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Overexpression of human cyclooxygenase 2 (COX-2) in the mam-
mary glands of transgenic mice induces tissue-specific tumorigenic
transformation. However, the molecular mechanisms involved are
not yet defined. Here we show that COX-2 expressed in the
epithelial cell compartment regulates angiogenesis in the stromal
tissues of the mammary gland. Microvessel density increased
before visible tumor growth and exponentially during tumor
progression. Inhibition of prostanoid synthesis with indomethacin
strongly decreased microvessel density and inhibited tumor pro-
gression. Up-regulation of angiogenic regulatory genes in COX-2
transgenic mammary tissue was also potently inhibited by indo-
methacin treatment, suggesting that prostanoids released from
COX-2-expressing mammary epithelial cells induce angiogenesis. G
protein-coupled receptors for the major product, prostaglandin E2

(PGE2) EP1-4, are expressed during mammary gland development,
and EP1,2,4 receptors were up-regulated in tumor tissue. PGE2

stimulated the expression angiogenic regulatory genes in mam-
mary tumor cells isolated from COX-2 transgenic mice. Such cells
are tumorigenic in nude mice; however, treatment with Celecoxib,
a COX-2-specific inhibitor, reduced tumor growth and microvessel
density. These results define COX-2-derived PGE2 as a potent
inducer of angiogenic switch during mammary cancer progression.

tumor angiogenesis � prostaglandin E2 receptors � mammary cancer

Cyclooxygenase 2 (COX-2) catalyzes the rate-limiting step in
the formation of prostanoids from arachidonic acid and

other polyunsaturated fatty acids (1). COX-2 is induced in
response to a wide range of cellular perturbations in normal
(NM) tissues (1, 2). However, COX-2 expression is up-regulated
and appears to be critically involved in human tumorigenesis.
Multiple epidemiological studies have indicated that the use of
nonsteroidal antiinflammatory drugs (NSAIDs), which inhibit
COX activity, result in decreased risk of cancer development (3,
4). Second, expression of COX-2 and the production of its major
product, prostaglandin E2 (PGE2), are elevated in various hu-
man cancers (4, 5). Third, studies in carcinogen and genetically
induced tumor models have shown that NSAIDs, and COX-2
selective inhibitors in particular, have profound suppressive
effects on tumor development (6, 7). Finally, deletion of the
COX-2 gene suppressed tumor progression in mice predisposed
to intestinal neoplasia (8). These data provide compelling evi-
dence that COX-2 is an obligatory player in human cancer.

COX-2 is overexpressed in breast cancer tissues, and the
extent of expression is associated with poor prognosis (9).
Various environmental and nutritional risk factors for breast
cancer induce COX-2 expression in animal models (10, 11). In
addition, COX-2-selective inhibitors significantly delayed the
incidence of mammary tumors in transgenic mice expressing the
Her2�Neu oncogene (12). Moreover, PGE2 is elevated in mam-
mary tumors and is known to induce the enzyme aromatase,
which is critical for the local synthesis of estrogen (13). Recently,

we developed a transgenic mouse model in which the human
COX-2 gene is expressed in the mammary gland under the
control of the murine mammary tumor virus promoter and
demonstrated that enhanced COX-2 expression strongly predis-
poses the transformation of the mammary gland in multiparous
animals (14). These data strongly suggest that local expression of
COX-2 is sufficient for in situ tumor initiation and�or progres-
sion. Another transgenic overexpression study with COX-2
targeted to the epidermis also supports the concept that it is a
critical regulator of tumor progression (15). However, the mo-
lecular mechanisms involved are not well understood, particu-
larly in relevant animal models of tumor development.

In this report, we show that the COX-2 pathway is critical for
turning on the angiogenic switch during mammary cancer pro-
gression.

Materials and Methods
Animals. Generation of murine mammary tumor virus-COX-2
mice was described previously (14). Mice (monoparous or
multiparous) were weaned for 3 wk before death. Animals were
treated with indomethacin (Sigma, 0.75 mg�kg per day) in the
drinking water during five to six multiple pregnancies (16). For
nude mice studies, animals were fed with either chow or chow
supplemented with 1,600 ppm (�250 mg�kg per day) of the
COX-2-selective inhibitor Celecoxib or 20 ppm (�3 mg�kg per
day) of COX-1-selective inhibitor SC-560 (17).

