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Introduction

Cyclooxygenase (Cox) catalyzes both the synthesis of prostaglandins (PGs) and the
intracellular production of mutagens from procarcinogens. The inducible form of
cyclooxygenase, Cox-2, is expressed in a wide variety of human cancers and recent
evidence suggests that it plays a critical role in tumorigenesis, particularly in colorectal
cancer. Both epidemiological and experimental data indicate that nonsteroidal anti-
inflammatory drugs (NSAIDs), which inhibit Cox activity and PG production, protect
against colon cancer. In addition, experiments utilizing Cox-2 knockout mice have shown
that loss of Cox-2 leads to a marked reduction in polyp formation in a mouse model of
familial adenomatous polyposis. These results demonstrate the importance of Cox-2 in
intestinal tumorigenesis. However, a role for Cox-2 in breast cancer has not been
definitively established. The research to be described here had two major aims. Firstly,
we undertook to test whether Cox-2 is important in the pathogenesis of mammary cancer,
using Wnt-1 as a model mammary oncogene. Transgenic mice which express Wnt-1 from
a mammary specific promoter are predisposed to develop mammary hyperplasia and
subsequent carcinomas, and represent a well characterized model of mammary
tumorigenesis. Female Wnt-1 transgenic mice with the following Cox-2 genotypes; (+1+),
(+/-) and (-/-) were generated by crossing Cox-2 (+/-) females with Wnt-1 transgenic Cox-
2 (+/-) males. As the target mice were generated they were monitored for development of
mammary hyperplasias and adenocarcinomas, to determine whether reduced Cox-2
expression protects against formation of tumors or preneoplastic lesions. Concurrently,
the molecular mechanism by which Wnt-1 upregulates Cox-2 was investigated in cell
culture models. Both the Wnt signaling pathway and expression of COX-2 are aberrantly
activated in multiple human tumors. Thus it seems likely that the mechanistic basis of
Wnt-1-induced transcription of COX-2 may be relevant to cancers of multiple organ sites.

Body

In this report, final progress will be described by reference to the tasks delineated in the
Statement of Work in the initial grant proposal.

Task 1. Generate breeding stocks of Wnt-1 transgenic and Cox-2 knockout mice for
subsequent crosses.
This was completed in year 1. All the animals were generated and genotyped by PCR
analysis of tail tip DNA, then sacrificed or used in subsequent crosses as appropriate.

Task 2. Cross Wnt-1 TG males x Cox-2 (+/-) females to generate 10-12 Wnt-1 TG,
Cox-2 (+/-) male F1 mice.
This was completed in year 1. 10 breeding pairs of Wnt-1 transgenic mice and Cox-2 (+/-)
females were established, and about 100 offspring genotyped to obtain the required mice
for the subsequent cross. Mice of inappropriate genotypes were sacrificed.
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Task 3. Analyze Cox-2 expression in mammary tissue from 5 Wnt-1 TG females and
5 wild-type female litter mates.

Western blotting revealed increased levels of Cox-2 in mammary gland from Wnt-1
transgenic mice relative to that from wildtype animals. Cox-2 protein was present at
higher levels in tumor tissue compared with the hyperplastic mammary gland from Wnt-1
transgenic mice. Figure 7 in the appended J. Biol. Chem paper shows a representative
data set comparing Cox-2 protein in normal mammary gland and mammary tumor tissue
from Wnt-1 transgenic mice.

Task 4. Cross Wnt-1 TG, Cox-2 (+/-) males x 18 Cox-2 (+/-) females to generate F2
Wnt-1 TG females with the following Cox-2 genotypes: (+/+), (+/-) and (-/-).
Using the above cross, Wnt-1 TG, Cox-2 (+/+) females, Wnt-1 TG, Cox-2 (+/-) females
and Wnt-1 TG, Cox-2 (-/-) females were generated. All mice of inappropriate genotypes
were sacrificed. We experienced problems with mortality in the Cox-2-null cohort,
leading to failure to accumulate a substantial cohort of null mice in which to monitor
tumor incidence. This was expected since it had been reported in the original publication
describing generation of the Cox-2 knockout mouse strain (1).

Task 5. Evaluate mammary hyperplasia in 5 animals each of the above F2 genotypes
at 8 weeks of age.
Mammary hyperplasia was evaluated in animals of each of the following genotypes:
Writ-1 TG, Cox-2 (+/+), Wnt-1 TG, Cox-2 (+/-), and Wnt-1 TG, Cox-2 (-/-), using the
following protocol. The 3rd and 4t pairs of mammary glands from each mouse were
harvested, stained with carmine alum, and whole mounts examined microscopically. As
previously described, mammary glands from Wnt-1 transgenic mice exhibited striking
epithelial hyperplasia compared with wildtype mice (2). However, we did not observe a
significant difference between the mammary glands of Wnt-1 transgenic mice with
differing Cox-2 genotypes (Figure 1). These data suggest that Cox-2 does not contribute
significantly to the mammary epithelial hyperplasia observed in the Wnt-1 transgenic
mouse.

Task 6. Analyze mechanism of Cox-2 regulation by Wnt-1 in cell culture systems.
Our initial observation was that the Cox-2 gene was transcriptionally activated in mouse
mammary epithelial cell lines engineered to express Wnt-1. Cell lines stably expressing
Wnt-1 were generated by retroviral infection with virus encoding Wnt-i, and assayed for
Cox-2 by Northern and Western blotting. Expresssion of Wnt-1 resulted in elevated
Cox-2 protein and RNA, due to transcriptional upregulation of the Cox-2 gene. These
data were published in Cancer Research (3)(reprint appended).

Subsequently, we focussed on identifying the molecular basis of COX-2
upregulation in response to Wnt-1. The observation of COX-2 upregulation in Writ-i-
expressing cell lines (3) and in tumor tissue resulting from APC mutation (4) led us to
speculate that the COX-2 gene promoter might be regulated by B-catenin, since both
Writ-1 expression and APC mutation result in B-catenin/TCF-dependent transcriptional
activation. Therefore we examined the ability of B-catenin to activate COX-2 promoter
reporter constructs in transient transfection assays. In addition, since Ets transcription
factors of the PEA3 subfamily synergise with 1-catenin to activate transcription from
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promoters other than that of the COX-2 gene (5), we were also interested to address the
potential involvement of PEA3 in COX-2 gene regulation. The results of these studies,
which are briefly described here, have now been published in the Journal of Biological
Chemistry (6)(reprint appended). We found that while B-catenin only weakly activated
the COX-2 promoter, PEA3 family transcription factors were potent activators of COX-2
transcription. Consistent with this, PEA3 was upregulated in Wnt-1-expressing mouse
mammary epithelial cells, and PEA3 factors were also highly expressed in tumors from
Wnt-1 transgenic mice. Thus it seems likely that Wnt-1 induces PEA3, which in turn
upregulates COX-2 transcription. In addition, promoter mapping experiments were
performed to identify the region of the COX-2 promoter required for responsiveness to
PEA3. These experiments suggested that the NF-IL6 site in the COX-2 promoter is
important for mediating PEA3 responsiveness. Intriguingly, the NF-IL6 site is also
important for COX-2 transcription in some colorectal cancer lines (7), and PEA3 factors
are highly expressed in colorectal cancer cell lines (5). Therefore, we speculate that
PEA3 factors may contribute to the upregulation of COX-2 expression resulting from
both APC mutation and Wnt-1 expression. Thus our data are relevant not only to Wnt-1-
mediated induction of COX-2, but may also contribute to our understanding of COX-2
misexpression in cancers of other organ sites.

Task 7. Continuously monitor Wnt-1 TG, Cox-2 (+/+) and Wnt-1 TG, Cox-2 (+1-)
females for appearance of mammary tumors over a 12 month period.
17 Wnt-1 TG, Cox-2 (+/+) and 22 Wnt-1 TG, Cox-2 (+/-) female mice were monitored for
tumor incidence, and maintained for up to 74 weeks. At this time, all but one of the mice
had developed mammary tumors. Kaplan-Meier curves showing the survival tumor-free
as a function of time in both cohorts are shown in Figure 2. There was no statistical
difference between the two groups (p=0.72; statistician consulted, Dr. Howard Thaler,
Memorial-Sloan Kettering Cancer Center). Thus knocking out one allele of Cox-2 did not
reduce mammary tumor incidence in Wnt-1 transgenic mice. Due to the high mortality
rate in Cox-2-null animals, it was not possible to adequately evaluate the consequences of
knocking out both alleles of Cox-2. Thus, it is possible that while loss of one Cox-2 allele
was insufficient to reduce mammary tumorigenesis, loss of both alleles might confer
protection, were this experiment technically feasible.

A recent report by Hla and colleagues reinforces the notion that Cox-2 gene
dosage is important (8). Liu et al. showed that Cox-2 overexpression in mouse mammary
gland causes tumorigenesis in breeder females, but not in virgin animals. Increased levels
of Cox-2 expression were observed in breeder female mammary tissue relative to that
from virgin females, suggesting a basis for the failure to observe tumors in virgin
animals, and highlighting the importance of Cox-2 gene dosage.

It is also possible that the "negative results" obtained in this experiment may
prove to be model-specific. Although funding from this grant enabled us to demonstrate
that Cox-2 was overexpressed in Wnt-1 transgenic mammary tumors, the levels were
quite modest, requiring IP westerns for detection of Cox-2. Future studies using other
models and approaches will be required to fully establish whether inhibiting COX-2 will
be useful in either the prevention or treatment of breast cancer.
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Task 8. Histological analysis of mammary tumors, evaluation of Cox-2 expression in
tumors, and interpretation of results.
Both Cox-2 expression in the tumors and interpretation of results are described above.
Since no difference was observed between tumor incidence in Cox-2 wildtype and
heterozygous mice, detailed histological analysis of the tumors was not performed.

Key Research Accomplishments

* Breeding programs were established to generate numerous Wnt-1 transgenic and

Cox-2 heterozygote mice for further breeding

9 Wnt-1 transgenic and Cox-2 heterozygote mice were crossed to generate Fl Wnt-1
transgenic, Cox-2 heterozygote males for final cross

9 Breeding pairs were established to generate F2 Wnt-1 transgenic mice of genotypes
Cox-2 (+/+), (+/-) and (-/-)

0 Elevated Cox-2 expression was detected in mammary tumors from Wnt-1 transgenic
mice relative to that in wildtype mammary glands

* Morphological comparisons of mammary glands from Wnt-1 transgenic mice of the
three Cox-2 genotypes suggested that Cox-2 was not required for Wnt-1-induced
epithelial hyperplasia

* 17 Wnt-1, Cox-2 (+/+) and 22 Wnt-1, Cox-2 (+/-) mice were monitored for tumor
incidence for up to 74 weeks. Since tumor incidence was similar in the two cohorts,
we conclude that loss of one allele of Cox-2 is not sufficient to reduce mammary
tumorigenesis in Writ-1 transgenic mice

* Wnt-i expression in mammary epithelial cell lines was shown to cause transcriptional
upregulation of the Cox-2 gene, and consequently increased prostaglandin synthesis

* We demonstrated that the Ets family transcription factor PEA3 is upregulated in
Wnt-i-expressing cells and tissues

0 PEA3 was shown to be a potent activator of COX-2 transcription. This observation is
likely to be relevant to cancers of other organ sites, particularly colorectal cancer
where both PEA3 factors and COX-2 are upregulated
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Conclusions

In this report we describe two major avenues of investigation, both centering on the
relationship between cyclooxygenase-2 (Cox-2) and breast cancer. Although the
inducible prostaglandin synthase Cox-2 is known to be aberrantly expressed in multiple
human cancers, its role in breast cancer remains to be definitively established. We have
used Wnt-1 as a model mammary oncogene to examine the relationship between Cox-2
and breast cancer. Our first set of experiments were designed to test whether Cox-2 is
important in the pathogenesis of mammary cancer in Wnt-1 transgenic mice. As a
prerequisite for this study, we first demonstrated that Cox-2 was upregulated in mouse
mammary epithelial cells in response to Wnt-1 expression. We extended this observation
by showing that Cox-2 protein could be detected in mammary tumors from Wnt-1
transgenic mice, but was virtually undetectable in wildtype mammary gland. Based on
these observations, we generated Wnt-1 transgenic mice of various Cox-2 genotypes:
wildtype, heterozygote and null, in order to permit comparisons of mammary hyperplasia
and tumorigenesis in different Cox-2 backgrounds. We found that mammary hyperplasia
was unaltered in Wnt-1 transgenic mice of differing Cox-2 genotypes, suggesting that
Cox-2 does not contribute to Wnt-1-induced mammary hyperplasia. In addition, we
observed that knocking out one allele of Cox-2 did not reduce mammary tumor incidence.
Due to the high mortality rate, it was not possible to adequately evaluate the
consequences of knocking out both alleleles of Cox-2. Thus it is unclear whether a total
absence of Cox-2 would prevent or reduce mammary tumorigenesis. It is also important
to note that although we were able to demonstrate that Cox-2 was overexpressed in Wnt-1
transgenic mammary tumors, the levels were quite modest, i.e., IP westerns were required
to detect Cox-2. Hence, the "negative results" may prove to be model specific. Future
studies using other models and approaches will be required to fully establish whether
inhibiting COX-2 will be useful in either the prevention or treatment of breast cancer.

The second line of enquiry pursued was aimed at understanding the mechanistic basis of
Cox-2 upregulation by Wnt-1. Aberrant activation of the Wnt signaling pathway has
recently emerged as a common event in human cancers. Initially detected in human
colorectal cancers caused by mutation of the APC gene, activated Wnt signaling has now
been detected in multiple human tumors. Thus, delineation of the mechanism by which
Wnt-1 activates Cox-2 transcription may contribute to our understanding of COX-2
misexpression in many human cancers. COX-2 is upregulated in response to both APC
mutation and Wnt-1 expression, both of which stimulate B-catenin/TCF-dependent
transcriptional activation. Therefore we speculated that the COX-2 promoter might be
responsive to B-catenin. In addition, the effect of Ets transcription factors were tested,
particularly those of the PEA3 sub-family, since the matrilysin promoter can be
synergistically activated by B-catenin and PEA3 factors (5). We found that while
B-catenin only weakly stimulated the COX-2 promoter, PEA3 potently activated COX-2
transcription. This observation is particularly significant since PEA3 expression is
upregulated both in mammary and intestinal tumors. Thus PEA3 factors may contribute
to COX-2 misexpression in several tumor contexts.

9



References

1. J. E. Dinchuk et al., Nature 378, 406-9 (1995).
2. A. S. Tsukamoto, R. Grosschedl, R. C. Guzman, T. Parslow, H. E. Varmus, Cell
55, 619-25 (1988).
3. L. R. Howe, K. Subbaramaiah, W. J. Chung, A. J. Dannenberg, A. M. C. Brown,
Cancer Research 59, 1572-7 (1999).
4. S. K. Boolbol et al., Cancer Research 56, 2556-60 (1996); S. L. Kargman et al.,
Cancer Research 55, 2556-9 (1995); C. S. Williams, M. Tsujii, J. Reese, S. K. Dey, R. N.
DuBois, Journal of Clinical Investigation 105, 1589-94 (2000).
5. H. C. Crawford et al., Molecular and Cellular Biology 21, 1370-83 (2001).
6. L. R. Howe et al., Journal of Biological Chemistry 276, 20108-15 (2001).
7. J. Shao, H. Sheng, H. Inoue, J. D. Morrow, R. N. DuBois, Journal of Biological
Chemistry 275, 33951-6 (2000).
8. C. H. Liu et al., Journal of Biological Chemistry 276, 18563-9 (2001).

10



Appendices

List of Personnel Receiving Pay from the Research Effort

Abstract presented at Department of Defense Era of Hope Meeting, June 2000

Abstract presented at Wnt Meeting 2001, New York City, May 2001

Abstract to be presented at Eicosanoids & Other Bioactive Lipids in Cancer,
Inflammation and Related Diseases, Nashville, TN, October 2001

Figure 1

Figure 2

Cancer Research publication

Journal of Biological Chemistry publication

Review article published in Endocrine-Related Cancer

11



List of Personnel Receiving Pay from the Research Effort

Andrew J. Dannenberg, M.D.
Louise R. Howe, Ph.D.
Anthony M.C. Brown, Ph.D.
Wen Jing Chung
Jan Hart
Timothy Marmo

12



CYCLOOXYGENASE-2 AS A NOVEL TARGET FOR
BREAST CANCER PREVENTION

Louise R. Howe, Kotha Subbaramaiah,
Anthony M.C. Brown & Andrew J. Dannenberg

Strang Cancer Research Laboratory, Rockefeller University,
New York, NY 10021, and Weill Medical College of Cornell

University, New York, NY 10021

lrhowe @ mail.med.cornell.edu

Cyclooxygenase (Cox) catalyzes both the synthesis of prostaglandins (PGs) and the
intracellular production of mutagens from procarcinogens. The inducible form of
cyclooxygenase, Cox-2, is expressed in a wide variety of human cancers and recent
evidence suggests that it plays a critical role in tumorigenesis, particularly in colorectal
cancer. However, a role for Cox-2 in breast cancer has not been established. Our research
is designed to test whether Cox-2 is important in the pathogenesis of mammary cancer,
using Wnt-1 as a model mammary oncogene. Wnt-1 transgenic mice exhibit mammary
hyperplasia and subsequently develop mammary carcinomas. We have investigated the
effect of Wnt-1 on Cox-2 expression in two mouse mammary epithelial cell lines,
RAC311 and C57MG, which are morphologically transformed in response to Wnt-1.
Expression of Wnt-1 in these cell lines caused transcriptional upregulation of the Cox-2
gene, resulting in increased levels of Cox-2 mRNA and protein. Prostaglandin E2
production was increased as a consequence of the elevated Cox-2 activity, and could be
decreased by treatment with a selective cyclooxygenase-2 inhibitor. These experiments
demonstrated that Cox-2 is upregulated in response to Wnt-1 expression, and thus laid the
foundation for our ongoing experiments designed to test the contribution of Cox-2 to
mammary tumorigenesis. We are currently generating Wnt-1 transgenic mice of the
following Cox-2 genotypes: (+/+), (+/-), and (-/-), and will then evaluate the incidence of
mammary hyperplasia and carcinoma formation in these animals. We anticipate that
reduced Cox-2 gene dosage may decrease the formation of mammary tumors.

The U.S. Army Medical Research and Materiel Command under DAMD17-98-1-8057
supported this work.
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Common Involvement of PEA3 Factors in the Regulation of Wnt Target Genes

Louise R. Howe (1), Osamu Watanabe (1), Howard Crawford (2), John A. Hassell (3),
Kotha Subbaramaiah (1), Andrew J. Dannenberg (1), and Anthony M.C. Brown (1)

1 Weill Medical College of Cornell University, and Strang Cancer Prevention Center,
New York NY 10021, USA
2 Vanderbilt University, Nashville, TN 37232, USA
3 McMaster University, Hamilton, Ontario L8S 4K1, Canada

We are interested in identifying transcriptional targets of Wnt signaling that are
relevant to tumorigenesis and in elucidating their mechanism of activation. We have
previously reported upregulation of the inducible prostaglandin synthase, Cox-2, in
response to Wntl. Additionally, we have observed that the matrix metalloprotease
matrilysin is induced by Wntl in mammary cells and tumors, consistent with previous
observations in intestinal tumors from ApcMin mice. We report here that the basic helix-
loop-helix transcription factor Twist is also upregulated in Wntl-expressing mammary
cells and tumors. Our data suggest that Twist may function to suppress mammary
differentiation and lactogenesis. Twist RNA is detected in the normal virgin mammary
gland, but expression diminishes during lactogenic differentiation, showing an inverse
correlation with expression of the milk protein B-casein. In vitro, expression of Twist in
HC 1I mammary epithelial cells suppresses B-casein induction in response to lactogenic
hormones. Expression of Wntl in HC11 cells induces Twist and similarly prevents
lactogenic differentiation. In vivo such suppression of differentiation may contribute to
tumorigenesis.

