Figure 1B). Although the mechanisms by which COX-2 deficiency
decreased EGFR and p-ERK levels in papillomas were not elucidated
in the present study, previous studies have indicated that COX-2 defi-
ciency or its inhibition can reduce EGFR and p-ERK levels (38,39).

EGEFR is a receptor tyrosine kinase that is known to have a role in
skin tumor formation (40,41) and has been demonstrated to activate
ERK1/2 and other effectors as tumors develop (42). The decreased
EGFR level in COX-2—/- papillomas observed in the present study
(Figure 4A) is relevant because grafting v-H-ras-transformed
EGFR-deficient keratinocytes onto nude mice(43) resulted in papil-
lomas demonstrating characteristics of the papillomas arising from
the transformed COX-2-deficient keratinocytes described herein. For
example, EGFR-deficient keratinocytes also produced smaller tumors
and the keratinocytes displayed premature differentiation as indi-
cated by keratin 1 and keratin 10 expressions. Thus, the decreased
EGFR expression observed in tumors arising from COX-2-/—
keratinocytes may, in part, account for the observed characteristics of
COX-2—/—- tumors.

It is known that the tumor microenvironment plays an important
role in tumor growth; but the tumor—microenvironment interaction is
a dynamic and complex process that is not clearly understood (44).
In the present study, COX-2-deficient keratinocytes grafted onto nude



mice resulted in decreased tumor development compared with grafted
COX-2+/+ keratinocytes. The decreased ability of COX-2-deficient
keratinocytes to grow into tumors may be due in part to differences in
their effects on the microenvironment such as reduced production of
growth-promoting cytokines or increased production of growth inhibi-
tory factors. In accord with the latter, it has recently been reported
that mammary epithelial cell-specific deletion of COX-2 altered the
tumor-associated immune response. In this study, Markosyan et al.
(45) reported that COX-2 selective deletion in mammary epithelial
cells significantly delayed breast tumor development in mice by caus-
ing the tumor-associated immune response to shift toward an antitum-
origenic type 1 response. However, alternative effects of COX-2 on the
microenvironment and tumor growth are also possible. For example,
in a study utilizing grafted ductal carcinoma cells, it was reported that
COX-2 expression in the carcinoma cells and their growth rates were
influenced by the interaction of the tumor cells with fibroblasts in the
microenvironment (46). As an additional effect of the tumor micro-
environment, the induction of COX-2 in the tumor stroma has been
shown to be important for the maintenance of an inflammatory micro-
environment that is conducive for the growth of gastrointestinal tumors
(47). In addition to the effects of COX-2 expression in epithelial tumor
cells versus stromal cells, the epithelial cell type expressing the COX-2
can also affect the microenvironment’s inflammatory response. Using
a cell type—specific COX-2 inactivation approach, Ishikawa et al. (48)
recently reported that mice with a deficiency of COX-2 in colon epi-
thelial cells did not differ from wild-type mice when a dextran sul-
fate sodium-induced colitis model was used. However, when mice
with endothelial- or myeloid-cell-specific COX-2 deficiency were
studied, a reduced response to dextran sulfate sodium -induced colitis
was observed. These studies demonstrate that the cell type deficient in
COX-2 can differentially influence the microenvironment. Of relevance
to the effects of COX-2 deficiency in keratinocytes on tumor growth in
the present study, it was observed that EGFR, p-ERK and cell growth
were decreased in tumors arising from COX-2—/- keratinocytes com-
pared with tumors arising from COX-2+/+ keratinocytes. Because sig-
nificant changes in these signaling pathways were not observed in the
COX-2—/- keratinocytes in vitro (Figure 1A and 1B), it appears that
the tumor microenvironment may cause the changes in their levels in
vivo. For example, the effect of COX-2 deficiency in the keratinocytes
could cause the microenvironment to produce either lower levels of
growth-promoting cytokines or increased levels of factors that inhibit
tumor cell growth as described in the studies cited above (44—48).
However, it is unclear as to which of these possible responses in the
microenvironment are contributing to the reduced tumorigenic growth
of COX-2-deficient keratinocytes in the present study.

In addition to the studies investigating the effect of cell-specific
COX-2 deficiency on tumorigenesis, the effects of host COX-2 defi-
ciency on transplanted tumor cell growth have also been reported.
Williams er al. (20) injected Lewis lung carcinoma cells into
COX-2—/- mice and observed that tumor volume was significantly
decreased in COX-2—/— mice compared with COX-2+/+ mice. Thus,
in combination with our data, the report of Williams ef al. (20) sug-
gests that both systemic and tumor cell-specific COX-2 effects may be
involved in tumor formation. However, our data showing that COX-2
deficiency in the transformed tumor cell itself decreased tumor forma-
tion indicates that the COX-2 status of the keratinocyte itself plays an
important role in tumor growth.

In summary, our data demonstrate that cell-specific loss of COX-2
in v-H-ras-transformed keratinocytes was able to significantly atten-
uate the growth rate and incidence of papilloma formation when
the keratinocytes were grafted onto nude mice. Furthermore, the
characteristics of the papillomas arising from transformed grafted
COX-2—/- keratinocytes agreed well with the characteristics of the
papillomas that developed on initiated/promoted COX-2-deficient
mice. However, because papilloma development did occur with
grafted COX-2—/— keratinocytes, albeit at a slower rate, and because
recent studies have indicated the importance of COX-2 on the tumor
microenvironment, the deficiency of COX-2 in the grafted keratino-
cyte may not be the sole cause of reduced tumor formation.

COX-2-deficient keratinocytes reduce tumorigenesis
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