Tissue Preparation and Histological Analysis. Mammary glands were
dissected and processed for whole-mount analysis, hematoxylin�
eosin staining, and immunochemistry, as described (14).

3D Analysis of the Mammary Vasculature by Whole-Mount Lectin
Staining. Multiparous nontransgenic and COX-2 transgenic mice
received i.v. injections of 150 �l of 1 mg�ml FITC-conjugated
tomato lectin (Lycopersicon esculentum) (Vector Laboratories),
perfused with 1% formaldehyde PBS, as described (18). Mam-
mary gland no. 4 was imaged as a whole mount on the LSM 410
Zeiss confocal microscope, and IMARIS 3D (Bitplane, Saint Paul,
MN) software was used to analyze the images.

RNA Purification and RT-PCR. Total RNA was isolated from mam-
mary tissues, and RT-PCR assays were described previously (14).
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The three splice variants of vascular endothelial growth factor
(VEGF), angiopoietin 1 (Ang1), Ang2, Flt (VEGF receptor-1),
Flk (VEGF receptor-2), and (Ang receptors) Tie-2 and Tie-
1 were amplified as described (19, 20). Other amplimers
are: platelet–endothelial cell adhesion molecule (PECAM)
5�-agcaagaagcaggaaggac-3� (sense), 5�-tgacaaccaccgcaatgag-3�
(antisense); GAPDH 5�-gctgagtatgtcgtggactc-3� (sense), 5�-
ttggtggtgcaggatgcatt-3� (antisense); EP1 5�-aatacatctgtggtgctgc-
caaca-3�(sense), 5�-ccaccatttccacatcgtgtgcgt-3�(antisense); EP2
5�-tgcctttcacaatctttgcc-3�(sense), 5�-attccagccccttacacttc-
3�(antisense); EP3 5�-ggagagactcagtgcagaaatatc-3�(sense), 5�-
gaactgttagtgacacctggaatg-3�(antisense); and EP4 5�-gggagttaaa-
ggagatcagcag3�(sense), 5�-tctagtgggagtccagatgaag-3�(antisense).

Immunoblot Analysis of Mammary Glands. Mammary glands were
homogenized, and immunoblot analysis was conducted as de-
scribed (14). Polyclonal antibodies for EP1–4 were purchased
from Cayman Chemical (Ann Arbor, MI).

Determination of Microvessel Density (MVD). MVD was quantified
as described after categorizing hematoxylin�eosin-stained slides
following the guidelines of the Annapolis Pathology Panel (21).
In terminal ductal lobular unit (TDLU) counting, one contin-
uous TDLU unit with �500-�m length was chosen. Only
PECAM-stained vessels with lumens were counted.

Isolation of Mammary Cell Lines. Large palpable mammary tumors
(�0.5–1 cm in diameter) from murine mammary tumor virus–
COX-2 transgenic mice were dissected free of surrounding
mammary tissues and digested with trypsin�collagenase�dispase
solution, and single-cell suspensions were plated on tissue cul-
ture dishes with 10% FBS containing DMEM. Cells were
clonally purified by the dilution cloning method.

Measurement of Prostanoids by Liquid Chromatographic–Electros-
pray Ionization–MS (LC-ESI�MS). Mammary glands were homoge-
nized, lipids were acidified and extracted (hexane�ethyl acetate
1:1), and eicosanoid levels were determined by LC-ESI�MS
methodology as described (22). The concentrations of these
prostanoids in the samples were calculated by comparing their
ratios of peak areas of compounds to the internal standards with
the standard curves.

Results
Inhibition of COX-2-Induced Mammary Tumorigenesis by Indometha-
cin. We first examined the effect of inhibition of prostanoid
synthesis with indomethacin on mammary tumorigenesis. Anal-
ysis of whole-mount preparation of nontreated COX-2 trans-
genic mice shows multiple hyperplastic alveolar nodules and
larger tumors (Fig. 1). When these mice were placed on indo-
methacin and allowed to undergo several rounds of pregnancy
and lactation, tumor incidence and multiplicity were reduced.
(Fig. 1).