In investigating the mechanisms by which Wntl signaling regulates expression of
Cox-2, Matrilysin, and Twist, we have found that the promoters of all three genes are
regulated by 1-catenin and by ets transcription factors of the PEA3 subfamily. B-catenin
and PEA3 cause synergistic activation of the Matrilysin and Twist promoters, while
PEA3 alone is a potent activator of Cox-2 transcription. PEA3 itself is upregulated in
C57MG mouse mammary epithelial cells expressing Wntl, and is highly expressed in
tumors from both Wntl transgenic mice and ApcMin mice. Our data suggest that
coordinate regulation by B-catenin and PEA3 factors may be a common mechanism by
which Wnt target genes are induced.
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PEA3 is Upregulated in Response to Wntl and Activates COX-2
Expression

LOUISE R. HOWE1'2, Howard C. Crawford 3, Kotha Subbaramaiah 2'4, John A. Hassell 5,
Andrew J. Dannenberg 2'4 & Anthony M.C. Brown"'2

Dept of Cell Biology and Anatomy, Weill Medical College of Cornell University, 1300 York Avenue,

New York, NY 10021. 2 Strang Cancer Research Laboratory at the Rockefeller University, New York, NY
10021. 3 Dept of Cell Biology, Vanderbilt University School of Medicine, Nashville, TN 37232. Dept of
Medicine, Weill Medical College of Cornell University, New York, NY 10021. Institute for Molecular
Biology and Biotechnology, McMaster University, Hamilton, Ontario L86 4K1, Canada.

Cyclooxygenase-2 (COX-2) is aberrantly expressed in intestinal tumors resulting from

APC mutation in both rodents and humans. Additionally, we have reported transcriptional

upregulation of Cox-2 in mouse mammary epithelial cells in response to Wntl

expression. Since J3-catenin stabilization is a consequence of both APC mutation and Wnt

signaling, we speculated that the COX-2 promoter might be transcriptionally regulated by

B-catenin. Here we show that while B-catenin only weakly activates the COX-2 promoter,

Ets transcription factors of the PEA3 subfamily are potent activators of COX-2

transcription. Consistent with this, PEA3 is upregulated in Wntl-expressing mouse

mammary epithelial cells, and PEA3 factors are highly expressed in tumors from Wnt]

transgenic mice, in which Cox-2 is also upregulated. Promoter mapping experiments

suggest that the NF-IL6 site in the COX-2 promoter is important for mediating PEA3

responsiveness. The NF-IL6 site is also important for COX-2 transcription in some

colorectal cancer lines (Shao et al. (2000) J.Biol. Chem. 275: 33951-33956), and PEA3

family members are highly expressed in human colorectal cancer cell lines. Therefore, we

speculate that PEA3 factors may contribute to the upregulation of COX-2 expression

resulting from both APC mutation and Wnt] expression.
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Figure 2.Tumor Incidence in Wnt-1 Transgenic Mice
Tumor incidence was measured in mice of the following genotypes; Wnt-1 TG, Cox-2 (+/+)
and Wnt-1 TG, Cox-2 (+/-). Survival tumor-free was plotted as a function of mouse age
(days) as Kaplan-Meier curves.There was no significant difference between tumor
incidence in the two cohorts (p=0.72).
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'II'ranscriptional Activation of Cyclooxygenase-2 in Wnt-1-transformed Mouse

Mammary Epithelial Cells1
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Anatomy [L. R. H., A. M. C. B.] and Medicine [K. S., W. J. C., A. J. D.], Weill Medical College of Cornell University, New York, New York 10021

ABSTRACT O3-Catenin/Tcf-mediated transcriptional activation has recently been

Witt-] acts as a mammary oncogene when ectopically expressed in the implicated in human carcinogenesis. Elevated cytosolic /3-catenin and
Wnt- acs a a ammry ocogne henectpicaly xprsse inthe transcriptionally active f3-catenin/Tcf complexes have been detected

mouse mammary gland. APC is a tumor suppressor gene, mutations in inabothicolonacarcinomas and melanomas c 3mplexe).hav-Catenineacct-

which cause intestinal tumorigenesis in humans and rodents. Both Wnt-1

expression and APC mutation activate a common signaling pathway in- mulation can occur as a consequence of mutation of either the 3-
volving transcriptional activation mediated by 13-cateninlTcf complexes, catenin gene itself or the tumor suppressor gene APC, because wild-

but few targets relevant to carcinogenesis have yet been identified. Ex- type APC protein contributes to /3-catenin destabilization (32-36).
pression of the inducible prostaglandin synthase cyclooxygenase-2 ap- Mutations in APC cause intestinal tumorigenesis in humans and mice.
pears critical for intestinal tumorigenesis resulting from APC mutation, Although the molecular mechanism by which APC mutation induces
suggesting that cyclooxygenase-2 might be a transcriptional target for tumorigenesis is unclear, many data implicate cyclooxygenase en-
/3-cateninlTcf complexes. Here, we have investigated the effect of Wnt-1 zymes in this process (37). Cox-_ 3 and Cox-2 are constitutively
on cyclooxygenase-2 expression. Wnt-1 expression in the mouse mammary expressed and inducible isoforms of prostaglandin synthase, respec-
epithelial cell lines RAC311 and C57MG induces stabilization of cytosolic tively (gene symbols, Ptgsl and Ptgs2; Ref. 38). COX-2 expression
13-catenin and morphological transformation. Expression of Writ-1 in these h bhas been detected in intestinal tumors of both mice and humans with
cells caused transcriptional up-regulation of the cyclooxygenase-2 gene, APC
resulting in increased levels of cyclooxygenase-2 mRNA and protein.
Prostaglandin E2 production was increased as a consequence of the ele- pharmacological inhibition of Cox-2 activity dramatically reduces the

vated cyclooxygenase-2 activity and could be decreased by treatment with incidence of intestinal tumors in Ape mutant mice (42).

a selective cyclooxygenase-2 inhibitor. Cyclooxygenase-2 thus appears to Thus, both APC mutation and ectopic Wnt-1 expression can cause
be a common downstream target for APC mutation and Writ-1 expression. tumorigenesis, and this may be, at least in part, via a common
In view of the critical role of cyclooxygenase-2 in intestinal tumorigenesis, signaling pathway involving /3-catenin/Tcf complexes. Furthermore,
cyclooxygenase-2 up-regulation in response to Wnt signaling may contrib- Cox-2 appears critical for tumor formation resulting from APC mu-
ute to Witt-induced mammary carcinogenesis. tation. Consequently, we reasoned that Cox-2 might also be a target

for Wnt- 1 signaling and might potentially contribute to Wnt-J-induced
INTRODUCTION mammary tumorigenesis. We therefore tested the effect of Wilt-]

was originally identified as a mammary oncogene activated expression on Cox-2 in mouse mammary epithelial cells. Here we
show that Wnt-] expression in RAC311 and C57MG cells causes

by proviral insertions of mouse mammary tumor virus (1-3). Ectopic increased transcription of Cox-2, resulting in elevated Cox-2 protein
expression of Wnt-] under the control of a mouse mammary tumor levels. An increase in PGE2 synthesis is also observed in Witt-]-
virus promoter leads to extensive mammary hyperplasia and subse- expressing cells, which can be reversed by treatment with a selective
quent generation of adenocarcinomas in mice (4). Cell culture exper- Cox-2 inhibitor. These data may be significant not only in terms of
iments demonstrate that multiple Wnt gene family members including Wot-mediated carcinogenesis in the mouse but also in relation to
Wnt-I can cause partial cellular transformation of some epithelial and human cancers in which components of the Wnt signaling pathway
fibroblastic cell lines (5-12). Collectively, these data implicate Writ-] are activated.
as an oncogene when inappropriately expressed. Several WNT gene
family members have been found to be overexpressed in a proportion MATERIALS AND METHODS
of human breast cancers and may therefore contribute to carcinogen-
esis in humans (13-17). Cell Culture. Two mouse mammary epithelial cell lines were used,

The Wnrt-1 gene encodes a secreted protein that functions as an C57MG (43) and RAC31 1, a clonal subline derived from RAC31 Ic (44, 45).
extracellular ligand capable of promoting mitogenesis (18-21). Wnt-l RAC311 cells were grown in DMEM (4.5 g/1 D-glucose) containing 10% fetal

appears to signal via a unique pathway, thought to be initiated by bovine serum (Life Technologies, Inc.), 100 units/ml penicillin, and 100 j/g/ml

interaction of Wnt-1 with a member of the Frizzled family of seven- streptomycin. C57MG growth medium was supplemented with 10 ýcg/ml
transmembrane receptors, leading to stabilization of a cytosolic p insulin (Sigma). Cells were infected with MV7 or MVWnt-l retrovirus using

helper-free virus stocks as described previously (21). Approximately 50-100
G418-resistant colonies were pooled to generate the pooled populations des-

cleus, interact with Tcf transcription factors, and thereby mediate ignated RAC/MV7, RAC/Wnt-1, C57/MV7, and C57/Wnt-1. A clonal subline
transcriptional activation (11, 23-31). of RAC/Wnt-I was derived by limiting dilution, selected on the basis of highly

transformed morphology, and designated RAC/Wnt-l #9. For cell lysate and
Received 10/22/98; accepted 1/27/99. RNA preparation, cells were plated at I X 106 cells per 10-cm dish and grown
The costs of publication of this article were defrayed in part by the payment of page until MV7-infected control cells were confluent (5 days for RAC/MV7; 4 days

charges. This article must therefore be hereby marked advertisement in accordance with for C57/MV7). DFU was a generous gift of the Merck Frosst Center for
18 U.S.C. Section 1734 solely to indicate this fact.

' This study was funded by NIH Grants CA47207 (to A. M. C. B.) and CA68136 (to Therapeutic Research (Quebec, Canada).
A. J. D.), by Department of the Army Grant BC972610, and by donations to the Strang Cell Lysate Preparation and Analysis. For Wnt-1 protein analysis, ECM
Cancer Prevention Center from the Fashion Footwear Association of New York. L. R. H. fractions were prepared after removing the cells from the dishes by incubation
is a Lilith fellow, funded in part by proceeds from the Lilith Fair.

2 To whom requests for reprints should be addressed, at Strang Cancer Research
Laboratory, The Rockefeller University, Box 231, 1230 York Avenue, New York. NY 3 The abbreviations used are: Cox, cyclooxygenase: PGE,, prostaglandin E,; DFU,
10021. Phone: (212) 734-0567, extension 232; Fax: (212) 472-9471: E-mail: amcbrown@ 5,5-dimethyl-3-(3-fluorophenyl)-4-(4-methysnilfonyl)phenyl-2(5H)-furanone; ECM, ex-
mail.mcd.cornel.edu. tracellular matrix: GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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with Dii Ibecco' s PB S (Life Technologies. Inc.) constainsing 2mMi~ EDTA. ECM Wnt-l antibody revealed that RAC/Wnt-I #9 produced more Wnt-1
reinainine on the plates was soluhilized in boilingo Lacososli SDS samrple buffer protein than the pooled RACIWnt- 1 population (Fig. ]A). Therefore,
and stotred at -20'C. For analysis of cytosolic P-catenin levels. lysates were we ineluded both RAC/Wnt-1 and RAC/Wnt-l #9 in subsequent
prepared as described] (46), and total protein was assayed using Bio-Rad analyses. As demnonstrated previously, expression of Wnst-1 in C57MG

Prti sa raet o ox~poet nayi.lstsleepeae led to accumulation of uncomplexed cytosolic P-catenin (Refs. 46 and
essentially as described (47). Cells were washed twice with PBS and harvested 49; data not shown). In addition, eytosolic 0-catenin was elevated in
its lysis buffer containing, 150) nm NaCl. lt) rmM Tris-CI (pH 8.0)). I % Tween RA 31clsepsinWt (<.IB adhg rlvlsw e
20,1. ni M EDTA. I 111N phenIyl metfyls1Jlfonyl fliuoride. .51) nim diethyldithio- CA31 el xrsigWt- Fg Badhge eeswr
cttrbatssic acid. Alter one cycle isf freeze-thawing at -2) 0 'C, cells were soni- detected in RAC/Wnt-l #9 relative to RACA/Jnt-1, correlating with

cated (three tinies for 15 s each tithe) ots ice, then debris was pelleteil by relative Wnt- 1 protein produtetion.
cettriftit gation at 10),0001 X g for It) fitsn at 4'C. Supernatants were stored at Cox-2 protein levels in control and Witt-]I-expressing cell lines
-80'C, atsd proteinhs were assayed usitng tI Lowry-based proteitn assay kit were analyzed by Western blotting (Fig. 2). C57/MV7 exhibited a
(Sigmna). markedly higher basal amount of Cox-2 than RAC/MV7, in which

For Westertn anailysis, samples were subjected to SDS-PAGE as follows: Cox-2 protein was virtually undetectable. In both C57MG and
Witst-lI ECM fractions. 10)% gel; 0-catetsit samples, 8c/, gel. 5 Aig of prottein: RAC3l1 Icell lines, however, expression of Wilt-] led to an increase tn
Cox-2 lysates, 11%, gel. 51) /ig of protein. Piroteins were transferred to poly- Cox-2 protein, and Cox-2 protein was more abundant in RAC/Wnt-I
vinylidetse fluoride tnetssbratne (lImmobilon: MilIlipore), blotted with anti- #9ta inR C n-1corligwthW - epsinlvl.
Wtst-l atntibtody (MC123; Ref. 21), atsti-p-catenits atstibody (Transduction #9ntanyi inCo- RCNt-A corNreltieng wiothin- dexresionste levels
Laboratories: Ref. 46), tor anti-Csx-2 atntibody (715: Ref. 47). atsd developed Anlsso o- N yNrhenbotn eosrtdta
withs Anierslsam eshainced cheinil~inmtescetsce reaigents. Thse atsti-Cox-2 aisti-
body 71I5 was ai rabbit polyclotsal anstibody, raised againsst tlse utniqute I 8-ainino
atcid sequence frotss tlse COOH--tertssinal ICic n iOsof sistsCcsx-2 which dites
sot react withs Cox- I. A

RNA Preparation and Northern Blotting. RNA was prepaired ft-ont cots-
fl uetnt cells itsi tsg RNAzoI B (Tel-Test. Itsc.) accordinsg to tlse ssatsifactitter's
instructiotns. Twentty ig, of' RNA wet-c sub~jected to electroplsoresis in 1% S

aiiea-ose/f~ortssitldehiyde/3-IN-nsiorph~olitsollpropanesutlfotsic acid gels and trains-
ferred to Zeta-Probe ssctssbratsc (Bio-Rad). Radislabeled randons-prinsed>
probes were prepaired LIitsts the Rediprinise DNA labelinig systeiss (Arnershatm).
aisd hybridizations Was unsdertatkens at 65'C its 0.5 Ni Nal-PO, (pH 7.2), 7%
SDS, atsd I ni5m EDTA (48). Watshes were perforissed its 40 inst Na2HPO, (pH

7.2), 1% SDS at 65'C. Probes Used wei-e utirilse Cox-2 (TIS-MI) a gift frotn0
H. R. Herschnintts University of Californisi at Los Ansgeles. Los Ansgeles, CA),< <
sturine Cox- I (iti gift frons W.- L. Sissitls, Michigats State Unsiversity, EastCcc M
Laissitsg. Ml), atsd issurinie GAPDH (obtained fronts A. Ashwortlh. Institute Of
Cantcer Resear-ch, Lotndotn, Etngland). GAPDH wats used to detssoistrate equatl

loading ofi ecah lane. t o - 4 ~
Nuclear Run-Ons. Nuclei were prepaired. atsd isitelcat ruts-onis were per- 2< 4 ~

fortssed its described (47).
Auttoradiograplsic expsosiures of boths Northserns blots atsd nuclear run-ons

were q1t.ttstiltaed by analysis Oisi a1 Macjistosh consputter [si tsg ttse public domnain
NIH finsiage piogmian (develispecl at tlse United States NIH and atvailable on the
Initerinet at http)://lsb.itsf's.tihii.gOV/tsils-illlsa-e/). Values obtained were nornial-

tied to tlsose osbtainted for GAPDI- antd I SS rRNA for Northerin blots atsd B
isutelear t1uts-i1S, respectively. 0

PGE, Assays. Cells were plated its 12-well plates at 4 X 104 cells/well and
g'rowls to CsnflitetCeC. Culturte istediutiss was collected atsd assayed for PGE, by
eisZYtsse imsstssiims1itssiy (Caynats Co., Anisi Arbor, MI). Ti) assaty PGE, produc-
tions ints le preseisce of excess arachidoisic acid (AA "spiked"), cells were

itsClibated withs fresh tisediurns containtitng 10 txis arachidoisic acid for 30 mi n.
Misd thsen thsis med mmlli was hsarvested zinsd assayed as above. For experiments
atssayitng the effect isf DFU ots PGE, production, cells were plated in 6-cmn
dishses ait 3 X< 10' cells/clisls. DFU wIs added its freshs tssedinm 72 Is after plating C
antd ieadded at 96 h. PGE. production wats assayed at 121) I after plating. at
whsichs tinie cosntrol cells wet-c costlietst. <<

RESULTS AND DISCUSSION

Ti) examinte the effect of Wist- I ott Cox-2 expression, we genserated < - 97 kDa
fresh Cell Populations eXpteCSSitsg Wnt-I by infection of the mouse
nisamniary epithelial cell lines C57MG and RAC311I with retrovirus Fig. I1. Characterization of RAC311t cells expressing Witt-]. RAC/MV7, RAC/Wnt1-l,

encoingWntI (V~n-l)or ontol etrvirs (V7) Asob_ and RACfIvni- 1 #9 cells wvere generated by retrosiral linfection as described is "Materials
etscditg Wit- (M~nI-I) r cotro rerovius MV7) Asoh- ant) Methods." Cells were analyzed by Westerns btotting for Wmst-l protein and cytosotic

served previously (5, 6), both C57/Wnt- I and RAC/Wnt- 1 cells up- 9-catenin les-els. A, tV~tr-I expression. ECM fractions were prepared and -assayed for-

peared morpt~hologically traissformed atid grew to higher cell densities wilt-I protein as described in "Materials and Methods." Anti-Wnt-l antibody MC123
7 detected two bands of M, 42.00(0 andi M, 44.0(00 in Witt- I-expressing cells, as observed

thans contsrol cells (C57/MV7 aisd RAC/MV7, respectively). An addi- previonsly (71). Tlsese represent differentially glycosylated formis of Wnt-t protein (20).

tional closnal suibline, RAC/Wnt-l #9, was generated fromn RAC! No Wnt-t protein was detected in ECM front control RAC/MV7 cells. B, cytosolie

Wint- I by limititsg dilution aisd selected because sf its high degree of 0-eatenin. Cytosot fractions were prepared froin cells and assayed for P-catcnin as
described in "Materiats and Methods." Thse position of a Ml, 97,000 mo~lCcalar weight

msorphological Iranslormnation. Western blot analysis using ait aitti- miarker is shown.
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A 1[5, "spontaneous"). Spontaneous PGE2 production was also measuredA B in C57MG-derived lines and was increased -100% in C57/Wnt-1
cells relative to C57/MV7 (data not shown). Given that arachidonic

Sacid is the substrate from which cyclooxygenases synthesize prostag-
4 N-1 landins, incubation of cells with excess arachidonic acid can increase

> C PGE2 production. In our experiments, treatment of the cells with
arachidonic acid increased the absolute amounts of PGE2 synthesis
(Fig. 5, "AA spiked"), but PGE2 production was still elevated in

LO LO<. Wrt-lI-expressing cells relative to RAC/MV7. This suggests that the

0 0 Cc I= rT measured spontaneous synthesis rates reflected relative levels of
Cox-2 activity in the cells, rather than differential availability of
arachidonic acid.

40-%w 0-- 69 kDa The observed increases in PGE2 synthesis in Wnt-l-expressing cells
could also be a consequence of changes in the level of Cox-1.

Fig. 2. Cox-2 protein is increased by Wnt-I expression. Lysates were prepared from Although Cox-] is constitutively and ubiquitously expressed, there
C57MG-derived cells (A) and RAC31 I-derived cells (B). Fifty pIg of lysate were analyzed
by Western blotting for Cox-2 as described in "Materials and Methods," using rabbit have been reports of ligand-induced Cox-] up-regulation (50-53).
polyclonal anti-Cox-2 antibody 715. Data shown in A and B are from separate experi- Therefore, we addressed the involvement of Cox-1 using two assays:
ments. The position of a M, 69,000 molecular weight marker is shown. (a) we measured Cox- 1 mRNA by Northern blotting and found little

or no increase in Cox-1 mRNA in RAC/Wnt-1 and C57MG/Wnt-1,
respectively, relative to control cells (Fig. 6); and (b) we tested the
relative contribution of Cox-1 and Cox-2 to PGE2 production in the

S T r- 2 RAC3 11-derived cell lines by using DFU, a selective Cox-2 inhibitor.
> C • DFU has at least a 1000-fold specificity for Cox-2 relative to Cox-l

in tissue culture cells (54). RAC/MV7, RAC/Wnt-1. and RAC/Wnt-l
C) C) 0 ,#9 were treated with varying concentrations of DFU for 48 h, and

C0 ) r Cc cc culture supernatants were then assayed for PGE2. A dose-dependent
inhibition of PGE2 production was observed, with 1 /tM DFU being
sufficient to reduce PGE2 production to approximately the same basal

Cox-2 level in all three cell lines (Fig. 7). Higher concentrations of DFU did
not cause any additional inhibition of PGE2 synthesis. The residual
PGE2 production observed in all cell lines after inhibition of Cox-2
with DFU is presumed to reflect Cox-l activity. Because the amount

GAPDH of Cox-l-mediated PGE2 synthesis is apparently constant in all three
cell lines, we conclude that the enhanced production of PGE2 in

Fig. 3. Cox-2 mRNA is increased in cells expressing Wnt-I. Total RNA was prepared Wnt-]-transformed cells is attributable to increased Cox-2 activity,
from cells, and 20 tcg of each RNA sample were analyzed by Northern blotting as consistent with the observed differences in Cox-2 RNA and protein
described in "Materials and Methods." The blot was probed sequentially with a murine levels. Cell morphology was unaffected by treatment with DFU (data
Cox-2 probe and a murine GAPDH probe. Cox-2 signals were quantitated using the
program NIH Image and normalized to those obtained from GAPDH probing. Values not shown). The failure of DFU to affect morphological transforma-
obtained are expressed relative to the control MV7-infected cell line in each case. tion of Wnit-]-expressing cells suggests that elevated prostanoid pro-
C57/MV7, 100%; C57/Wnt-I, 500%; RAC/MV7, 100%; RAC/WIt-I, 174%; RAC/WnIt-I
#9, 327%.

0)
Cox-2 mRNA levels closely reflected the changes observed in Cox-2
protein (Fig. 3), suggesting the effect of Wnt-1 on Cox-2 was likely to
be due to transcriptional activation of the Cox-2 gene. To test this
directly, nuclear run-on assays were performed. These and subsequent
assays were performed in the RAC3 11-derived cell lines in preference
to C57MG-derived lines, because the latter tend to lose Writ-1 expres-
sion during continuous culture.4 The rates of transcription from the
Cox-2 gene in RAC/Wnt-1 and RAC/Wnt-1 #9 were increased to 270
and 400%, respectively, relative to that in RAC/MV7 (Fig. 4), mir- < < <
roring the differences observed in Cox-2 RNA and protein. Thus, • cc 11
expression of Writ-1 in RAC31 1, and most likely C57MG, causes
transcriptional activation of the Cox-2 gene.

Cox-2 is an inducible isoform of prostaglandin synthase (38). Thus, - - G.x-2
one predicted functional consequence of Cox-2 up-regulation would C VA-.

be an increase in prostaglandin synthesis, of which PGE 2 is the
predominant eicosanoid produced by most epithelial cells. We there- ---- 18S rRNA
fore assayed PGE2 production in RAC31 1-derived cell lines. Sponta- Fig. 4. Cox-2 transcription is up-regulated in RAC3I I cells expressing Writ-]. Nuclei

neous production of PGE 2 in RAC/Wnt-1 and RAC-WntIl #9 was were prepared. and nuclear run-on assays were performed as described in "Materials and

increased by 240 and 420%, respectively, over that in RAC/MV7 (Fig. Methods." Labeled nascent transcripts were hybridized to 18S rRNA and Cox-2 cDNAs,
which were immobilized on nitrocellutose. Signals were quantitated using the program
NIH Image, and Cox-2 was normalized to 18S rRNA. Values obtained are expressed

A. M. C. Brown, unpublished observations. relative to RAC/MV7. RAC/MV7, 100%; RAC/Wnt-I, 267%; RACfWnt-I #9, 399%.
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600- motif is only partial (ACTTTGATC and TCTTTGTAG comparedf with CCTTTGA/TA/TC; Ref. 27). One of these sites is not conserved
SSPONTANEOUS *in the murine Cox-2 promoter, and the other lies Outside the se~quence

500 U AA SPIKED presently reported for the mouse promoter. To investigate the mech-
anism of regulation, we have performed transient transfection assays

Z usina a human COX-2 promoter-lueiferase reporter construct but thus
0

H 400far have been unable to detect increased reporter activity as a result of
F- 400- -catenin overexpression. Thus, it is possible that Cox-2 transcription

may not be directly regulated by P-cateninITcf complexes but may be

Z 0 activated in Wntr-]I-expressing cells by alternative transcription fac-
LU 0 300- tors. We also cannot exclude the possibility that Cox-2 induction is a

0 0) more downstream or indirect consequence of Writ signaling.

C O_ 200- 0T

N00

100- > C

Cc 0r Cc

Cox-1

RU GAPDH
Fig. 5.PGL, pioduction is aincrased by expression of' lill S1 Cells were grown for 5

(lays afler platinig 10 achieve confluinece. darlingE Which lime no inediam change was

performed. Girowvth inedi m fromn the cells was harvested and assayed usim enzymlfe Fig. 6. Effect of' WniI-I expression on Cox-l niRNA. RNA was prepared, and a
imlllanoassay 10 mieasare spontaneous MGE, production (SPONTANEOUS, light hatch- Northern blot was genterated as described in "Maleriats and Methodls" using 20 ig ofeach

lag). Cells were jacubated for an additional 30 min inl fiesll tledilim containing 10 Pm RNA. The blot was probed sequentially wilth a marine Coy- I probe and a maurine GAPDH

sodiuim~ arachidonale. The nIedliall was then collected and assayed f~or PGE, (AA SPIKED), probe. Cox- I signials were quantitiated asing the program NIt- Image and niormialized 10
(larkhacig.Rss were 10nlie t iofptenbandfoi- t- el fe those obtained fromt GAPDH probinlg. VaIlIes obtained arc expressed relative to tibe

harvesting of' m1edulii. Resalts shosna are nIlan Sallies of six replicales bars. SID. PGE, control MV7-infeclecd cell line in each case. C57/MV7, 100%; C57/Via- 1, 70%; RACI
producltiolnfol ohWalexrsigcl ie was significantly greater than tlhat fromn Mt

7
7, 100%: RAC/InhI-I, I I WRAC/Wot-1 #9, 163%.~

RAC/MV7 contlrol cells (*, P < (0.001:± P < (0.003).

t175

duction by Cox-2 is not necessary for maintenance of the transformed ---.-- RAC/MV7
phenotype of these cells int vilro 150 - -RAC/Wnt-1

We have shown here that expression of Wntt-1 in two mammary z RAC/'Nnt-1 #9
epithelial cell lines cattses elevated expression and activity of Cox-2,0
via transcripttonal activation, resulting in increased PGE, synthesis. H125 I
The Cox-2 gene was initially identified as an early response gene (
up-regulated in response to phorbol ester and serum and was subse- H 100
quently found to be induced by multiple agents, particularly during Z

WU
inflammatory responses (38). A large body of evidence has accuinu- IL) 0
lated implicating Cox-2 in intestinal carcinogenesis. COX-2 expres- z - 75

sion is frequently detected in tumor tissue (39, 40, 55-58), and the0
incidence of intestinal tumnorig-enesis in both muice and humans can be0

redcedby haracological agents that inhibit Cox activity (41, 42, LU1 50-

59-64). A crucial role for Coxv-2 in tumnorigenesis has been demon- C
strated by Oshfima et al. (1996; Ref. 42), who found that intestinal 2
polyposis in Aprc Mutant mice was markedly reduced by genetic 2

ablation of Cox-2. However, Cox-2 induction in response to Wint
proteins has not been demonstrated previously.0

The mechanism by which Wnt- I activates Cox-2 transcription is 0 0.01 0.1
unclear. Given that COX-2 induction occurs in response to Wnti-J
expression and APC mutation, both of which resuilt in cytosolic DFU CONCENTRATION, PM
P-Catenlin accumuIl~ation, our initial expectation was that the Cox-2 Fig. 7. Inhibition of POE, production by a selctlive Coy 2 inhibitor DPUJ. Cells were

promoter mnight be subject to direct regulation by )3-catenin/Tcf coin- treated wslith the indcicat~ed conlcentration~s of DFli for 481 h. CaltLire mnediam~ was har vested
týaut] assay'ed for PGE, by enzyme immillouissay to determine spontaoul~els release ofplexes. The human COX-2 promoter contains two potential Tcf- PG, Reut eenraie oP fpoenobandFo h el fe a etn

binding sites, although11 their overlap with the canonical TCF binding of the nilelinul. Mean values of two replicates are shown: bu~ry, spread.
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Because Wilt-i is a mammary oncogene, our data suggest that 9. Christiansen. J. H., Monkley, S. J., and Wainwright, B. J. Marine WNTI I is a

Cox-2 up-regulation might also contribute to mammary tumorigene- secreted glycoprolein that morphologically transformos mammary epithelial cells.
L_ Oncogene. 12: 2705-2711, 1996.

sis., Consistent with this idea, Cox-2 is expressed in ras- and virally 10. Shitn~iZa. H., Julius, M. A., Giarrd. M., Zheng, Z., Brown, A. M. C., and Kilajewski,
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clea. Postaladinoverrodctin i liely o hve ultple 12. Bafico, A., Gazil. A., Wa-Morgan. S. S., Yaniv, A., and Aaronson, S. A. Character-
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consequences. Prostaglandins can exert local immunosuppressive ef- NIH3T3 fibroblasts. Oncogene, 16: 2819-2825, 1998.

fects that could facilitate tumorigcnesis (37, 67). Additionally changes 13. Hugnel, E. L., McMahon, J. A.. McMahon, A. P., Bicknell, R., and Harr-is, A. L.
Differential expression of hnman Wnt genes 2. 3, 4, and 7B in hniman breast cell linies

in gene expression can occur because selected prostaglandins are and normal and disease states of humnan breast tisstie. Cancer Res., 54: 26 15-2621.
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destined to undergo apoptotic cell death; negative regulation of ap- 15. Dale. T. C., Weber-Hall. S. J., Smith, K., Hn~guct. E. L., Jayalilake, H.. GLnslerson,

optosis by Cox-2 overexpression has been demonstrated in intestinal B. A.. Shntlllworlh. G., O'Hare, M., and Harr-is. A. L. Compartment switching of
WNT-2 expression in human breast tumors. Cancer Res., 56: 4320-4323, 1996.
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tropic consequences of Cox-2 overexpression, it is difficult to predict 198. Totowva, NJ: Hnimana Press, 1999.

what role Cox-2 might play in Wnt-lI-induced mammary tmr.- - 18. van Ooyen. A., and Nusse. R. Structure and nucleolide sequncec of thle putative
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ment. Genes Des'., 11: 3286-3305. 1997.

reported, several others members of the WNT gene family are over- 23. Molenaar, M., van de Welering, M., Oosterwegel. M., Peterson-Madnro, J., Gocisave,

expressed in human breast tumors relative to normal tissue (13-16). A S., Korinek. V., Roose, I., Deslree, 0., and Clevers, H. XTcf-3 transcription factor

number of Writ proteins exhibit functional redundancy with Wnit-l, mediates 0-caienin-induced axis formation in Xertoptus etnbryos. Cell, 86: 391-399,
1996.

inducing stabilization of cytosolic f3-catenin and morphological trans- 24. Behrens, 3., von Kries. 3. P., Kuhl, M., Brtthn. L., Wedlich, D., Grossehedl. R., atmd

formation of mammary cells (8, 10). Therefore, it is likely that some Birchmecier. W. Functional interaction of 13-catenin with the tratnscription factor
LEF-I. Nature (Londi.) 382: 638-642, 1996.

of the WNT genes overexpressed in human breast cancers may have 25. Huber, 0., Konm, R., McLattghlint. J., OhsLagi, M., Herrmann, B. G., and Kemiler, R.
transcriptional consequences sinmilar to those of Wilt-i. Nutclear localization of 0-catenin by interaction wilth transcription factor LEF-I.

Mech. Des'.. 59: 3-10, 1996.
26. Brttntner, E., Peter. 0., Schsveizer, L., and Basler, K. pantgolut encodes a Lef-I

hotuolo1gneC that acts downstream of Armadillo to transdnuce the Wingless signal in
ACKNOWLEDGMENTS Drosophila. Natutre (Lottd.), 385: 829-833. 1997.

27. van dle Weltering, M., Cavallo, R., Doolies, D., vati Beest, M., van Es, J., Loareiro. J.,
We thank A. Ashworth, H. R. Herschman, and W. L. Smith for plasmids. Ypma. A., Harsh, 0., Jones. T., Bcjsovec, A.. Peifer. M., Mortiti. M., and Clevers, H.

The generous assistance of J. R. Timmer with production of figures is grate- Armadillo coactisates transcription drisen by the product of the Drosophila segnment
polarity gene dTCF. Cell, 88: 789-799, 1997.

folly acknowled~ged. 28. Riese. J.. Yut, X., Mtinnerlyn, A., Eresh. S., Hstt, S-C., Grossehedl. R., and Bienz, M.
LEF- 1, a nutclear faetor coordintating signalitng inputts from trittgle~ss and derctpen-
trtplegic. Cell. 88: 777-787, 1997.

REFERENCES 29. Porfiri, E.. Rubiafeld. B., Albert, L., Hosanes. K., Waterman. M., and Polakis, P.
Indutction of a 0-catenin-LEF-l complex by wnt-l and transformintg mutants of'

1. Nasse, R., aind varnits. H. E. Many Itumtors induced by the mnouse matmmary tumnor 0-catenin. Oticogene, 15: 2833-2839. 1997.
viruis contain a prosirtis integrated in the same region of the host genome. Cell, 31: 30. Fagotto. F., Gluck, U.. aitd Gutmbiner, B. M. Nutclear localization signal -incldepettdent
99-109, 1982. and insportin/karyopherin-in~dependent nutclear imuport of f3-catenin. Carr. Biol., 8:

2. Peters, G., Brookes, S., Smuith, R., and Dickson, C. Tatnori genesis by moouse main- 18 1-190. 1998.
nary ttttnor virus: esidence for a comsmon region for provints integration in mrammrary 31. Korinek. V., Batrker, N., Wiliert, K., Molenaar, M., Roose, J., Wagenaar, G..

tutmors. Cell. 33: 369-377, 1983. Markmnan. M., Lamers, W., Destree, 0., atnd Clevers, H. Two members of tilte Tcf
3. Nrtsse, R.. van Doyen. A.. Cox, D., FLing, Y. K. T., and Variots, H. Mode of proviral fatmily itmplicated in Wnt/0-catenin signaling during embryogenesis in tile mouse.

activation of a putative nammtary oncogene (iut-Il) on mouse chromosome 15. Natutre Mol. Cell. Biol., 18: 1248-1256, 1998.
(Loud.), 307: 13 1-136, 1984. 32. Korinek, V., Barker. N., Morin, P. 3.. van Wichen, D., de Weger, R., Kitteler. K. W.,

4. Tsttkatnioto, A. S., Grosschedl. R.. Gtieman. R. C.. Parsloss, T., and varmus. H. E. vogelstein, B.. and Clesers, H. Constitutive transcriptional activation by a 0-catenin-
Expression of the hat-lI gene in transgenic mtice is associated swith mammary gland Tef complex in APC-# colon earcinoma. Seience (Washintgton DC), 275: 1784-1787,
hyperplasia aird adenocarcinonmas in male and femnale nice. Cell, -55: 619-625, 1988. 1997.

5. Brosvn, A. M. C.. Wildin. R. S., Prendergast. T. J.. and Varnits. H. E. A retrosirLuS 33. Morin, P. 3.. Sparks. A. B.. Korinek. V.. Barker, N.. Clevers. H.. vogeistein. B., and
vector expressintg the putative mammuary oncogene intt-l causes partial transfortmation Kinzler. K. W. Activation of 0-catenin-Tcf signaliing in colon cancer by tmutations in

of a mamnmary epithelial cell line. Cell. 46: 1001-1009. 1986. 0-catenin or APC. Science (Washingtoni DC). 275: 1787-1790, 1997.
6. Rijsewijk. F., van Deetoter, L., Wagenaar. E., Sotnnenberg, A., and NUsse. R. 34. Rubinfeid. B., Robbins, P.. EI-Gatuil, M., Albert, I., Porfiri, E., and Polakis, P.

Transfection of the intt-l mammary oncogene in cuboidal RAC nmamnmary cell line Stabilization of 0-catenin by genetic defects in tmelanomna cell lilies. Scietnce (Wash-
results in morphological transfortmation and tttmorigenicity. EMBO J., 6: 127-131, ington DCI. 275: 1790-1792. 1997.
1987. 35. Mnnenritsit. S.. Albert, L.. Sotuza, B., Rubinfelci, B.. and Polakis, P. Regutlation

7. Bradbury, J. M., Niemeyer, C. C., Dale. T. C. and Edswards, P. A. W. Alterations of of intracellurlar 0-catenin levels by the adettotnatous polyposis coli (APC) tntnor-
the growth characteristics of the fibroblast cell litte C3H IOTI/2 by members of the Sutppressor protein. Proc. Natl. Acad. Sdi. USA, 92: 3046-3050, 1995.
Wnut gente fatmily. Oticogene. 9: 2597-2603. 1994. 36. Sparks, A. B.. Morini, P. J., vogelstein. B., and Kitizier. K. W. Muttational antalysis otf

8. Wong, G. T., Gasvin. B. J., and McMahon, A. P. Differential transformtation of the APC/P-cateninrTcf pathway itt colorectal cancer. Cancer Res., 58: 1130-1134,
nmatmmary epithelia] cells by Willt gentes. Mol. Cell. Biol.. 14: 6278-6286, 1994. 1998.

1576



WNT-1 EXPRESSION ACTIVATES COX-2 TRANSCRIPTION

37. Subbaramaiah, K., Zakim, D., Wcksler, B. B., and Dannenberg, A. J. Inhibition of M., Rodger, 1. W., Therien, M., Wang, Z., Webb, J. K., Wong, E., Xu, L., Young,
cyclooxygenase: a novel approach to cancer prevention. Proc. Soc. Exp. Biol. Med., R. N., Zamboni, R., Prasit, P., and Chan, C-C. Biochemical and pharmacological
216: 201-210, 1997. profile of a tetrasubstituted furanone as a highly selective COX-2 inhibitor. Br. J.