We analyzed the production of prostanoids in the mammary
tissue of COX-2 transgenic mice by liquid chromatography MS
procedures (22). As shown in Table 1, PGE2 was detected as the
major metabolite. PGF2�, 6-keto-PGF1� (breakdown product of
prostacyclin), PGD2, 15-hydroxyeicosatetraenoic acid (HETE),
12-HETE, and 5-HETE were also detected; however, we did not
detect 15-deoxy-�12,15-PGJ2, PGJ2, or thromboxane B2. When
COX-2 transgenic mice were treated with indomethacin, pro-
stanoid synthesis in the mammary gland was suppressed. 15-
HETE, which can also be produced from the COX pathway (1),
was also inhibited by indomethacin. However, 12- and 5-HETE
production was not influenced by indomethacin, suggesting that
they are produced from the lipoxygenase pathways.

Histological analysis of mammary glands shows various stages
of tumor development. Numerous early neoplastic regions were

observed, for example, hyperplasia at TDLU, a precursor lesion
for mammary tumorigenesis. More advanced lesions, such as
ductal hyperplasia, lobular adenoma, in situ carcinoma, and
invasive adenocarcinoma, were also observed (Fig. 7, which is
published as supporting information on the PNAS web site). In
contrast, an indomethacin-treated multiparous mammary gland
shows significantly reduced advanced neoplastic regions (Fig. 7).
Only infrequent occurrence of hyperplastic TDLU was
observed.

Regulation of Angiogenesis in the Mammary Gland by the COX-2
Pathway. Tumor progression requires concomitant neovessel
formation (23, 24). Because COX-2 regulates tumor progression,
we examined tumor-associated angiogenesis in the mammary
tissue of COX-2 transgenic mice. As shown in Fig. 2A, MVD
increased even in very early stages of tumor development. In the
TDLU region from nontransgenic mice, small numbers of vessels
were mostly found in the stroma region surrounding the ductal
epithelium (Fig. 8, which is published as supporting information
on the PNAS web site). Microvessels in the TDLU region of
monoparous weaned mice increased 1.7-fold in COX-2 trans-
genic mice compared to the nontransgenic counterparts. In the

Fig. 1. Effect of indomethacin treatment on tumor progression of COX-2
transgenic mice. (Top and Middle) Whole-mount analysis of mammary gland.
Multiparous COX-2 mice were administered indomethacin or not, as de-
scribed. Mammary glands were analyzed by whole-mount analysis and pho-
tographed under a stereomicroscope (�1). (Bottom) Tumor incidence and
multiplicity are indicated in the graph. Hyperplastic alveolar nodules (HAN) in
mammary gland no. 4 are counted from multiparous mice in the whole-mount
preparations. Each point represents the number of HAN per animal. Number
of animals � 42, 26, 6, and 8 for NM, COX-2 transgenic, NM � indomethacin
(Indo), and COX-2 transgenic � indomethacin, respectively.
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TDLU regions of the multiparous COX-2 transgenic mammary
glands, MVD was increased �2-fold (Figs. 2B and 8).

In the early stage of tumor development in multiparous
COX-2 transgenic mice, for example, hyperplastic or mammary
intraepithelial neoplasia lesions, the vasculature was predomi-
nantly in the stroma near the alveolar surface (Fig. 8); however,
numerous vascular arches along the edge of tumor islets in
high-grade tumors, such as carcinoma in situ, were prominent. In
invasive poorly differentiated tumors, numerous microvessels
were scattered throughout the tumor (Fig. 8). These observa-
tions demonstrate that angiogenesis correlates with the progres-
sion of COX-2-induced mammary tumors (Fig. 2B). Indometh-
acin treatment strongly suppressed the development of the
advanced neoplastic region and MVD (Figs. 2B and 8).

Vascular Architecture in COX-2 Transgenic Mammary Glands. To
analyze the 3D morphology of the vasculature in the mammary
glands of COX-2 transgenic mice, we used the whole-mount
imaging procedure developed by the McDonald laboratory (18).