38. Herschman, H. R. Proslaglandin synthase 2. Biochim. Biophys. Acta, 1299: 125-140, Pharmacol., 121: 105-117, 1997.
1996. 55. Eberhart, C. E., Coffey, R. J., Radhika, A., Giardiello, F. M., Ferrenbach, S., and

39. Kargman, S. L., O'Neill, G. P., Vickers, P. J., Evans, J. F., Mancini, J. A., and Jothy, DuBois, R. N. Up-regulation of cyclooxygenase 2 gene expression in human colo-
S. Expression of prostaglandin G/H syntbase-I and -2 protein in human colon cancer, rectal adenomas and adenocarcinomas. Gastroenterology, 107: 1183-1188, 1994.
Cancer Res., 55: 2556-2559, 1995. 56. Sano, H., Kawahito, Y., Wilder, R. L., Hashiramoto, A., Mukai, S., Asai, K., Kimura,

40. Williams, C. S., Luongo, C., Radhika, A., Zhang, T., Lamps, L. W., Naniney, L. B., S., Kato, H., Kondo, M., and Hla, T. Expression of cyclooxygenase-l and -2 in human
Beauchamp, R. D., and DuBois, R. N. Elevated cycloxygenase-2 levels in Mil mouse colorcctal cancer. Cancer Res., 55: 3785-3789, 1995.
adenontas. Gastroenterology, 111: 1134- 1140. 1996. 57. Kutchera, W., Jones, D. A., Matsunami, N., Groden, J., McIntyre, T. M,, Zimmerman,

41. Boolbol, S, K., Dannenberg, A. L., Chadburn, A., Martucci. C., Guo. X., Ramonetti, G. A., White, R. L., and Prescott, S. M. Prostaglandin H synthase 2 is expressed
J. T., Abreu-Goris, M., Newmark, H. L., Lipkin, M. L., DeCosse, J. J., and Bertag- abnormally in human colon cancer: evidence for a transcriptional effect. Proc. Natl.
nolli, M. M. Cyclooxygernase-2 overexpression and tumor formation are blocked by Acad. Sci. USA, 93: 4816-4820, 1996.
sulindac in a iturine model of familial adenomatous polyposis. Cancer Res., 56: 58. DuBois, R. N., Radhika, A., Reddy, B. S., and Entingh, A. J. Increased cyclooxyge-
2556-2560, 1996. nase-2 levels in carcinogen-induced rat colonic tumors. Gastroenterology, 110:

42. Oshima, M., Dinchuk, J. E., Kargman, S. L., Oshima, H., Hancock, B., Kwong, E., 1259-1262, 1996.
Trzaskos, J. M., Evans, J. F., and Taketo, M. M. Suppression of intestinal polyposis 59. Smalley, W. E., and DuBois, R. N. Colorectal cancer and non steroidal anti-
in Apca1l(" knockout mice by inhibition of cyclooxygenase 2 (COX-2). Cell, 87: inflammatory drugs. Adv. Pharmacol., 39: 1-20, 1997.
803-809, 1996. 60. Giardiello, F. M., Hamilton, S. R., Krush, A. J., Piantadosi, S., Hylind, L. M., Celano,

43. Vaidya, A. B., Lasfargues. E. Y., Sheffield, J. B., and Coutinho, W. G. Marine P., Booker, S. V., Robinson, C. R., and Offerhauts, G. J. A. Treatment of colonic and
mammitary tumnor virus (MMuTV) infection of an epitbelia] cell line established from rectal adenomas with sulindac in familial adenomatous polyposis. N. Engh. J. Med.,
C57BL/6 mouse mammary glands. Virology, 90: 12-22, 1978. 328: 1313-1316, 1993.

44. Ramakristtna, N. R., and Brown, A. M. C. Wingless, the Drosophila homolog of the 61. Reddy, B. S., Rao, C. V., and Seibert, K. Evaluation of cyclooxygenase-2 inhibitor for
proto-oncogene Witr-], can transform mouse matutary epithelial cells. Dev. 119, potential chemopreventive properties in colon carcinogenesis. Cancer Res., 56:
Suppl.: 95-103, 1993. 4566-4569, 1996.

45. Sonnenberg, A., van Balcn, P., Hilgers, J., Schuuring, E., and Nusse, R. Oncogene 62. Yoshimi, N., Kawabata, K., Hara, A., Matsunaga, K., Yamada, Y., and Mori, H.
expression during progression of tmouse nmainuary tumor cells: activity of a proviral Inhibitory effect of NS-398, a selective cyclooxygenase-2 inhibitor, on azoxymeth-
enhancer antd the resulting expression of int-2 is influenced by the state of differen- ane-induced aberrant crypt foci in colon carcinogenesis of F344 rats. Jpn. J. Cancer
tiation. EMBO J., 6: 121-125, 1987. R es 88: 1rypt 1997.

46. Giarrd, M., Sciniiov, M. V., and Brown, A. M. C. WNT signaling stabilizes the dual Res., 88: 1044-1051, 1997.
function protein ,-catenin in diverse cell types. Ann. NY Acad. Sci., 857: 43-55, 63. Nakasugi, S., Fukutake, M., Takahashi, M., Fukda, K., Isoil, T., Taniguehi, Y.,
1998. Sugimura, T., and Wakabayashi, K. Stppression of intestinal polyp development by

47. Subbaramaliah, K., Telang, N., Rantonetti, J. T., Araki. R., DeVito, B., Weksler, B. B., nimesulide, a selective cyclooxygenase-2 inhibitor, in Min mice. Jpn. J. Cancer Res.,
and Danneinberg, A. J. Transcription of cyclooxygenase-2 is enhanced in transformed 88: 1117-I120, 1997.
maitaintry epithelial cells. Cancer Res., 56: 4424-4429, 1996. 64. Kawamori, T., Rao. C. V., Seibert, K., and Reddy, B. S. Chemopreventive activity of

48. Church, G. M., and Gilbert, W. Genomic sequencing. Proc. Natl. Acad. Sci. USA, 81: celecoxib, a specific cyclooxygenase-2 inhibitor, against colon carcinogenesis. Can-

1991-1995, 1984. cer Res., 58: 409-412, 1998.

49. Papkoff, J., Rubinfeld, B., Schryver, B., and Polakis, P. Wnt- I regulates free pools of 65. Liu, X-H., and Rose, D. P. Differential expression and regulation of cyclooxygen-
catenins and stabilizes APC-catenin complexes. Moh. Cell. Biol., 16: 2128-2134, ase- I and -2 in two human breast cancer cell lines. Cancer Res., 56: 5125-5127, 1996.
1996. 66. Parrett, M. L., Harris, R. E., Joarder, F. S., Ross, M. S., Clausen, K. P., and Robertson,

50. Oshima, T., Yosbinoto, T., Yamamoto, S., Kumegawa, M., Yokoyama, C., and F. M. Cyclooxygenase-2 gene expression in human breast cancer. Int. J. Oncoh., 10:
Tanabe, T. cAMP-dependent induction of fatty acid cyclooxygenase mRNA in mouse 503-507, 1997.
osteoblastic cells (MC3T3-EI). J. Biol. Chem., 266: 13621-13626, 1991. 67. Huang, M., Stolina, M., Sharma, S., Mao, J. T., Zhu, L., Miller, P. W., Wollman, J.,

51. Hamasaki, Y., Kitzler. J., Hardman, R., Neltesheim, P., and Eling, T. E. Phorbol ester Herschman, H., and Dubinett, S. M. Non-small cell lung cancer cyclooxygenase-2-
and epidermal growth factor enhance the expression of two inducible prostaglandin H dependent regulation of cytokine balance in lymphocytes and macrophages: up-
synthase genes in rat tracheal epithelial cells. Arch. Biochem. Biophys., 304: 226- regulation of interleukin 10 and down-regulation of interleukin 12 production. Cancer
234, 1993. Res., 58: 1208-1216, 1998.

52. Nanayama, T., Hara, S., Inoue, H., Yokoyama, C., and Tanabe, T. Regulation of two 68. Yu, K., Bayona, W., Kallen, C. B., Harding, H. P., Ravera, C. P., McMahon, G.,
isozynies of prostaglandin endoperoxide synthase and thrornboxane synthase in Brown, M., and Lazar, M. A. Differential activation of peroxisome proliferator-
human monoblastoid cell line U937. Prostaglandins, 49: 371-382, 1995. activated receptors by cicosanoids. J. Biol. Chem., 270: 23975-23983, 1995.

53. Murakanti, M., Matsumoto, R., Urade, Y., Austen, K. F., and Arm, J. P. c-kit ligand 69. Tsujii, M., and DuBois, R. N. Alterations in cellular adhesion and apoptosis in
mediates increased expression of cytosolic phospholipase A, prostaglandin endoper- epithelial cells overexpressing prostaglandin endoperoxide synthase 2. Cell, 83:
oxide synthase-I, and temttatopoictic prostaglandin D, synthase and increased lgE- 493-501, 1995.
dependent prostaglaidin D. generation in imiature mouse mast cells. J. Biol. Chem.. 70. Tsujii, M., Kawano, S,, Tsuji, S., Sawaoka, H., Hori, M., and DuBois, R. N.
270: 3239-3246, 1995. Cyclooxygenase regulates angiogenesis induced by colon cancer cells. Cell, 93:

54. Riendcau, D., Percival, M. D., Boyce, S., Brideau, C., Charleson, S., Croinlisb. W., 705-716, 1998.
Ethier, D., Evans, J.. Falgueryet, J-P., Ford-Hutchinson, A. W., Gordon, R., Greig, G.. 71. Bradley, R. S., and Brown, A. M. C. The proto-oncogene int-I encodes a secreted
Gresser, M., Guay, J., Kargmann, S., Leger, S., Mancini, J. A., O'Neill, G., Ouellet. protein associated with the extracelhtaar matrix. EMBO J., 9: 1569-1575, 1990.

1577



THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 276, No. 23, Issue of June 8, pp. 20108-20115, 2001
© 2001 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

4

PEA3 Is Up-regulated in Response to Wntl and Activates the
Expression of Cyclooxygenase-2*

Received for publication, November 27, 2000, and in revised form, March 16, 2001
Published, JBC Papers in Press, March 26, 2001, DOI 10.1074/jbc.M010692200

Louise R. Howet§¶, Howard C. Crawfordl**, Kotha Subbaramaiah§ $4, John A. Hassell§§ ¶¶,
Andrew J. Dannenberg§ #, and Anthony M. C. BrownS§

From the *Department of Cell Biology and Anatomy, Weill Medical College of Cornell University, New York, New York
10021, the §Strang Cancer Research Laboratory at the Rockefeller University, New York, New York 10021, the
ItDepartment of Cell Biology, Vanderbilt University School of Medicine, Nashville, Tennessee 37232, the #4Department of
Medicine, Weill Medical College of Cornell University, New York, New York 10021, and the §§Institute for Molecular
Biology and Biotechnology, McMaster University, Hamilton, Ontario L86 4K1, Canada

The inducible prostaglandin synthase cyclooxygenase-2 ally, 13-catenin may induce TCF-independent transcription (4-
(COX-2) is aberrantly expressed in intestinal tumors result- 6). Inappropriate activation of the Wnt signaling pathway has
ing from APC mutation, and is also transcriptionally up- been detected in numerous tumors, arising as a consequence of
regulated in mouse mammary epithelial cells in response to Wnt gene misexpression, APC mutation, or mutation of other
Wntl expression. j-Catenin stabilization is a consequence components of the pathway such as axin and 13-catenin itself
of both APC mutation and Wnt signaling. We have previ- (7). Multiple transcriptional targets of Wnt signaling have now
ously observed coordinate regulation of the matrilysin pro- been identified, some of which are likely to contribute to tu-
moter by 13-catenin and Ets family transcription factors of morigenesis. Of these, several have been demonstrated to be
the PEA3 subfamily. Here we show that while 63-catenin directly activated by P3-catenin, including cyclin Dl, c-myc,
only weakly activates the COX-2 promoter, PEA3 family matrilysin, and peroxisome proliferator activated receptor 8
transcription factors are potent activators of COX-2 tran- (8-12). In addition, we have shown transcriptional up-regula-
scription. Consistent with this, PEA3 is up-regulated in tion of Cox-2 in Wntl-expressing mouse mammary epithelial
Wntl-expressing mouse mammary epithelial cells, and cells
PEA3 factors are highly expressed in tumors from Wntl el(13), but did not determine whether this was due to direct
transgenic mice, in which Cox-2 is also up-regulated. Pro- regulation of the Cox-2 promoter by 3-catenin.
moter mapping experiments suggest that the NF-1L6 site in Cox-2, the inducible isoform of prostaglandin synthase, is

the COX-2 promoter is important for mediating PEA3 re- aberrantly expressed in human colorectal cancers, and also in

sponsiveness. The NF-IL6 site is also important for COX-2 tumors from mouse colorectal cancer models carrying germline

transcription in some colorectal cancer lines (Shao, j., Apc mutations (14-18). Additionally, COX-2 overexpression

Sheng, H., Inoue, H., Morrow, J. D., and DuBois, R. N. (2000) has now been detected in multiple human cancers including
J. BioL Chem. 275, 33951-33956), and PEA3 factors are those of the skin, head and neck, lung, breast, and stomach
highly expressed in colorectal cancer cell lines. Therefore, (19-24). Strikingly, COX-2 overexpression in murine mam-
we speculate that PEA3 factors may contribute to the up- mary gland is sufficient to induce tumorigenesis (25). Thus,
regulation of COX-2 expression resulting from both APC considerable interest is focused on COX-2 as a potential ther-
mutation and Wntl expression. apeutic target for the prevention or treatment of cancer. Both

genetic ablation and pharmacological inhibition of COX-2 have
resulted in reduced tumorigenesis in several animal cancer

Wntl is a mammary oncogene that encodes a secreted sig- models (26-30), and selective COX-2 inhibitors have also
naling factor. Targeted expression of Wntl in murine maam- proved effective in reducing the number of colorectal polyps in
mary glands results in epithelial hyperplasia with subsequent familial adenomatous polyposis patients (31). Several mecha-
carcinoma formation (1). Wntl signaling leads to stabilization nisms have been proposed to account for the role of COX-2 in
of a cytosolic pool of 3-catenin, and consequently transcrip- tumorigenesis. Cox-2 overexpression in epithelial cells is asso-
tional activation by 3-catenin'TCF 1 complexes (2, 3). Addition- ciated with enhanced invasiveness and suppression of apopto-

sis (25, 32, 33). Prostaglandin overproduction is likely to have

pleiotropic consequences including stimulation of proliferation*This work was supported in part by National Institutes of Health and local immunosuppressive effects that could facilitate tu.-
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cidate the mechanism(s) underlying Wntl-mediated induction A
of Cox-2. Given that COX-2 is also up-regulated in intestinal

tumors resulting from APC mutation, we initially hypothesized
that f3-catenin might regulate the COX-2 promoter. Here we
examine the effect of both 3-catenin and Ets family transcrip- 3000
tion factors of the PEA3 subfamily on COX-2 promoter activity.

2500
EXPERIMENTAL PROCEDURES

Cell Culture-Generation, characterization, and culture of the control 2000
and Wntl-expressing mouse mammary epithelial cell lines have been pre-
viously described (13). C57/MV7 and RAC/MV7 are control populations I"
infected with MV7 retrovirus, while C57/Wnt-1 and RAC/Wnt-1 are WWtI- Z 1500

expressing populations, and RAC/Wnt-1 #9 is a clonal subline selected for 0
high level Wntl expression. Identical culture conditions were used for the ( 1000
parental cell line C57MG. 293 human embryonic kidney cells were grown in
Dulbecco's modified Eagle's medium (4.5 g/liter D-glucose) containing 10%5
fetal bovine serum (Life Technologies, Inc.), 100 units/ml penicillin, and 100 500
pg/ml streptomycin.

Cell Transfection and Luciferase Assays-293 cells were transfected 0
using LipofectAMINE (Life Technologies), according to the manufactur- o
er's instructions. Briefly, cells were seeded in 24-well plates at 1 x 10'
cells/well. 20 hr after cell seeding, 6 wells were transfected for 4 h using
a transfection mixture consisting of 1.2 ml of serum-free Dulbecco's
modified Eagle's medium, 3.6 pl of LipofectAMINE, and 2.2 pg of total
plasmid DNA (including 0.2 pg of pRL-TK). Where necessary "empty" STIMULUS
vectors were included to maintain constant amounts of DNA. Lysates
were prepared 48 h after transfection, and Firefly and Renilla luciferase
activities were measured using a Dual Luciferase Reagent kit (Pro-
mega) and a Monolight 2010 luminometer (Analytical Luminescence

Laboratory). Firefly activity was normalized to the Renilla activity, and
results were expressed as percentage of control activity. To transfect
293 cells for protein analysis or RNA preparation, cells were plated at 2500
5 x 10' cells per 10-cm plate, and transfections scaled-up proportionally
to surface area. Similar conditions were used to transfect C57MG cells,
except that cells were plated at 2.5 x 10' cells/well, and 5.4 p 1 of 2000
LipofectAMINE was used for transfection.

Maommary Tissues and Tumors-A breeding colony of Wntl trans- Q
genic mice (1) was maintained by crossing Wntl transgenic B6/SJL c 1500
males (obtained from the Jackson Laboratory) with strain-matched 1-

Z
females. Mice were genotyped by polymerase chain reaction analysis of o0
tail-tip DNA. The primers used were: 5'-CCAGAACACAGCATGGCT- L 1000
TCCAACG-3' and 5'-ACTCCACACAGGCATAGAGTGTCTGC-3'. I
These primers amplify a 425-base pair fragment present in the trans- 500
gene, but not in the endogenous Wntl gene. Wntl transgenic animals
were sacrificed when tumors were 1 cm in diameter, and wild type
littermates were simultaneously sacrificed. Tumors and mammary 0
glands were snap-frozen in liquid nitrogen and stored at -80 'C prior tous.0.00 0.01 0.10 1.00

Protein Analysis-Transfected 293 cells were lysed, and lysates an- PEA3, ng
alyzed for expression of Myc-epitope-tagged proteins and ERK2, using
9E10 monoclonal and 122 polyclonal antibodies, respectively, as previ- FIG. 1. Effects of j3-catenin and PEA3 on COX-2 promoter reg-
ously described (40). Cox-2 protein in mammary glands and tumors was ulation. A, effect of PEA3 and 3-catenin on COX-2 promoter activity.
assayed using a coupled immunoprecipitationlimmunoblotting assay. 293 cells were transfected with combinations of expression vectors

10 mg of mammary gland or tumor tissue was sonicated in 1 ml of RIPA encoding /3-catenin and PEA3, together with a COX-2 promoter lucif-

buffer, and the sonicate was centrifuged at 10,000 X g for 10 min at erase reporter construct (COX-2-LUC), and with pRL-TK as an internal

4 'C. The resulting supernatant was precleared by incubation at 4 'C control. Luciferase activities were measured as described under "Ex-

with goat IgG, rabbit IgG, and Protein-G-PLUS agarose (Santa Cruz perimental Procedures." Results shown are the mean + S.D. of six
replicates from a representative experiment, expressed relative to ac-

Biotechnology Inc.). Cox-2 protein was immunoprecipitated by incuba- tivity in control cells transfected with empty expression vectors. B,
tion at 4 'C for 1 h with 10 pl each of rabbit polyclonal and goat PEA3 dose dependence of COX-2 promoter activation. 293 cells were
polyclonal anti-Cox-2 antibodies (Oxford Biomedical Research, Inc. and transfected with increasing amounts of PEA3 expression vector, plus
Santa Cruz Biotechnology Inc., respectively), followed by an additional COX-2-LUC and pRL-TK, and luciferase assays were performed as
16-h incubation after addition of 20 pl of Protein A-agarose. Beads were described above. Results shown are the mean t S.D. of 6 replicates.
recovered by centrifugation (5 min, 3,000 X g, 4 'C), and washed 4 times
with RIPA buffer prior to resuspension in Laemmli sample buffer.
Cox-2 protein was detected by Western blotting after running the im- + 59 of the human COX-2 promoter linked to luciferase (43). In addition,
munoprecipitates on SDS-polyacrylamide gels as described previously the following truncated COX-2 promoter constructs were used: -327/
(13). +59, -220/+59, -124/+59, and -52/+59 (43). Constructs were also

RNA Preparation and Northern Blotting-RNA was prepared from utilized in which mutations had been introduced into the -327/+59
confluent cells and from mammary glands and tumors using RNAzol B backbone. KBM, ILM and CRM have mutagenized NF-KB (-223/-214),
(Tel-Test, Inc.) according to the manufacturer's instructions. Frozen NF-IL6 (-132/-124), and CRE (-59/-53) sites, respectively (43). The
tissues were finely minced prior to homogenization in RNAzol B. North- stromelysin-1 promoter construct p754TR-Luc (42) was used to com-
ern blot analysis was performed as described previously using MOPS/ pare activation by Ets factors with that of the COX-2 promoter.
formaldehyde gels (13). p754TR-Luc was co-transfected with expression vectors encoding Ets

Plasomids-Northern probes used were as follows: human COX-2 factors plus c-Jun, since Ets factors alone were insufficient to induce
(S. M. Prescott, University of Utah, Salt Lake City, UT), murine PEA3 stromelysin-1 promoter activity. The TOPFLASH vector, an artificial
(41), murine ERM (42), murine ER81 (42), and GAPDH (13). The COX-2 j3-catenin.TCF-responsive promoter reporter (44), was used to confirm
promoter reporter construct COX-2-LUC contained nucleotides - 1432/ that overexpressed /3-catenin could drive transcription. The following
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Transfected with: PEA3 B-catenin
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FIG. 2. Comparison of 1-catenin and PEA3 expression. 293 cells were transfected with expression vectors encoding 0-catenin or PEA3, and

lysates prepared as described under "Experimental Procedures." Equivalent amounts of each expression vector were used as in the experiments
shown in Figs. 1A and 4. To compare the relative expression levels of p-catenin and PEA3, varied amounts of each lysate were electrophoresed on
the same polyacrylamide gel, and analyzed by Western blotting sequentially with the anti-Myc epitope antibody 9E10 (upper panel) and the
anti-ERK2 antibody 122 (lower panel). 9E10 detected both PEA3 (lanes 1-3) and 13-catenin (I-cat; lanes 4-6), since both are Myc-epitope-tagged.
Anti-ERK2 antibody was used as a loading control. Comparison of lane 5 with lanes 2 and 3 suggests that 3-catenin is present at 2-4-fold lower
levels than PEA3.

CYCLOOXYGENASE-2 STROMELYSIN-1 PEA3• - + - +

2000 800

1800 700 B-CAT: - + +
1600

1400 600 COX-2
1 0500

O 1200 0

Z 1000 Z 400GA D
0oo GAPDH0 8 400

1 o300

600
200

400 100 1 2 3 4
200 FIG. 4. Activation of the endogenous COX-2 promoter by PEA3

o oL overexpression. 293 cells were transfected with combinations of ex-Q g ,@ N, o•••• . . pression vectors encoding P9-catenin and PEA3, and total RNA was

10 1P 1;,• •, prepared from cells 48 h after transfection. 20 tig of each RNA was
ETS FACTOR ETS FACTOR analyzed by Northern blotting as described under "Experimental Pro-

cedures." The blot was hybridized sequentially with probes for COX-2FIG. 3. The COX-2 promoter is selectively activated by PEA3 and GAPDH.
factors. 293 cells were transfected with expression vectors encoding
PEA3, ER81, ERM, ETS-1, or ETS-2, together with COX-2-LUC and
pRL-TK. In parallel, cells were transfected with the Ets expression observed in six experiments in response to 3-catenin was 28%
vectors, pRL-TK, a stromelysin promoter luciferase reporter construct (p < 0.03). In contrast, PEA3 activated COX-2-LUC up to
(p754TR-Luc), and a c-Jun expression vector. Luciferase assays were
performed as described above. Results shown are the mean + S.D. of six 20-fold (Fig. 1, A and B). Together PEA3 and f-catenin elicited
replicates, a greater than additive response in some experiments (Fig. 1A),

although the observed trend was not statistically significant.

expression vectors were used: pMT23p-catenin (myc-tagged; 45), One potential explanation for the contrasting potencies of
pCANmycPEA3 (42), pcDNA-ER81 (42), pCANmycERM (42), Ets-1 (S. PEA3 and /-catenin in activating the COX-2 promoter could be
Hiebert, Vanderbilt University, Nashville, TN), pSG5-Ets-2 (D. different expression levels of the two proteins. To directly com-
Watson, Medical University of South Carolina, Charleston, SC), pCMX- pare expressions levels, lysates were prepared from 293 cells
c-jun (R. Wisdom, Vanderbilt University), and pCMV-LIP, encoding transfected with expression vectors for PEA3 or 3-catenin (both
dominant negative C/EBPI3 (46, 47). In addition, expression vectors
encoding C/EBPa, C/EBPP, and C/EBP6 were obtained from S. McK- of which were Myc epitope-tagged) and analyzed by Western
night (University of Texas, Southwestern, TX). blotting with anti-Myc epitope antibody 9E10. On this basis,

PEA3 was expressed at 2-4-fold higher levels than /3-catenin
RESULTS (Fig. 2). However, transfection of 50-fold less PEA3 than used

Transient transfections were performed to determine in this experiment was sufficient to potently activate the
whether the COX-2 promoter was susceptible to regulation by COX-2 promoter (Fig. 1B), and it therefore seems unlikely that

/P-catenin. The 293 human embryonic kidney cell line was se- this small difference in expression levels is sufficient to explain
lected for these experiments based on ease of transfection (4). the differential responsiveness of the COX-2 promoter to
293 cells were co-transfected with a 3-catenin expression vector /3-catenin and PEA3.
and with COX-2-LUC, a luciferase reporter construct contain- We also examined the response of the COX-2 promoter to the
ing 1.4 kilobase pairs of the human COX-2 promoter (43). In Ets factors Ets-1 and Ets-2, in comparison with the PEA3
addition, we tested the effect of the Ets family transcription subfamily members PEA3, ER81, and ERM. Of these, PEA3
factor PEA3 since we had previously observed synergistic acti- was the most potent activator of the COX-2 promoter (Fig. 3).
vation of another target gene, matrilysin, by PEA3 and /3-cate- ER81 and ERM were also capable of inducing significant acti-
nin (42). Overexpression of /-catenin stimulated the activity of vation, in contrast with the weaker responses elicited by Ets-1
TOPFLASH, an artificial f3-catenin/TCF-responsive promoter and Ets-2. It was not possible to compare expression levels of
reporter (44), by 5-10-fold (data not shown). However, we ob- the various factors directly, since the cDNAs were not uni-
served only very weak activation of the COX-2 promoter con- formly epitope-tagged. However, since Ets-2 caused much
struct COX-2-LUC by /3-catenin (Fig. 1A). The mean increase stronger activation of the stromelysin-1 promoter than did
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FIG. 5. PEA3 factor expression analysis. A, PEA3 expression is up-regulated in C57MG cells expressing Wntl. Total RNA was prepared from
C57/MV7 and C57/Wnt-1 cells and 20 jg analyzed by Northern blotting as described under "Experimental Procedures." The blot was hybridized
sequentially with probes for PEA3 and GAPDH. B, comparison of PEA3 expression in mammary glands and tumor tissue. Total RNA was prepared
from a mammary carcinoma from a Wntl transgenic mouse. RNA was also prepared from the MG of an age-matched wild type littermate. 20 tg
of each RNA was analyzed by Northern blotting, and hybridized sequentially with probes for PEA3 and GAPDH. A high level of PEA3 expression
was detected in the tumor. Longer exposures revealed much lower PEA3 expression in wild type MG (not shown). C, PEA3 expression in tumors
from Wntl transgenic mice. Total RNA was prepared from mammary carcinomas from five Wntl transgenic mice and analyzed by Northern
blotting for PEA3 expression as in B. High level expression was observed in all tumors examined. D, ERM expression in tumors from Wntl
transgenic mice. RNA from 6 mammary tumors was analyzed by Northern blotting for ERM expression by sequential probing with an ERM probe
and a GAPDH probe. High level expression was observed in all tumors examined. No ERM transcript was detectable in wild type MG (not shown).
E, comparison of PEA3, ER81, and ERM expression in a single Wntl transgenic tumor. RNA from a single tumor was subjected to Northern blotting
and probed in parallel with probes for PEA3, ER81, and ERM. All probes were of approximately equal specific activity, and exposures to film were
of the same duration, thus allowing an approximate comparison of relative expression levels. ER81 was expressed at a much lower level (in tumor
160 and in 6 other tumors tested) than were PEA3 and ERM. One major and two minor ER81 transcripts were detected. GAPDH probing confirmed
equal RNA loading (not shown). F, comparison of ER81 expression in tumor tissue and wild type mammary glands. 20 /g of total RNA from wild
type MG and from tumor from a Wntl transgenic mouse was analyzed by Northern blotting, with sequential probing with an ER81 probe and a
GAPDH probe. No ER81 expression was detectable in wild type MG, but a distinct signal was detected in Wntl transgenic tumor tissue. Similar
ER81 expression was detected in all 7 tumors tested (not shown).

PEA3 in the same experiment, we conclude that the COX-2 efficiency associated with C57MG cells (4). Nevertheless, our
promoter is preferentially responsive to PEA3 family members data suggest that, both in 293 and C57MG cells (Figs. 1 and 6),

(Fig. 3). Strikingly, PEA3 alone was also sufficient to activate PEA3 is a more potent activator of the COX-2 promoter than

transcription of the endogenous COX-2 gene. Transient trans- P-catenin.
fection of PEA3 into 293 cells caused accumulation of COX-2 In addition to being up-regulated in Wntl-expressing

transcript (Fig. 4). In contrast, 0-catenin alone did not stimu- C57MG cells, PEA3 was highly expressed in all tumors exam-
late significant transcription of the endogenous COX-2 gene, ined from Wntl transgenic mice (Figs. 5, B and C), contrasting
nor did it enhance the response to PEA3, consistent with the with the very low expression level in normal virgin mammary

data obtained using the COX-2 promoter reporter construct gland (41) (Fig. 5B). ERM was also highly expressed in all Wntl
(Fig. 1A). tumors tested, while no expression was detected in wild type

Since we had previously observed Cox-2 up-regulation in mammary gland (Fig. 5D; data not shown). Comparison of all
Wntl-expressing cell lines (13), we were interested to deter- three factors revealed that, in contrast to PEA3 and ERM,

mine whether PEA3 factors could play a role in this up-regu- ER81 was expressed at a relatively low level in the tumors (Fig.
lation. In particular, we had observed significantly increased 5E, data not shown), albeit at higher levels than in virgin
Cox-2 transcript in response to Wntl in C57MG cells, a mouse mammary gland (Fig. 5F).
mammary epithelial cell line which undergoes Wntl-induced Our observation of high level expression of PEA3 factors in

morphological transformation (48). Therefore PEA3 transcripts tumors from Wntl transgenic mice, coupled with the demon-
were measured in C57MG-derived cell lines, and also in mam- stration that PEA3 activates the COX-2 promoter, prompted us

mary tumors from Wntl transgenic mice. We observed up- to test whether Cox-2 was also up-regulated in Wntl-express-
regulated PEA3 expression in C57MG cells in response to Wntl ing mammary tumors. Levels of Cox-2 protein were compared

expression (Fig. 5A). This observation is consistent with the in normal mammary glands from wild type mice and in tumors

Cox-2 up-regulation observed in these cells, and suggests a role from Wntl transgenic mice. We observed a significant increase

for PEA3 in Cox-2 promoter regulation in these cells. To test in Cox-2 protein in the three tumors tested compared with

this, the effects of PEA3 and 3-catenin on COX-2 promoter virtually undetectable basal levels in wild type mammary
activity in C57MG cells were compared. PEA3 overexpression gland (Fig. 7). These data suggest that increased expression of
increased COX-2 promoter activity to 205% (p < 0.03; Fig. 6). A PEA3 factors may contribute to Cox-2 up-regulation in these

smaller degree of activation was observed in response to 3-cate- tumors.
nin in several experiments, but was not statistically signifi- In order to map the PEA3-responsive elements in the COX-2

cant. These experiments were limited by the poor transfection promoter, a range of promoter reporter constructs were used in
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Which deletions or site-specific mutations had been introduced DISCUSSION

(43). Progressive truncation of the promoter sequentially de- Transcriptional up-regulation of COX-2 has previously been
letes binding sites for NF-KB, NF-IL6, and finally the CRE (Fig. observed under conditions of nuclear 3-catenin accumulation,
8A). No significant diminution in PEA3 responsiveness was such as in intestinal tumors and Wntl-expressing cell lines.
observed until residues -220 to -125 were deleted (Fig. 8B). The ability of 3-catenin to activate transcription in complex
The - 124/+ 59 construct was virtually unresponsive to PEA3, with other transcription factors has led to speculation that
suggesting that the PEA3 response element(s) lie between 3-catenin might directly regulate the COX-2 promoter. As an
-220 and - 125. Since an NF-IL6-binding site is present in this initial test of this hypothesis, we examined the regulation of
region of the promoter, we next tested the responsiveness to COX-2 promoter activity by overexpressed 3-catenin. We also
PEA3 of various site-specific promoter mutants, including the tested the potential role of PEA3 factors, since we had previ-
ILM construct in which the NF-IL6 site is mutagenized. This ously observed coordinate regulation by 0-catenin and PEA3 of
experiment was primarily intended to rule out involvement of the matrilysin promoter (42). We observed that 3-catenin
this site in the PEA3 response. However, to our surprise, we caused only very weak activation of a COX-2 promoter reporter
found that mutation of the NF-IL6 site completely and specif- construct (Figs. IA and 6). Although it remains possible that
ically abolished both basal and PEA3-stimulated COX-2 pro-
moter activity (Fig. 9). In contrast, mutation of the NF-KB site
had no effect on PEA3 responsiveness. Mutation of the CRE 300
site reduced both basal and PEA-3-stimulated activity, such
that the index of stimulation exhibited by the CRM construct
was not reduced relative to the wild type construct. Collec- 250
tively, these data strongly implicate the NF-IL6 site in medi-
ating PEA3 responsiveness. Since we have previously found
mutation of the NF-IL6 site to have little effect on COX-2
promoter responsiveness to the lipid ceramide (49), we believe _j 200
these data to reflect a specific involvement of the NF-IL6 site in 0
mediating PEA3 responsiveness.

The NF-IL6 site is a consensus binding site for transcription I"
factors of the C/EBP family. Several C/EBP factors have been Z 150

identified (50). C/EBPa is generally associated with differenti- 0
ation, while C/EBP3 and C/EBP5 are primarily implicated in

mediating gene activation during inflammation and cell prolif- 6' 100
eration. Our data demonstrating the importance of the NF-IL6
site for PEA3 responsiveness suggested that C/EBP factors
might be involved in PEA3-mediated activation of the COX-2
promoter. To test this hypothesis we used several C/EBP ex- 50
pression constructs, including a dominant negative variant,
LIP (liver-enriched inhibitory protein). Consistent with previ-
ous observations in other cell types (43, 51), both C/EBPa and 0
C/EBP6 stimulated COX-2 promoter activity, while C/EBP/3
had little effect on basal promoter activity (Fig. 10A). None of 0 B-CAT PEA3
the C/EBP isoforms tested enhanced the response to PEA3
(data not shown). However, LIP, which functions as a dominant STIMULUS
negative C/EBP due to the absence of a transactivation domain FIG. 6. PEA3 stimulates COX-2 promoter activity in C57MG
(47), caused dose-dependent inhibition of the PEA3 response cells. C57MG cells were transfected with expression vectors encoding

(-catenin or PEA3, together with a COX-2 promoter luciferase reporter
(Fig. 10B). This inhibitory effect of LIP suggests that C/EBP construct (COX-2-LUC), and with pRL-TK as an internal control. Lu-
factors may be involved in mediating COX-2 promoter respon- ciferase activities were performed as described above. Results shown
siveness to PEA3 (see "Discussion"). are the mean + S.D. of five replicates.

aýp A&!
Wildtype MG f o

4 - Cox-2

1 2 3 4 5 6
FIG. 7. Cox-2 protein is increased in Wntl-expressing mammary tumors. Cox-2 protein was analyzed in lysates prepared from mammary

tumors from three Wntl transgenic female mice (lanes 4-6) and from mammary glands isolated from three strain-matched wild type female mice
(lanes 1-3). Lysates were prepared from 10 mg of each tissue sample. Cox-2 protein was immunoprecipitated, and immunoprecipitates were
analyzed for Cox-2 by Western blotting as described under "Experimental Procedures." The position of a Cox-2 standard is indicated by the arrow.
Very little Cox-2 protein was detectable in the wild type mammary glands (lanes 1-3). In contrast, significant Cox-2 protein was observed in all
three tumor samples (lanes 4-6).
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FIG. 9. Mutation of the NF-IL6-binding site in the COX-2 pro-

moter destroys PEA3 responsiveness. 293 cells were transfected
o0 with promoter constructs containing residues -327 to +59 of the hu-
m 1500 man COX-2 promoter, plus pRL-TK, with and without PEA3 expression

vector. WT is the wild type promoter sequence, KBM has the NF-eB siteZ
o0 mutated, ILM has the NF-IL6 site mutated, and CRM has the CRE

1000 mutated. Luciferase assays were performed as described above. Results
shown are the mean + S.D. of six replicates. Solid bars, -PEA3;hatched bars, +PEA3.