In NM monoparous mice, the vasculature is largely composed of
a honeycomb pattern of capillaries around the adipose cells and
some regular-shaped larger vessels (Fig. 3). In sharp contrast,
corresponding sections from COX-2 transgenic mice showed
numerous vascular sprouts, arches, and loops, which is indicative
of angiogenesis. In addition, numerous puncta of FITC lectin
outside the vessels were observed, suggesting that the mammary
vessels of COX-2 transgenic mice may be leaky (18). In multip-
arous COX-2 transgenic mammary glands, the vasculature con-
tains multiple large tortuous irregular structures, reminiscent of
tumor vessels. In addition, evidence of vessel leakage is also seen,
as described above.

Regulation of Angiogenic Regulatory Genes by the COX-2 Pathway.
We analyzed the level of expression of mRNAs for angiogenic
regulatory molecules by RT-PCR assay with RNA isolated from
tumor and nontumor regions of multiparous COX-2 transgenic
mice. As shown in Fig. 4, significant induction of VEGF120
mRNA isoform, Ang1, Ang2, Flt, and Tie-2 was observed.
Indomethacin treatment in multiparous COX-2 transgenic mice
suppressed the expression of VEGF120, Flt, Ang2, and Tie-2 but
not Ang1, Flk, or Tie-1.

PGE2 Receptors in Mammary Gland Development and Tumorigenesis.
We next examined the expression of PGE receptors and EP1–4
in NM development and tumorigenesis of the mammary gland.
As shown in Fig. 5A, EP2 and EP4 receptors are induced during
the proliferative phase of mammary-gland development (preg-
nancy and lactation) and subsequently down-regulated during

Table 1. Tissue eicosanoid level

6-keto PGF1� PGF2� PGE2 PGD2 15-HETE 12-HETE 5-HETE

Normal 0 1.65 � 0.98 12.77 � 3.73 0.20 � 0.29 3.67 � 2.00 3.83 � 1.92 0.50 � 0.21
COX-2 24.87 � 0.67 45.31 � 26.87 173.64 � 11.62 8.34 � 5.29 21.85 � 0.08 19.62 � 5.65 1.37 � 0.96
NM � indomethacin 0 0 1.17 � 1.75 1.45 � 1.75 3.82 � 1.49 25.720 � 11.56 0.52 � 0.09
COX-2 � indomethacin 1.26 � 2.18 0 1.49 � 2.58 2.51 � 2.58 5.25 � 2.11 33.13 � 15.46 0.62 � 0.17

Mammary glands were excised, and eicosanoid levels were quantified by the liquid chromotographic–electrospray MS procedures, as described. Data
represent values from two to three mammary glands isolated from different animals (ng per 30 mg of wet weight).

Fig. 2. Inhibition of angiogenesis by indomethacin treatment in COX-2
transgenic mice. (A) Early angiogenesis in TDLU regions. Mammary glands
from monoparous (1�PG) or multiparous (MPG) COX-2 transgenic mice were
analyzed by immunohistochemical procedures for the endothelial marker
PECAM-1, as described. In, indomethacin. n � 3. (B) PECAM immunohisto-
chemistry of multiparous COX-2 mice treated or not with indomethacin. Data
show NM, hyperplasia (HP), mammary intraepithelial neoplasia (MIN), non-
invasive carcinoma in situ (A�CIS), invasive carcinoma (C), and indomethacin-
treated hyperplasia (IH) lesions. Mammary glands from 15 multiparous COX-2
mice were analyzed (NM; n � 28, HP, MIN, CIS, and C; n � 9, �40). For
indomethacin-treated sections, six animals were killed (IH; n � 9, �40).

Fig. 3. 3D vascular architecture in the mammary gland of COX-2 transgenic
mice. Monoparous (Mono) or multiparous (Multi) COX-2 transgenic mice were
injected with fluorescently labeled lectin and perfused, and mammary glands
were imaged by using the confocal fluorescence microscope; 3D images are
shown. Note the presence of permeable vessels (arrowheads) and tortuous
vascular sprouts and loops in COX-2 transgenic mammary glands. (Bar �
250 �m.)
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the involution phase. EP3 is down-regulated during the prolif-
erative stage of mammary gland development, and its expression
is returned to high levels in the involuted mammary gland. In
contrast, the EP1 receptor is expressed only in the involuted
mammary gland.