500

lipopolysaccharide, respectively (43, 53, 54). In contrast, tumor

0 m I L necrosis factor-a stimulation of a mouse osteoblastic cell line

-1432 -327 -220 -124 -52 activates Cox-2 via the NF-IL6 and NF-KB sites (55), while the
CRE site appears critical for Cox-2 transcription in response to

PROMOTER CONSTRUCT v-Src, platelet-derived growth factor, serum, and ceramide (49,
Fme. 8. Mapping the site of PEA3 responsiveness in the COX-2 56, 57). COX-2 can also be regulated post-transcriptionally by

promoter. A, human COX-2 promoter and deletion constructs. The mRNA stabilization (58-60).
transcription start site is indicated by an arrow, the TATA box at
-31/-25 is shown as a white rectangle, and three well characterized In this study, we found the NF-IL6 site to be essential for
transcription factor binding sites lying between -327/+59 of the hu- PEA3-mediated COX-2 promoter induction (Figs. 8 and 9).
man COX-2 promoter are depicted as black ovals. The presence of these C/EBPa and C/EBP8, but not C/EBP/3, caused modest stimu-
three sites in the truncated constructs used in the experiment shown in lation of the COX-2 promoter (Fig. 10A), as has previously been
B are also shown. B, promoter truncation analysis. 293 cells were
transfected with COX-2-LUC (- 1432/+59) or with the truncated COX-2 reported for other cell types (43, 51), but overexpression of wild
promoter constructs shown in A, plus pRL-TK, and with or without type C/EBPs did not enhance PEA3 responsiveness. In con-
PEA3 expression vector. Luciferase assays were performed as described trast, a dominant negative C/EBP diminished both basal and
above. Results shown are the mean + S.D. of six replicates. Solid bars, PEA3-stimulated promoter activity (Fig. 10B). Several models
-PEA3; hatched bars, +PEA3. can be proposed to explain these data. PEA3 might bind di-

rectly to the NF-IL6 site, in which case the truncated dominant
there are /3-catenin-responsive elements lying upstream of the negative C/EBP protein could be antagonistic via competition
1.4-kilobase pair promoter sequence used, our data are consist- with PEA3 for the NF-IL6 site. However, the NF-IL6 site does
ent with the recent report by Haertel-Wiesmann et al. (52), who not resemble a consensus PEA3 site (5'-CCGGA(A/T)GC-3')
found Wnt-3A-mediated Cox-2 induction to be resistant to an- (61). Alternatively, simultaneous binding of a C/EBP factor to
tisense f-catenin oligonucleotides. Furthermore, expression of the NF-IL6 site and of PEA3 to a cognate binding site might be
13-catenin in 293 cells was insufficient to activate transcription required for activation. Several potential Ets-binding sites are
from the endogenous COX-2 gene (Fig. 4). These data suggest present in the minimal PEA3-responsive fragment of the
that COX-2 is not a direct target of /-catenin, and raise the COX-2 promoter (Fig. 11), although none corresponds exactly
possibility that /3-catenin may activate COX-2 via up-regula- to a consensus PEA3 site. Precedents for synergistic transcrip-
tion of an intermediary transcription factor. tional activation by Ets factors and C/EBP factors have previ-

In contrast to the weak response to 0-catenin, PEA3 and the ously been described (62, 63). Thus it seems likely that binding
related factors ER81 and ERM potently activated the COX-2 of C/EBP and PEA3 to proximal sites may be required for
promoter (Figs. I and 3). The degree of activation was such that induction of COX-2 transcription in our system. However, we
activation of the endogenous COX-2 gene could be achieved have not excluded the possibility that PEA3 might bind to
simply by PEA3 overexpression (Fig. 4). To our knowledge, this C/EBP proteins at the NF-IL6 site without itself binding to
is the first report of COX-2 promoter activation in response to DNA.
any Ets family transcription factor. Previously, multiple tran- As discussed above, NF-IL6 sites in the COX-2 promoter
scription factor binding motifs have been implicated in regula- have previously been implicated in the response to multiple
tion of the COX-2 promoter. Thus, both NF-IL6 and CRE sites agents (43, 53-55). Interestingly, NF-IL6 sites are also impli-
are important for Cox-2 induction in mouse mast cells, murine cated in COX-2 up-regulation in mouse skin tumors (51), and
macrophages, and bovine endothelial cells in response to IgE mutagenesis of the NF-IL6 site reduces COX-2 promoter activ-
receptor aggregation, lipopolysaccharide, and phorbol ester/ ity in the human colon cancer cell lines HCA7 and LS-174 (64).
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This latter result is particularly intriguing since we have pre-'A viously detected high level PEA3 expression in intestinal tu-
mors and colorectal cancer-derived cell lines (42), and have also

300 observed PEA3-induced COX-2 promoter activation in colorec-
[2 LPA tal cancer cell lines.2 Thus PEA3-mediated regulation of the

250 EBETA COX-2 promoter via the NF-IL6 element may explain the im-
portance of this site in human colorectal cancer lines (64). The

0 200 correlation between PEA3 expression and Cox-2 expression
both in intestinal tumors and in Wntl-expressing cells and

Z 150 tumors (Figs. 5 and 7) suggests that PEA3 contributes to
I-

0 COX-2 up-regulation in response to both Wntl expression and

100 APTC mutation.
The coincidence of PEA3 expression in intestinal tumors

50 resulting from APC mutation and in mammary tumors caused
by Wntl expression suggests that PEA3 up-regulation is a

0 common consequence of activation of the Wnt/13-catenin signal-
0 50 100 500 ing pathway. This raises the intriguing possibility that PEA3

C/EBP, ng itself may be a target of /3-catenin. To address this directly, the
effect of 3-catenin on a PEA3 promoter reporter construct has
been assayed. Preliminary data indicate that f-catenin over-

B expression in Cos cells can stimulate PEA3 promoter activity
up to 5-fold.3 If PEA3 transcription can be regulated by 3-cate-
nin, it is unclear why ectopic expression of 3-catenin was in-
sufficient to induce COX-2 transcription in 293 cells, when

1600 PEA3 was sufficient (Figs. 1 and 4). One potential explanation
I400PEA3I could be differing PEA3 expression levels achieved by transfec-

14 + PEA3 tion with f3-catenin and PEA3. Since PEA3 is known to posi-
, 1200 tively regulate its own transcription (65), ectopic PEA3 expres-
0 sion may lead to much greater levels of PEA3 expression than
M 1000
I. 1000can be achieved in the same time frame by expression of f-cate-
Z 800 nin. Interestingly, the PEA3 promoters of human, mouse, and
0
o chicken all contain a TCF-binding site, conserved in both se-

0 quence and position relative to the transcriptional start site,3

400 suggesting that PEA3 is most likely a direct target of 3-catenin.
PEA3 family members have recently been shown to regulate

200 the promoter of another gene, matrilysin, in synergy with

0 /3-catenin (42). Aberrant matrilysin expression is detected in
0 50 100 500 intestinal tumors, and matrilysin is also up-regulated in Wntl-

DN C/EBP, ng expressing mammary cell lines and tumors.4 Thus both COX-2
and matrilysin are responsive to Wnt signaling and are regu-

FIG. 10. Effect of C/EBPs on COX-2 promoter activity. A, latable by PEA3 factors. In addition, we have recently observed
C/EBPa and C/EBPS, but not C/EBPP3, activate the COX-2 promoter.
293 cells were transfected with increasing amounts of expression vec- synergistic activation by f3-catenin and PEA3 of the murine
tors encoding C/EBPa (hatched bars), C/EBPJ3 (open bars), or C/EBP8 Twist gene.3 Finally, we note that the promoters of several
(solid bars), plus COX-2-LUC, and pRL-TK. Luciferase assays were genes known to be /3-catenin-responsive also contain consensus
performed as described above. Results shown are the mean + S.D. of six
replicates. B, dominant negative C/EBP abrogates PEA3-mediated ac-
tivation of the COX-2 promoter. 293 cells were transfected with increas-
ing amounts of dominant negative C/EBP expression vector (LIP), plus 2 H. C. Crawford and L. R. Howe, unpublished data.
COX-2-LUC, and pRL-TK with or without PEA3 expression vector. 3 C. Messier and J. A. Hassell, unpublished data.
Luciferase assays were performed as described above. Results shown 4 L. R. Howe, 0. Watanabe, J. Leonard, and A. M. C. Brown, unpub-
are the mean + S.D. of six replicates. Solid bars, -PEA3; hatched bars, lished data.
+PEA3. 5 L. R. Howe and H. C. Crawford, manuscript in preparation.

-220

ACTACCCCCTCTGCTCCCAAATTGGGGCAGCTTCCTGGGTTTCCGATTTTC

TCATTTCCGTGGGTAAAAAACCCTGCCCCCACCGGGCTTACGCAATTT-TT-I

TAAGGGGAGAGGAGGGAAAAATTTGTGGGGGGTACGAAAAGGCGGAAAG

AAACAGTCATTTCGTCACATGGGCTTGGTTTTCAGTCTTATAAAAAGGAAG

GTICTCTCGGTTAGCGACCAATTGTCATACGACTTGCAGTGAGCGTCAGG

AGCACGTCCAGGAACTCCTCAGCAGCG
+59

FIG. 11. Potential Ets sites in the COX-2 promoter construct -220/+59. Shown here is the sequence of the human COX-2 promoter
between residues -220 and + 59. This is the minimal sequence we have defined which retains PEA3 responsiveness. Thus the sites which confer
PEA3 responsiveness must lie in this region. Seven potential Ets-binding sites, defined by the presence of the consensus core motif 5'-GGA(A/T)-3',
are marked in bold. In addition, the NF-IL6 site is underlined. This site is mutated from 5'-TTACGCAAT-3' to 5'-TTGGTACCT-3' in the construct
ILM (43).
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Ets-binding sites. For example, the Drosophila gene Even- E., Trzaskos, J. M., Evans, J. F., and Taketo, M. M. (1996) Cell 87, 803-8'39
29. Reddy, B. S., Hirose, Y., Lubet, R., Steele, V., Kelloff, G., Paulson, S., Seibert,skipped is coordinately regulated via TCF and Ets-binding sites K., and Rao, C. V. (2000) Cancer Res. 60, 293-297

(66), and the cyclin D1 promoter can be activated cooperatively 30. Tiano, H., Chulada, P., Spalding, J., Lee, C., Loftin, C., Mahler, J., Morhanm, S.,

by PEAS, /-catenin, and c-Jun. Together these data lead us to 31 and Langenbach, R. (1997) Proc. Am. Assn. Cancer Res. 38, 1727
31. Steinbach, G., Lynch, P. M., Phillips, R. K., Wallace, M. H., Hawk, E., Gordon,

speculate that PEA3 factors may contribute to regulation of G. B., Wakabayashi, N., Saunders, B., Shen, Y., Fujimura, T., Su, L. K., and

several target genes of the Wnt//3-catenin pathway. Levin, B. (2000) N. Engl. J. Med. 342, 1946-1952
32. Tsujii, M., and DuBois, R. N. (1995) Cell 83, 493-501
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Abstract

Cyclooxygenase-2 (COX-2), an inducible prostaglandin synthase, is normally expressed in parts of
the kidney and brain. Aberrant COX-2 expression was first reported in colorectal carcinomas and
adenomas, and has now been detected in various human cancers, including those of the breast.
Strikingly, COX-2 overexpression in murine mammary gland is sufficient to cause tumour formation.
To date, the role of COX-2 in tumorigenesis has been most intensively studied in the colon. Thus,
the relationship between COX-2 and neoplasia can best be illustrated with reference to intestinal
tumorigenesis. Here we consider the potential utility of selective COX-2 inhibitors for the prevention
and treatment of breast cancer. Data for cancers of the colon and breast are compared where
possible. In addition, the mechanisms by which COX-2 is upregulated in cancers and contributes to
tumorigenesis are discussed. Importantly, several recent studies of mammary tumorigenesis in
animal models have found selective COX-2 inhibitors to be effective in the prevention and treatment
of breast cancer. Clinical trials will be needed to determine whether COX-2 inhibition represents a
useful approach to preventing or treating human breast cancer.
Endocrine-Related Cancer (2001) 8 97-114

Introduction 1996, Sheng et al. 1998b, Howe et al. 1999, Vadlamudi et
aal. 1999, Haertel-Wiesmann et al. 2000). Thus, increased PGCyclooxygenase-2 (COX-2) is emerging as an increasingly synthesis is detected in inflamed and neoplastic tissues.

promising pharmacological target for the prevention and Analysis of COX-2-deficient mice suggests that COX-2 is

treatment of many human cancers. COX-1 and COX-2 are nalysimpor for post-nt renalgdevelopmet and

prostaglandin (PG) synthases which catalyse sequential normally important for post-natal renal development and

synthesis of prostaglandin G2 (PGG 2) and PGH, from multiple female reproductive processes including ovulation,

arachidonic acid by virtue of intrinsic cyclooxygenase and fertilisation, implantation and decidualisation (Dinchuk et al.

peroxidase activities (Fig. 1). PGH2 is then converted by 1995, Morham et al. 1995, Lim et al. 1997, 1999a). Aberrant

specific isomerases to other eicosanoids, including PGs, COX-2 expression has been detected in multiple human

thromboxane (Tx) and prostacyclin. Cyclooxygenase-derived cancers, as shown in Table 2. Together, a weight of

prostanoids contribute to many normal physiological epidemiological, pharmacological, genetic and expression

processes including haemostasis, platelet aggregation, kidney data combine to suggest an important role for COX-2 in

and gastric function, reproduction, pain and fever. Despite tumorigenesis, particularly in colorectal cancer. There is

the similar enzymatic activities of COX-1 and COX-2, the recent evidence that COX-2 may also represent a novel target

COX-] and COX-2 genes have distinct properties, and for the prevention and treatment of breast cancer.
differing expression patterns (Table 1). While COX-] is Cyclooxygenase activity is inhibited by nonsteroidal
constitutively expressed, COX-2 is upregulated in response anti-inflammatory drugs (NSAIDs) such as aspirin and
to growth factors, tumour promoters and cytokines (reviewed sulindac, which are most commonly administered for the
by Herschman 1996). Additionally, COX-2 is responsive to relief of pain and inflammation. However, adverse side
several oncogenes, including v-src, v-Ha-ras, HER-2/neu effects including peptic ulcer disease are associated with the
and Wnt genes (Xie & Herschman 1995, Subbaramaiah et al. use of such compounds, which are nonselective inhibitors of

Endocrine-Related Cancer (2001) 8 97-114 Online version via http://www.endocrinology.org
1351-0088/01/008-097 © 2001 Society for Endocrinology Printed in Great Britain
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Prostaglandin G2
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Prostaglandin H2

MDA TxA2

PGD 2  PGI2

PGE 2  PGF2 a

Figure 1 Biosynthesis of prostaglandins. Arachidonic acid, released from membrane phospholipids by phospholipase A2 action
(reaction 1), is metabolised by cyclooxygenases to PGH2 in two steps. PGG2 is generated by cyclooxygenase activity (reaction
2), then converted to PGH2 by the peroxidase activity (reaction 3); both enzyme activities are intrinsic to COX-1 and COX-2.
PGH2 can be converted to several eicosanoids by specific isomerases. Additionally, MDA (malondialdehyde) can be produced
enzymatically or by degradation of PGH2. TxA2, thromboxane A2 .

COX-I and COX-2. In fact, prior to the development of
Table 1 Properties of COX-1 and COX-2. selective COX-2 inhibitors, there were an estimated 100 000

COX-1 COX-2 hospitalisations and 16 500 deaths per year in the United
States related to NSAID use (Singh 1998). Toxicity

Size of gene 22 kb 8.3 kb associated with the use of nonselective NSAIDs was the

mRNA transcript 2.7 kb 4.5 kb, with multiple major stimulus to develop selective COX-2 inhibitors.
Shaw-Kamen sequences Endoscopically controlled studies show that selective COX-2

Size of protein 72 kDa 72/74 kDa doublet inhibitors are far less ulcerogenic than classical NSAIDs
Localisation Endoplasmic Endoplasmic reticulum, (Langman et al. 1999, Simon et al. 1999). Since selective

reticulum, nuclear envelope COX-2 inhibitors appear sufficiently safe to allow large scale
nuclear
envelope administration on a chronic basis to healthy individuals, they

Expression Most tissues, Regions of brain and represent potentially useful agents for cancer chemo-
pattern including kidney, activated prevention.

stomach, macrophages,
kidney, colon synoviocytes during COX-2 and cancer: epidemiology and
and platelets inflammation, malignant expression

epithelial cells.
Expression stimulated by
cytokines, growth Colon cancer
factors, oncogenes and One of the first clues that cyclooxygenase inhibition might
tumour promoters be an effective approach to preventing cancer came from

98 www.endocrinology.org
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Table 2 COX-2 overexpression in human tumours. COX-2 inhibitor, causes a decrease in the size and number

Organ site References of polyps in familial adenomatous polyposis patients

Breast cancer Parrett et a!. (1997), Hwang etal. (Giardiello et al. 1993, Steinbach et al. 2000). Thus,

(1998), Masferrer et al. (2000), overexpression of COX-2 appears to contribute to colorectal

Subbaramaiah et al. (1 999b), cancer and cyclooxygenase inhibitors are likely to be useful
Soslow et al. (2000) chemopreventive agents.

Cervical dysplasia and
cancer Kulkarni et al. (2001)
Prostate carcinoma Gupta et al. (2000), Yoshimura et Breast cancer

al. (2000) In contrast to colon cancer, the role of COX-2 in breast
Bladder transitional cell

carcinoma Mohammed et al. (1999) cancer is less clear. Epidemiological studies conducted to

Hepatocellular investigate the relationship between NSAID use and breast
carcinoma Koga et al. (1999) cancer incidence have reported conflicting findings. Several
Pancreatic cancer Molina et al. (1999), Okami et al. studies have failed to find a significant relationship between

(1999), Tucker et al. (1999) aspirin use and breast cancer risk (Paganini-Hill et al. 1989,
Skin cancer Buckman et al. (1998) Thun et al. 1991, Egan et al. 1996). However, other analyses
Lung cancer H ida eta!. (1998), Wolff etal. have revealed an association between NSAID consumption

(11998) Ochiai et al. (1999)Head and neck cancer Chan et al. (1999) and decreased breast cancer incidence. Friedman & Ury

Colorectal adenomas Eberhart et al. (1994), Kargman et (1980) found significantly reduced breast cancer incidence in
and carcinomas al. (1995), Sano etal. (1995), 4867 women who used indomethacin, compared with

Kutchera et al. (1996) age-matched controls. Harris and colleagues (1996)
Gastric cancer Ristimaki et al. (1997) compared NSAID use in 511 women with newly diagnosed
Barrett's oesophagus Wilson et al. (1998) breast cancer with 1534 population control subjects, and
and oesophageal cancer found that the relative risk of breast cancer was reduced to

66% in women using NSAIDs at least 3 times per week for
epidemiological studies. Several studies reported an inverse at least one year. Two additional studies also found that
correlation between colon cancer incidence and regular use NSAIDs protected against breast cancer (Schreinemachers &
of NSAIDs including aspirin (Thun et al. 1991, Greenberg Everson 1994, Sharpe et al. 2000). The basis for the lack of
et al. 1993, Logan et al. 1993, Suh et al. 1993, Reeves et al. consistency among different studies is unclear. One potential
1996). Since NSAIDs are known to function, at least in part, explanation is that some NSAIDs may have restricted
by inhibiting cyclooxygenase enzyme activity, these bioavailability in breast tissue. Thus, conflicting data
observations suggested that aberrant PG biosynthesis might obtained in separate studies may reflect the usage of different
contribute to colorectal neoplasia. This led to an analysis of NSAIDs in the populations examined. Another potential
COX expression in colorectal neoplasms. Levels of COX-] complication is that significant COX-2 overexpression may
were not increased in colorectal carcinomas relative to be limited to a subset of human breast cancers, which could
adjacent normal mucosa (Eberhart et al. 1994, Kargman et certainly confound epidemiological analyses. Approximately
al. 1995, Sano et al. 1995). In contrast, striking COX-2 85% of human colorectal adenocarcinomas overexpress
upregulation was observed in colon carcinomas compared COX-2 (Eberhart et al. 1994, Kargman et al. 1995, Sano et
with the virtually undetectable expression in normal mucosa al. 1995, Kutchera et al. 1996). This could account for the
(Eberhart et al. 1994, Kargman et al. 1995, Sano et al. 1995, strong correlation between regular NSAID use and reduced
Kutchera et al. 1996). Eberhart et al. (1994) also detected cancer incidence (Thun et al. 1991, Greenberg et al. 1993,
COX-2 expression in 9 of 20 adenomas examined. In Logan et al. 1993, Suh et al. 1993, Reeves et al. 1996). In
carcinomas, COX-2 protein localised predominantly to the contrast, as discussed below, COX-2 is not abundantly
epithelial component, but could also be detected in overexpressed in the majority of human breast cancers
tumour-associated fibroblasts, vascular endothelial cells, and (Hwang et al. 1998, Subbaramaiah et al. 1999b). With this
inflammatory mononuclear cells (Sano et al. 1995, Kutchera in mind, it is predictable that the results of epidemiological
et al. 1996). COX-2 expression has also been detected in studies would be less clear-cut for breast than colon cancer
intestinal adenomas from rodent models of intestinal even if NSAIDs were active against COX-2-positive breast
tumorigenesis (Boolbol et al. 1996, DuBois et al. 1996a, cancers.
Williams et al. 1996, Singh et al. 1997). Enhanced COX expression in breast cancer was first

Together, these epidemiological and expression studies suggested by reports of elevated PG levels in breast tumours
suggested a role for COX-2 in colorectal tumorigenesis. This (Tan et al. 1974, Bennett et al. 1977, Rolland et al. 1980). PG
idea is supported by the results of clinical trials. Treatment production was increased in human breast cancers, particularly
with the NSAID sulindac or with celecoxib, a selective in those from patients with metastatic disease (Bennett et al.
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1977, Rolland et al. 1980). PG production and COX-2 tumour formation is induced by introduction of germline
expression have also been detected in breast cancer-derived mutations into tumour suppressor genes such as Ape. In

cell lines (Schrey & Patel 1995, Liu & Rose 1996, Gilhooly & humans, germline mutation of the APC gene is responsible
Rose 1999). Interestingly, there appears to be a correlation for familial adenomatous polyposis (FAP), in which

between invasiveness/metastatic potential and PG production/ individuals develop numerous adenomatous colorectal
COX-2 expression in both cell lines and tumour specimens polyps, which predispose to colorectal carcinomas. In
(Bennett et al. 1977, Rolland et al. 1980, Liu & Rose 1996). addition, APC is mutated in approximately 85% of sporadic
However, there are conflicting data regarding the frequency of colorectal carcinomas. Several mice strains have been

COX-2 expression in breast cancers. Parrett et al. (1997) developed which harbour mutations in one Ape allele,
detected COX-2 expression in 13/13 human breast tumours by including the Min mouse (Moser et al. 1990), Apc" 6

reverse transcriptase-coupled polymerase chain reaction (Oshima et al. 1995), Apcl638N (Fodde et al. 1994), and
(RT-PCR), compared with no detectable expression in normal ApcA474 (Sasai et al. 2000). These mice consistently develop
human breast tissue, and observed a correlation between intestinal adenomas, although these are more prevalent in the
COX-2 expression and increasing tumour cell density. small intestine than in the colon. Analysis of adenomatous
Immunohistochemistry revealed COX-2 protein in the polyps from Min mice revealed increased COX-2 expression
epithelial cells of the tumours, with no expression in the relative to normal mucosa (Williams et al. 1996). Elevated
stromal compartment. In contrast, Hwang and colleagues expression of COX-2 was also detected in colonic mucosa
(1998) analysed 44 tumour samples by Western blotting but and tumours from rats treated with azoxymethane (AOM)
only detected COX-2 protein in 2 of the 44 samples. These (DuBois et al. 1996a, Singh et al. 1997). Thus COX-2 is
apparently discrepant observations can be reconciled by commonly overexpressed in both human colorectal cancers
consideration of the following. First, the failure to detect and animal models of colorectal cancer. The cellular
COX-2 by Western blotting or RNAse protection (Hwang et localisation of COX-2 in both human and rodent tumours
al. 1998) may reflect the relative insensitivity of these continues to be investigated.
techniques compared with RT-PCR. The second important Rodent models have also been used to examine COX-2
caveat is that COX-2 expression may be predominantly expression in mammary tumours. In the rat, COX-1 is
associated with certain subsets of human breast cancers ubiquitously expressed in virgin, pregnant, lactating, and
(Gilhooly & Rose 1999, Subbaramaiah et al. 1999b). We have post-lactational mammary glands, but COX-2 is only
examined COX-2 expression in 29 microdissected human detectable in the mammary glands of lactating animals
breast cancers using a coupled immunoprecipitation/Westem (Badawi et al. 1999). Treatment of ovariectomised animals
blotting assay, which confers increased sensitivity relative to with oestradiol and progesterone causes induction of COX-2
direct Western blotting of lysates. High levels of COX-2 and PG synthesis (Badawi & Archer 1998, Badawi et al.
protein were detected in 14 of 15 HER-2/neu-overexpressing 1999), suggesting that COX-2 transcription is susceptible to
breast cancers. In contrast, COX-2 was detected in only 4 of hormonal regulation. COX-2 protein has been detected in rat
14 HER-2/neu-negative breast cancers, and was expressed at mammary turnours induced by various carcinogens,
significantly lower levels than in the HER-2/neu-positive including N-nitrosomethyl urea (NMU), dimethyl-
samples (Subbaramaiah et al. 1999b). Immunohistochemistry benz[a]anthracene (DMBA) and 2-amino-l-methyl-6-
localised COX-2 protein to epithelial cells and the vasculature. phenylimidazol[4,5-b]pyridine (PhIP) (Robertson et al. 1998,
Thus, it seems likely that significant overexpression of COX-2 Hamid et al. 1999, Nakatsugi et al. 2000). Based on
may be largely confined to those breast cancers in which immunohistochemical analyses, COX-2 protein was
HER-2/neu is overexpressed, or in which the signalling observed in the epithelial cells within the mammary tumours

pathways normally activated by HER-2/neu are activated by an (Robertson et al. 1998, Nakatsugi et al. 2000). Interestingly,
alternative event such as ras mutation (Gilhooly & Rose 1999). dietary administration of n-6 polyunsaturated fatty acids
Since HER-2/neu overexpression is limited to 20-30% of (PUFAs) in the form of safflower oil stimulated COX-2
human breast cancers, conflicting epidemiological data may expression in rat mammary glands, suggesting a potential
reflect differing proportions of HER-2/neu-positive cancers in mechanism by which n-6-PUFAs may contribute to
the various studies. Based on these recent findings, it would be mammary tumorigenesis (Badawi et al. 1998).
of considerable interest to compare the efficacy of NSAIDs in In addition to these rat studies, COX-2 protein levels
preventing HER-2/neu-positive and -negative breast cancers. have also been examined in mammary tissues from

transgenic mice strains that develop mammary tumours due

COX-2 is expressed in intestinal and to mammary-targeted oncogene expression. Significant

mammary tumours in rodents amounts of COX-2 protein were detected in mammary
turnours from mice overexpressing neu (K Subbaramaiah

Rodent models of intestinal tumorigenesis can be divided and A J Dannenberg, unpublished observations), consistent
into carcinogen-induced tumour models, and those in which with our findings in HER-2/neu-overexpressing human
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breast cancers (Subbaramaiah et al. 1999b). We have also al. 1998a). In contrast, the NF-IL6 and NF-KB sites are
found increased COX-2 protein in mammary tumours from required for induction of COX-2 in response to tumour
Wnt-1 transgenic mice, relative to the levels in normal necrosis factor (TNF) in osteoblasts (Yamamoto et al.
mammary gland (Fig. 2; Howe et al. 2001). Consistent 1995). The NF-IL6 and CRE sites have been identified as
with this, COX-2 is transcriptionally upregulated in mouse being critical for the induction of COX-2 in response to
mammary epithelial cell lines engineered to express Wnt-1 other stimuli, including lipopolysaccharide (LPS) and
(Howe et al. 1999), and expression is also increased in immunoglobulin E receptor aggregation (Inoue et al. 1995,
response to transformation by other oncogenes Reddy et al. 2000b, Wadleigh et al. 2000). Other studies
(Subbaramaiah et al. 1996). have implicated the NF-KB site as being important for

LPS- and benzo[a]pyrene-mediated induction of COX-2
Mechanisms of COX-2 upregulation (Hwang et al. 1997, Yan et al. 2000). The expression of

COX-2 can also be increased by stabilisation of the COX-2
There is evidence that COX-2 is upregulated in both transcript (Ristimaki et al. 1994, Sheng et al. 1998b). The
neoplastic and stromal cells within tumours. Hence, 3' untranslated region of COX-2 mRNA contains a 116
multiple mechanisms are likely to account for nucleotide AU-rich sequence element (ARE) which can
overexpression of COX-2 in these different cell types. It negatively regulate transcript stability and modulate
is relevant, therefore, to evaluate the effects of different translation (Dixon et al. 2000).
stimuli in various cell types. COX-2 expression is normally During tumorigenesis, increased expression of COX-2 is
regulated at both transcriptional and post-transcriptional likely to be a consequence of multiple effects. For example,
levels, and can also be regulated by the rate of protein transcriptional activation is likely to occur in response to
synthesis and/or degradation. The human COX-2 promoter growth factors and oncogenes. Moreover, since wildtype p53
contains multiple transcription factor binding sites, decreases COX-2 transcription, loss-of-function p53
including a cAMP response element (CRE), and potential mutations may contribute to COX-2 upregulation
binding sites for Myb, nuclear factor interleukin-6 (Subbaramaiah et al. 1999a). Dixon et al. (2000) speculated
(NF-IL6), nuclear factor KB (NF-KB), and Ets factors that ARE-binding proteins which normally negatively
(Genbank Accession Number 505116). Of these, the sites regulate transcript stability may be defective in tumour cells.
proximal to the transcription start site (Fig. 3) have been This, too, could result in increased levels of COX-2. The
shown to be differentially responsive to various stimuli, relative importance of these different factors is likely to vary
Induction of COX-2 by v-src, serum, platelet-derived in different tissues. In mouse skin carcinogenesis, promoter
growth factor (PDGF) and ceramide requires activation of activation by upstream stimulatory factor (USF) and
both Ras/Raf-1/ERK and Ras/MEKK1/JNK signal CCAAT/enhancer binding proteins (C/EBPs) appears to be
transduction pathways and is predominantly mediated via important (Kim & Fischer 1998). By contrast, bile acids,
the CRE (Xie & Herschman 1995, 1996, Subbaramaiah et which have been implicated in the promotion of

Normal MG Mammary Tumors

~-COX-2

1 2 3 4 5 6

Figure 2 COX-2 protein is increased in Wnt-l-expressing mammary tumours. COX-2 protein was analysed in lysates
prepared from mammary tumours from three Wnt-1 transgenic female mice (lanes 4-6) and from mammary glands (MG)
isolated from three strain-matched wildtype female mice (lanes 1-3). Lysates were prepared from 10 mg of each tissue
sample. COX-2 protein was immunoprecipitated, and immunoprecipitates were analysed for COX-2 by Western blotting. The
arrow indicates the position of a COX-2 standard. Little COX-2 protein was detectable in the wildtype mammary glands (lanes
1-3). In contrast, appreciable COX-2 protein was observed in all three tumour samples (lanes 4-6). Adapted and reproduced
with permission from Howe et al. (2001).
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NF-icB NF-IL6 CRE

-327 .223,.214 -132?-124 -9V-53 +59

Figure 3 Human COX-2 promoter schematic. The transcription start site is indicated by an arrow, the TATA box at -31/-25 is
shown as a white rectangle, and three transcription factor binding sites lying between -327/+59 of the human COX-2 promoter
are depicted as black ovals.

gastrointestinal tumours, stimulate AP-1 activity and increase Evidence from rodent models that COX-2
COX-2 transcription and transcript stability (Zhang et al. contributes to cancer
1998, Zhang et al. 2000b).

In colorectal cancer cells, constitutive COX-2 Genetic evidence for a role for COX-2 in
expression is likely to result from a combination of tumour formation
transcriptional, post-transcriptional and translational effects
(Hsi et al. 1999, Shao et al. 2000). Mutation of NF-IL6 Definitive evidence linking cyclooxygenases to

and CRE elements has been shown to diminish COX-2 tumorigenesis was first provided by studies using mice with

promoter activity in two colorectal cancer cell lines (Shao targeted disruptions of the COX-] or COX-2 genes. Oshima

et al. 2000), implicating these sites in transcriptional et al. (1996) pioneered these experiments by generating

upregulation. Interestingly, we have recently detected a Apce7" 6, COX-2-null mice. Intestinal adenoma incidence was

requirement for the NF-IL6 site for stimulation of the reduced by 86% in COX-2 knockout mice, and by 66% in

COX-2 promoter by Ets factors of the PEA3 subfamily COX-2 heterozygotes, relative to COX-2 wildtype mice

(Howe et al. 2001). PEA3 factors stimulate human COX-2 carrying the Ape mutation (Oshima et al. 1996). Tumour size

promoter activity up to 20-fold when overexpressed in 293 was also significantly reduced in COX-2-deficient mice.

human embryonic kidney cells. Since PEA3 factors are COX-2 deficiency also protects against chemically induced

highly expressed in colorectal cancer cell lines, intestinal papilloma formation in mouse skin (Tiano et al. 1997), and

tumours, and Wnt-l-expressing mammary cell lines and COX-2-null embryonic stem cells have a dramatically

turnours (Crawford et al. 2001, Howe et al. 2001), we reduced ability to form teratomas when injected into

speculate that PEA3 factors may contribute to COX-2 syngeneic mice (Zhang et al. 2000a). Interestingly,

induction during both intestinal and mammary disruption of either COX-] or COX-2 caused similar

tumorigenesis. Increased expression of c-mnyb may also reductions in tumour multiplicity in the Min mouse (Chulada

contribute, since c-myb is upregulated in colon tumours et al. 2000), suggesting that both enzymes can impact on

and breast cancers (Guerin et al. 1990, Ramsay et al. tumorigenesis. The results of similar studies to determine the

1992) and c-myb overexpression causes modest induction effects of COX-2 deficiency on the incidence of mammary

of COX-2 promoter activity (Ramsay et al. 2000). cancer are eagerly awaited. However, results from the
COX-2 expression can also be affected by dietary fat. converse experiment designed to address the consequence of

Chemically induced mammary carcinogenesis is promoted COX-2 overexpression in mammary gland have recently been
by dietary n-6-PUFAs, which enhance tissue levels of reported (Liu et al. 2001). Liu and colleagues overexpressed
arachidonic acid, and inhibited by n-3-PUFAs (reviewed by human COX-2 from the mouse mammary tumor virus
Rose & Connolly 1999). In experimental models, COX-2 (MMTV) promoter, and demonstrated that COX-2
expression in mammary tissue and tumours is decreased in overexpression was sufficient to cause breast tumour
animals fed an n-3-PUFA-rich diet (i.e. menhaden oil) formation in more than 85% of multiparous mice. Virgin
relative to those fed a diet high in n-6-PUFAs (i.e. corn or females did not develop tumours, but exhibited precocious
safflower oil) (Badawi et al. 1998, Hamid et al. 1999). lobuloalveolar differentiation and enhanced expression of the
Similarly, dietary fish oil decreased the expression of COX-2 milk protein 3-casein. MMTV-driven COX-2 expression
and the incidence of colorectal tumours in AOM-treated rats increased during pregnancy, suggesting a basis for the failure
(Singh et al. 1997). This may help to explain epidemiological of virgin animals to develop tumours. Interestingly, mammary
observations of decreased breast and colon cancer risk in gland involution was delayed in COX-2 transgenic mice, with
populations with diets rich in fish oils (Rose & Connolly a decrease in the apoptotic index of mammary
1999). epithelial cells, and COX-2-induced tumor tissue expressed
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reduced levels of the proapoptotic proteins Bax and Bcl-xL. Pharmacological studies in rat breast cancer
Together, these observations suggest that COX-2 expression models
may contribute to tumorigenesis via a reduction in apoptosis, Carcinogen-induced rat mammary tumours have been used as
a result previously suggested by in vitro studies, as discussedbelow. a model system to test various NSAIDs and, more recently,

selective COX-2 inhibitors for their chemopreventive

potential (Table 4). In general, indomethacin was found to
Pharmacological studies in rodent models of reduce the incidence and multiplicity of DMBA-induced
intestinal tumorigenesis tumours (Carter et al. 1983, 1989, McCormick et al. 1985,

In addition to genetic evidence implicating cyclooxygenases Noguchi et al. 1991). Because the incidence of breast cancer

in intestinal tumorigenesis, there are complementary may be affected by dietary fat, some of these studies have

pharmacological data. Many animal-based studies have been compared NSAID effects in cohorts of animals fed low-

performed to investigate the utility of cyclooxygenase versus high-fat diets. Carter et al. (1983) found that

inhibitors for prevention or treatment of intestinal tumours. indomethacin reduced tumour incidence in DMBA-treated

The prevention studies have predominantly examined either animals fed 18% corn oil to the level observed in

AOM-induced lesions in rat colon (aberrant crypt foci or DMBA-treated animals fed 5% corn oil, but did not see an

carcinomas) or intestinal adenomas in Apc-deficient mice. A effect on incidence in the low-fat cohort. In contrast, two

consistent finding has been that tumour incidence and other studies found that the inhibitory effect of indomethacin

multiplicity are reduced by both nonselective NSAIDs was not confined to rats fed high-fat diets (McCormick et al.

(Reddy et al. 1993, Rao et al. 1995, Boolbol et al. 1996, 1985, Noguchi et al. 1991). Interestingly, McCormick et al.

Jacoby et al. 1996, 2000a), and selective COX-2 inhibitors (1985) found that indomethacin treatment from 2 weeks

(Table 3). In addition, those tumours that do develop in before to 1 week after DMBA administration primarily

drug-treated animals tend to be reduced in size relative to targeted benign tumours. However, when treatment with

those in control animals (Nakatsugi et al. 1997, Fukutake et indomethacin was initiated I week after DMBA and

al. 1998, Jacoby et al. 2000a,b, Reddy et al. 2000a). It is continued until the end of the trial, the multiplicity of

notable that selective COX-2 inhibitors appear to be at least malignant tumours was also significantly reduced.

as effective in preventing tumours as nonselective NSAIDs. Conflicting data were obtained by Abou-el-Ela et al. (1989)

This result has important clinical implications, given the who found no inhibition of mammary tumorigenesis by

enhanced safety profile of selective COX-2 inhibitors versus indomethacin. The basis for these discrepant observations is

traditional NSAIDs. unclear. Two additional NSAIDs, flurbiprofen and aspirin,
In addition to these prevention studies, cyclooxygenase are also capable of reducing carcinogen-induced mammary

inhibitors are also being evaluated as therapeutic agents tumorigenesis (McCormick & Moon 1983, Suzui et al. 1997,

for pre-existing tumours. Reduction in growth of colon Mori et al. 1999), although piroxicam was not found to be
cancer xenografts has been achieved by treatment with effective in one study (Kitagawa & Noguchi 1994).
meloxicam, SC-58125 and celecoxib (Sheng et al. 1997, Two recent studies evaluated the effects of selective
Goldman et al. 1998, Williams et al. 2000b). Celecoxib also COX-2 inhibitors on mammary tumorigenesis. As shown in
decreased tumour multiplicity in Min mice by 52%, when Fig. 4A, treatment with celecoxib significantly delayed
administered after adenomas had been established (Jacoby et tumour onset in DMBA-treated rats, and was more effective
al. 2000b). than ibuprofen (Harris et al. 2000). Dietary administration

Table 3 Chemoprevention of intestinal tumorigenesis in rodents using selective COX-2 inhibitors.