In COX-2-induced mammary tumors, EP1,2,4 receptors are
strongly induced, whereas the EP3 receptor is down-regulated
(Fig. 5B). Indomethacin-treated mice expressed reduced levels
of EP2,4 receptors in mammary glands, whereas the levels of EP1
and EP3 were not altered (Fig. 5C).

Immunohistochemical analysis indicates that the EP2 subtype
was expressed by ductal and alveolar epithelial cells in the
mammary gland and was strongly induced in the mammary
adenoma cells (Fig. 5D). EP2 receptor expression was not
detected in adipocytes and vascular endothelial cells or smooth
muscle cells of the mammary gland. In sharp contrast, strong EP4
expression was primarily associated with mesenchymal compart-
ments; namely, stromal cells, adipocytes, and hematopoietic cells
with no expression in ductal and alveloar epithelial cells. Low but
detectable expression was also seen in the endothelial cells of the
microvasculature (Fig. 5D). However, in the COX-2-induced
mammary tumor, the EP4 receptor is expressed strongly in
hematopoietic as well as endothelial cells and weakly in adenoma
cells.

Tumor Angiogenesis in Nude Mouse Models of Mammary Tumor Cells.
To define the causal relationships involved in COX-2 expression,
PGE2 synthesis�action, and tumor angiogenesis, we derived
clonal cell lines from established tumors of COX-2 transgenic
mammary glands. One such cell line has myoepithelial charac-
teristics (25), because it expresses � smooth muscle actin and N-
but not E-cadherin. In addition, endogenous murine COX-2 and
transgenic human COX-2 are also expressed (Fig. 9, which is
published as supporting information on the PNAS web site). It
also exhibits properties of transformed cells, such as loss of
contact inhibition, ability to proliferate in the absence of serum,
and ability to grow in an anchorage-independent manner (data
not shown). RT-PCR analysis indicated that all four EP recep-
tors (EP1–4) are expressed in vitro (Fig. 9).

When implanted s.c. in nude mice, mammary tumor cells grew
rapidly as tumors (Fig. 6A). When COX-2 was inhibited with
Celecoxib, tumor growth was strongly suppressed, whereas the
COX-1-specific inhibitor SC-560 did not inf luence tumor
growth. Histological analysis of microvessels (Fig. 6B) shows that

Fig. 4. Regulation of angiogenic-regulatory genes by the COX-2 pathway.
RNA was isolated from nontumor (NT) and tumor (T) regions in multiparous
COX-2 mice (A) and from nontreated (N) and indomethacin-treated (I) mul-
tiparous COX-2 mice (B). Expression of VEGF, Ang1, Ang2, Flt, Flk, Tie-1, and
Tie-2 was analyzed by RT-PCR analysis.

Fig. 5. PGE2 receptors in mammary gland tumorigenesis. (A) Expression of EP1–4 receptors during mammary gland development. Mammary tissues from virgin
(V, 16 wk), pregnant (P, 18 days pregnant), lactating (L, 7 days postpartum), and weaning (W, 14 days postweaning) mice were used to purify RNA for RT-PCR
analysis and protein for Western blot analysis, as described. (B) Expression of EP1–4 receptors in mammary tumors from COX-2 transgenic mice. RNA and protein
were isolated from nontumor (NT) and tumor (T) regions and followed by RT-PCR and Western blot analysis, as described. (C) Modulation of EP receptors by
indomethacin treatment. Nontreated (N) and indomethacin-treated (I) mammary glands from multiparous COX-2 mice were used for RT-PCR analysis, as
described. (D) Cellular localization of EP2,4 receptors. Mammary glands of nontransgenic virgin mice (V) were analyzed by immunohistochemical procedures for
expression of EP2,4 antigens (�40). Mammary tumor (T) in COX-2 transgenic mice, identified as an adenoma by hematoxylin�eosin staining, was used to examine
localization for EP2,4 receptors (�100). (Bar � 50 �m.)
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Celecoxib-treated tumors exhibit reduced density of tumor
microvasculature, collapse of microvessels, and enhanced tumor
cell necrosis�apoptosis. The COX-1-selective inhibitor SC-560
did not significantly affect tumor microvessels. Treatment with
PGE2 in vitro strongly induced the expression of angiogenic
regulatory factors VEGF164, Ang1, and Ang2. Interestingly, the
Flt-1�VEGFR-1 receptor is also expressed in these cells and
induced by 1 �M PGE2 treatment, but no expression or induction
of Flk, Tie-1, and Tie-2 was observed. These data strongly
suggest that tumor cell-derived COX-2 profoundly influences
tumor angiogenesis and thereby modulates tumor growth in vivo.