Reference Animal Model Tumour type Drug Effect on tumour
multiplicity

Oshima et al. (1996) Mouse ApcA7 6  Adenoma MF tricyclic 62% inhibition
Nakatsugi et ae. (1997) Mouse Apc Min Adenoma Nimesulide 48% inhibition
Kawamori et a. (1998) Rat AOM Colon carcinoma Celecoxib 97% inhibition
Fukutake et a. (1998) Mouse AOM Colon carcinoma Nimesulide 81% inhibition
Reddy et al. (2000a) Rat AOM Colon carcinoma Celecoxib 84% inhibition
Sasai et a!. (2000) Mouse ApcA4

7
4  Adenoma JTE-522 32% inhibition

Jacoby et a. (2000b) Mouse Apc Min Adenoma Celecoxib 71% inhibition

Several of these studies tested a range of drug concentrations. The effect on tumour multiplicity (number of tumours per
animal) reported in this table was that achieved at the highest drug dose tested. In addition to inhibition of tumour multiplicity,
these agents also caused reduced tumour incidence (proportion of animals with tumours). Note that individual studies
examined different endpoints - carcinomas or adenomas.
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Table 4 Chemoprevention of mammary tumorigenesis in rats using cyclooxygenase inhibitors

Reference Tumour induction Drug Effects

Carter et al. (1983) DMBA/18% corn oil Indomethacin 54% inhibition of tumour multiplicity; reduction in
tumour incidence

McCormick & Moon NMU Flurbiprofen Reduction in tumour incidence and multiplicity at
(1983) low NMU dose
McCormick et al. (1985) DMBA Indomethacin Reduction in benign or malignant tumours

according to period of drug administration
Abou-el-Ela et al. (1989) DMBA Indomethacin No inhibition
Carter et al. (1989) DMBA/20% fat Indomethacin Inhibition of tumorigenesis in animals fed 4 or

12% linoleate
Noguchi et al. (1991) DMBA/20% corn oil Indomethacin 61% inhibition of tumour multiplicity; reduction in

tumour incidence
Kitagawa & Noguchi DMBA/20% soybean oil Piroxicam No inhibition
(1994)
Suzui et al. (1997) PhIP/high corn oil Aspirin 44% inhibition of tumour multiplicity
Mori et al. (1999) PhlP/high fat Aspirin Inhibited tumour multiplicity
Harris et al. (2000) DMBA Celecoxib 86% inhibition of tumour multiplicity; 68%

reduction in tumour incidence
Nakatsugi et aL (2000) PhIP/24% corn oil Nimesulide 54% inhibition of tumour multiplicity; 28%

reduction in tumour incidence

of celecoxib reduced incidence, multiplicity and volume of consistent with earlier studies showing that various NSAIDs
malignant breast tumours by 68%, 86% and 81% respectively reduced the growth of mammary tumour xenografts (Fulton
relative to the control group. The chemopreventive properties 1984, Karmali & Marsh 1986). Together, these observations
of another COX-2 inhibitor, nimesulide, was tested in rats in suggest that COX-2 inhibition may represent a strategy not
which the environmental carcinogen PhIP, together with a only for prevention but also for treatment of human breast
24% corn oil diet, was used to induce COX-2 expression and cancer.
mammary turnours (Nakatsugi et al. 2000). A small reduction The ability of COX-2 inhibitors to significantly reduce
in tumour incidence was achieved by administration of 400 tumour multiplicity strongly suggests that COX-2 contributes
parts per million nimesulide (Table 5). In addition, both size to tumorigenesis. However, COX-independent effects of
and multiplicity of tumours were significantly reduced in the NSAIDs have also been described (see below), raising the
nimesulide-treated animals. Together, these studies represent possibility that the observed inhibition may not necessarily
the first direct evidence that selective COX-2 inhibitors can be ascribed solely to effects on COX-2. Nevertheless, taken
protect against experimental breast cancer. together the pharmacological and genetic studies provide

Two additional studies suggest that cyclooxygenase overwhelming support for a role for COX-2 in tumorigenesis.
inhibition may be a useful strategy for treating breast cancer. Definitive evidence has now been provided by the recent

Robertson et al. (1998) measured tumour size in rats that demonstration that COX-2 overexpression is sufficient to
were maintained for 100 days post DMBA treatment then fed induce mammary tumor formation in transgenic mice (Liu et
a control or an ibuprofen-containing diet for an additional 5 al. 2001).
weeks prior to necropsy. Tumours from the control animals
increased in volume by approximately 180%. In contrast, How does COX-2 contribute to cancer?
those from the ibuprofen-treated cohort decreased in volume
by almost 40%. More recently, a similar study was conducted Prostaglandins stimulate proliferation and
in which the effects of the selective COX-2 inhibitor mediate immune suppression
celecoxib were investigated (Alshafie et al. 2000). In this
study, rats were maintained for 4 months post DMBA Since COX-2 is a PG synthase, the most obvious
treatment to induce tumours. Subsequently, the rats were consequence of COX-2 overexpression is increased PG
given a control or a celecoxib-containing diet for an production, and indeed high PG levels have been detected
additional 6 weeks. The mean tumour volume increased by in many cancers. Enhanced PG synthesis may contribute to
518% in control animals, but decreased by 32% in the group carcinogenesis in several ways, including direct stimulation

fed celecoxib (Fig. 4B). In addition, the total tumour number of cell growth. PGE 2. and PGF 2, can both stimulate
continued to increase in the control animals, but was reduced mitogenesis in Balb/c 3T3 fibroblasts in synergy with
in the celecoxib cohort. This report of regression of epidermal growth factor (EGF) (Nolan et al. 1988), and
mammary tumours in vivo by a selective COX-2 inhibitor is PGF 2. is also mitogenic for Swiss 3T3 cells and osteoblasts
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Figure 4 Celecoxib is effective for breast cancer prevention and treatment. (A) Rats were assigned to a control diet, or a diet
containing 1500 ppm ibuprofen or 1500 ppm celecoxib 7 days prior to a single intragastric dose of DMBA, and tumour
incidence was measured for 16 weeks. This figure is reproduced with permission from Harris et al. (2000). (B) Rats were
maintained for four months after a single intragastric dose of DMBA to allow palpable tumour development, then assigned to a
control diet or a diet containing 1500 ppm celecoxib, and tumour size was monitored for 6 weeks. This figure is reproduced
with permission from Alshafie et al. (2000).
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Table 5 Effects of nimesulide on the incidence, multiplicity Cyclooxygenase-mediated production of
and volume of mammary carcinomas induced by PhIP in mutagens
Sprague-Dawley rats. Results are means ± S.E.

Control diet 400 ppm Thus far, the potential contributions of PG overproduction to

nimesulide tumorigenesis, including increased cellular proliferation and
diminished immune surveillance, have been discussed.Tumour incidence (% rats 30/42 (71%) 19/37 (51%) Hoer, CX2 vrepeio ma alo he

with cancers) However, COX-2 overexpression may also have

Multiplicity (no. of cancers/ 2.6 ± 0.5 1.2 ± 0.2* PG-independent consequences. In particular, COX-2

rat) overexpression may result in increased production of

Cancer volume/rat (cm3) 4.1 ± 1.3 1.1 ± 0.4* mutagens. Malondialdehyde (MDA) can be produced by
Effective no. of rats 42 37 isomerisation of PGH, both enzymatically and
*Significantly different from the control diet group by Welch's t non-enzymatically (Fig. 1). Therefore, MDA production may

test (P >0.05). be elevated due to increased availability of the precursor
This table is reproduced with permission from Nakatsugi et aL molecule PGH2. MDA forms adducts with deoxynucleosides
(2000). and induces frame-shifts and base-pair substitutions, and thus

has potent mutagenic activity (Marnett 1992). Additional
carcinogens can be formed by oxidation of aromatic amines,(Goin et al. 1993, Quarles et al. 1993). Both PGEJ and PGE2 htrcci mns n dhdoildrvtvso

stimulate proliferation of mammary epithelial cells in the poeycyclic arbns (Wiel 21Tisation

presence of EGF (Bandyopadhyay et al. 1987). Thus, polycyclic hydrocarbons (Wiese et al. 2001). This oxidation

inappropriate stimulation of cellular proliferation by PGs step is catalysed by the peroxidase activity of

may contribute to tumorigenesis. However, PGs do not act cyclooxygenase, which requires a reductant to convert PGG2
to PGH2. Thus, COX-2 overexpression may lead to DNA

as mitogens for all cell types, and in fact depress proliferation damage, thereby contributing to carcinogenesis. Consistent
of some cells, particularly those of the immune system with this hypothesis, the selective COX-2 inhibitor
(Marnett 1992). nimesulide decreases formation of the mutagen

Antiproliferative effects may contribute to the immune 8-oxo-7,8-dihydro-2'-deoxyguanosine in the colonic mucosa

suppression associated with PGs. PGE2 inhibits T and B cell (Tar dieu in the 2000).

proliferation and cytokine synthesis, and diminishes the (Tardieu et al. 2000).

cytotoxic activity of natural killer cells. PGE2 also inhibits
the production of TNFax while inducing interleukin-10 Effects on angiogenesis
production, which itself has immunosuppressive effects
(Huang et al. 1996). PGs may also inhibit antigen processing Recently, it has become apparent that cyclooxygenases are
by dendritic cells (Stolina et al. 2000). Thus, PG-mediated involved in angiogenesis (reviewed by Gately 2000). This is
immune suppression may contribute to tumorigenesis, since a crucial facet of tumorigenesis since neovascularisation is
this may allow tumours to avoid immune surveillance that required for tumours to grow beyond 2-3 mm in size.
might otherwise limit their growth. Experiments in the 1980s showed that xenograft

In breast tissue, PGs may also stimulate proliferation vascularisation was significantly reduced by the NSAIDs
indirectly by increasing oestrogen biosynthesis (Harris et al. indomethacin, diclofenac and aspirin (Peterson 1983). More
1999). The aromatase gene CYP19, which is responsible for recently, COX-2 has been specifically implicated. In vitro,
oestrogen synthesis, has three promoters, 1.4, 1.3 and II, from selective COX-2 inhibitors decrease endothelial tubule
which distinct transcripts are generated. In adipose tissue, formation (Tsujii et al. 1998, Jones et al. 1999), while, in
aromatase is normally expressed from promoter 1.4. vivo, selective COX-2 inhibitors reduce angiogenesis in
However, in adipose tissue adjacent to breast tumours, several models (Majima et al. 1997, Daniel et al. 1999,
CYP19 tends to be expressed from promoter II. Recently, Sawaoka et al. 1999, Yamada et al. 1999, Masferrer et al.
PGE2 has been demonstrated to increase aromatase activity 2000). A representative illustration of celecoxib-mediated
(Zhao et al. 1996, Purohit et al. 1999) and cause CYP19 inhibition of comeal angiogenesis is shown in Fig. 5.
promoter switching to promoter II in adipose stromal cells In an interesting corollary, Lewis lung carcinoma
(Zhao et al. 1996). These data suggest that PG xenografts showed marked attenuation of growth when
overproduction can induce aromatase, leading to increased implanted in COX-2-null mice, but grew normally in
oestrogen synthesis. Consistent with this, a positive COX-l-deficient mice (Williams et al. 2000a). The tumours
correlation has been observed between CYPI9 and COX from COX-2 knockout mice exhibited 30% decreased
expression in human breast cancer specimens (Brueggemeier vascular density, implicating host COX-2 in tumour
et al. 1999). Thus it is possible that PG-mediated oestrogen neovascularisation. It seems likely that COX-2 in epithelial
overproduction may be an important organ site-specific cells, endothelial cells and fibroblasts may all contribute to
consequence of COX-2 upregulation in breast cancer. the angiogenic process, although there are some
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Figure 5 Celecoxib inhibits corneal angiogenesis induced by bFGF. The contribution of COX-2 to angiogenesis was evaluated
in an in vivo rat corneal model. Implanted bFGF induced neovascularisation (neov.; left panel) accompanied by corneal
thickening. Celecoxib caused a substantial reduction in the number and length of sprouting capillaries (right panel). This figure
is reproduced with permission from Masferrer et al. (2000).

discrepancies between observations made in vivo and in vitro et al. 2000a). However, the molecular mechanisms
(Majima et al. 1997, Tsujii et al. 1998, Daniel et al. 1999, underlying COX-2-mediated production of pro-angiogenic
Masferrer et al. 2000, Williams et al. 2000a). COX-2 factors remain to be defined.
apparently contributes to the production of pro-angiogenic COX-1 can also contribute to angiogenesis. Nonselective
factors, including vascular endothelial growth factor NSAIDs decrease the vascularisation of xenografts
(VEGF), basic fibroblast growth factor (bFGF), transforming comprised of cells not expressing COX-2 (Sawaoka et al.
growth factor-i, PDGF, and endothelin-l. NS-398 treatment 1999). Moreover, NSAIDs inhibit endothelial tubule
of a COX-2-overexpressing colorectal cancer cell line formation even when cells do not express COX-2 (Tsujii et
diminishes secretion of these factors (Tsujii et al. 1998), and al. 1998, Jones et al. 1999). Thus both COX-1 and COX-2
COX-2 (-/-) fibroblasts have a 94% reduction in the ability are likely to contribute to tumour vascularisation. The
to produce VEGF relative to wild-type fibroblasts (Williams possibility that COX-2 inhibitors diminish tumorigenesis
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partly by preventing angiogenesis further enhances their 1996). Nucleobindin associates with DNA from apoptotic
attractiveness as potential anti-cancer agents. cells, and can itself promote apoptosis. The interaction of

COX-1 and COX-2 with nucleobindin may contribute to

Effects of COX-2 overexpression on cell COX-mediated suppression of apoptosis, potentially via

invasiveness and apoptosis sequestration of nucleobindin, but further studies are required
to fully understand the significance of the interaction.

The potential consequences of COX-2 overexpression have As mentioned above, multiple NSAIDs, including
been addressed in vitro by generation of cell lines selective COX-2 inhibitors, induce apoptosis in a variety of
overexpressing COX-2. In particular, rat intestinal epithelia] cells (Lu et al. 1995, Hara et al. 1997, Sheng et al. 1998a,
cells stably overexpressing COX-2 show several altered Ding et al. 2000, Hida et al. 2000, Li et al. 2000). The
characteristics, including increased adhesion to extracellular simplest interpretation of this phenomenon is that, since
matrix, resistance to butyrate-induced apoptosis and a COX-2 overexpression suppresses apoptosis, inhibition of
delayed transit through the GI phase of the cell cycle COX-2 activity is sufficient to induce apoptosis. However,
(Tsujii & DuBois 1995, DuBois et al. 1996b). Additionally, NSAID-induced apoptosis has also been demonstrated in cell
stable COX-2 expression in Caco-2 cells or in the breast lines that do not express COX-2, including COX-2-null
cancer cell line Hs578T increases expression or activity of mouse embryo fibroblasts (Hanif et al. 1996, Elder et al.
enzymes capable of digesting the basement membrane, 1997, Zhang et al. 1999). Additionally, non-cyclooxygenase-
presumably contributing to the observed increase in ability to inhibiting sulindac metabolites such as sulindac sulphone
invade through a layer of Matrigel (Tsujii et al. 1997, retain the ability to induce apoptosis (Piazza et al. 1997, Lim
Takahashi et al. 1999). All of these characteristics may et al. 1999b). Thus, NSAIDs most likely stimulate apoptosis
contribute to tumorigenicity, although the molecular via both COX-dependent and -independent mechanisms
mechanism(s) by which COX-2 causes these effects is (Rigas & Shiff 2000), including inhibition of the protein
unknown. kinase Akt (Hsu et al. 2000) and suppression of NF-KB

Much interest has centred on the ability of COX-2 to activation (Kopp & Ghosh 1994, Grilli et al. 1996, Yin et al.
suppress apoptosis. Diminished apoptosis is thought to 1998 Yamamoto et al. 1999).
favour carcinogenesis by permitting survival of cells that
have acquired mutations, and thus is viewed as one of the
central mechanisms of tumorigenesis. Conversely, many Clinical prospects for COX-2 inhibitors
NSAIDs enhance apoptotic cell death, although this is and breast cancer
unlikely to be solely due to inhibition of cyclooxygenase
activity (see below). Several hypotheses have been advanced Tewih feiec mlctn O- nclrcatoaccounty for suppession). ofl apopthess iv r eesonse t nce2 cancer has stimulated clinical trials to investigate the efficacyto account for suppression of apoptosis in response to s of selective COX-2 inhibitors in individuals at risk forcaused selecTive CbilityofX-t inhibitor, andconcomitantyto colorectal cancer. Treatment with celecoxib has been shown tocaused by a selective C O X -2 inhibitor, and concom itantly to r d c h i e a d n m e f p l p n F P p t e t
induce Bcl-2, suggests that PG-mediated upregulation of reduce the size and number of polyps in FAP patients
Bcl-2 may suppress apoptosis (Sheng et al. 1998a). (Steinbach et al. 2000), and is currently being evaluated for
Alternatively, since arachidonic acid stimulates apoptosis, efficacy in preventing sporadic colorectal adenomas.

enhanced COX-2 expression could inhibit apoptosis by Undoubtedly the potential use of selective COX-2 inhibitors

increasing the conversion of arachidonic acid to PG (Chan et for the treatment of colorectal cancer will also be investigated.

al. 1998, Cao et al. 2000). Kinzler and colleagues propose Here we have reviewed evidence that aberrant COX-2

that arachidonic acid stimulates the conversion of expression is also associated with breast cancer, both in

sphingomyelin to ceramide, which then causes apoptosis rodent models and in the human disease. Selective COX-2

(Chan et al. 1998). They further suggest that the inhibitors have proved effective in preventing experimental

apoptosis-promoting effect of NSAIDs such as sulindac is due breast cancer (Harris et al. 2000, Nakatsugi et al. 2000).
to NSAID-induced accumulation of arachidonic acid. In Whether COX-2 inhibitors will also be useful for preventing

contrast, although Prescott and co-workers also consider breast cancer in high-risk individuals needs to be
arachidonate to be a key determinant of apoptosis, they do not investigated. In addition, selective COX-2 inhibitors may
observe increased levels of ceramide in response to exogenous have a role in the treatment of breast cancer (Alshafie et al.
administration of arachidonic acid (Cao et al. 2000). 2000). Since COX-2 is overexpressed in HER-2/neu-positive

Clearly, the suppression of apoptosis associated with breast cancers (Subbaramaiah et al. 1999b), selective COX-2
COX-2 overexpression could be an important factor in inhibitors should be evaluated as therapy in this patient
tumorigenesis, although the precise mechanistic basis population. Because COX-2-derived PGs may enhance
remains uncertain. Interestingly, an apoptosis-related protein aromatase activity, a therapeutic regimen combining a
was found in a two-hybrid screen designed to identify selective COX-2 inhibitor with an aromatase inhibitor should
proteins that interact with cyclooxygenases (Ballif et al. be considered. There is also recent evidence that
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microtubule-interfering agents, including taxol, stimulate Bennett A, Charlier EM, McDonald AM, Simpson JS, Stamford

COX-2 transcription (Subbaramaiah et al. 2000). This could IF & Zebro T 1977 Prostaglandins and breast cancer. Lancet 2

decrease the efficacy of this class of drugs. Thus, 624-626.
Boolbol SK, Dannenberg AJ, Chadbum A, Martucci C, Guo XJ,

coadministration of a selective COX-2 inhibitor with drugs Ramonetti JT, Abreu-Goris M, Newmark HL, Lipkin ML,

such as taxol might enhance their anti-cancer activity. DeCosse JJ & Bertagnolli MM 1996 Cyclooxygenase-2

Finally, a number of natural substances have been identified overexpression and tumor formation are blocked by sulindac in a
that inhibit the transcriptional activation of COX-2. Examples murine model of familial adenomatous polyposis. Cancer

include retinoids, triterpenoids, antioxidants and resorcins Research 56 2556-2560.

(Mestre et al. 1997ab, Chinery et al. 1998, Subbaramaiah et Brueggemeier RW, Quinn AL, Parrett ML, Joarder FS, Harris
RE & Robertson FM 1999 Correlation of aromatase and

al. 1998b, Suh et al. 1998, Mutohet al. 2000). Some of these
cyclooxygenase gene expression in human breast cancer

compounds also inhibit experimental breast cancer. Hence, it cp ress in habsc especimens. Cancer Letters 140 27-35.
is possible that studies of COX-2 will provide insights that Buckman SY, Gresham A, Hale P, Hruza G, Anast J, Masferrer

will prove useful in developing dietary recommendations to J & Pentland AP 1998 COX-2 expression is induced by UVB

decrease cancer risk. exposure in human skin: implications for the development of
skin cancer. Carcinogenesis 19 723-729.

Cao Y, Pearman AT, Zimmerman GA, McIntyre TM & Prescott
SM 2000 Intracellular unesterified arachidonic acid signals
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