Discussion
Data in this report show that the enzymatic activity of COX-2 is
critical for the induction of tumorigenic transformation. Admin-
istration of indomethacin (�0.75 mg�kg) potently suppressed
prostanoid synthesis and inhibited tumorigenesis and tumor-
associated angiogenesis. Indomethacin is a nonselective COX-1
and -2 inhibitor, and therefore we cannot rule out the partici-
pation of the endogenous COX-1 enzyme in the tumorigenesis
and angiogenesis process. Nevertheless, at the dose used, indo-
methacin primarily affects prostanoid synthesis, and non-COX
targets are unlikely to be involved (16, 26). However, COX-1 by
itself is not sufficient to induce tumors (14). The major prosta-
noid produced by the mammary gland is PGE2, suggesting that
it is important in the angiogenic and tumorigenic effects (11).
Indeed, PGE2 is a potent inducer of angiogenesis in vivo and
induces the expression of angiogenic regulatory proteins such as
VEGF (27, 28).

Histological analysis of mammary tumors induced in COX-2
transgenic mice indicated that the entire spectrum of tumor
development was observed. In particular, we observed hyper-
plastic TDLU, mammary intraepithelial neoplasia, adenocarci-
noma in situ, and invasive carcinoma (21). Treatment of COX-2
transgenic mice with indomethacin inhibited the formation of
advanced lesions (both incidence and multiplicity), and only

limited hyperplastic lesions were observed, suggesting that
COX-2 plays an important role in tumor progression in this
transgenic model.

The progression of a localized tumor into an invasive cancer
requires the activation of the so-called ‘‘angiogenic switch’’ (29).
In molecular terms, this translates to the exaggerated expression
and�or export of proangiogenic factors and�or down-regulation
of antiangiogenic mediators. Our data suggest that COX-2
overexpression is a component of the angiogenic switch, and that
COX-2 regulates this even before the induction of epithelial
hyperplasia. Enhanced angiogenesis was seen early but is also
sustained. These data provide a molecular explanation for early
observations showing that the angiogenic capacity of preneo-
plastic mammary lesions predicted subsequent transformation
into cancer in both murine and human systems (23, 30).

3D confocal imaging of the microvasculature from COX-2
transgenic mice clearly confirmed the histological analysis of
MVD and provided additional clues to the regulation of the
vascular system by the COX-2 pathway. Enhanced formation of
vascular loops and arches indicated early and robust activation
of the angiogenesis process. In addition, evidence of abnormal
vessel function, most likely due to enhanced vascular perme-
ability, was observed. It is known that enhanced leakage of
microvessels is an early prerequisite event in the induction of
angiogenic response induced by growth factors such as VEGF
(31, 32). In multiparous involuted mammary glands, abnormally
tortuous vascular structures were seen, indicating that dysregu-
lated COX-2 expression induces a tumor vessel-like phenotype
(33) in the mammary gland vasculature.

Because angiogenesis is brought about by the action of an-
giogenic regulatory factors, we analyzed the expression of
mRNAs for potent angiogenic factors, VEGF, Ang1, Ang2, and
their receptors. Multiparous mammary glands from COX-2
transgenic mice, which contain tumors, contain exaggerated
levels of mRNA for VEGF, Ang1, Ang2, Flt [VEGF-1 receptor
(VEGFR-1)], Flk (VEGFR-2), Tie 2, and Tie1. Importantly,

Fig. 6. Regulation of tumor angiogenesis by PGE2 in cultured mammary tumor cells. (A) COX-2 is required for tumor growth in athymic nude mice. Mammary
tumor cells (106) were injected s.c. into nude mice. After 1 wk of injection, mice were placed on the control diet or SC-560- (COX-1-specific inhibitor) or
Celecoxib-supplemented (COX-2-specific inhibitor) diets. Tumor volume was measured as described (n � 5–6 per treatment). (B) Tumors from treated or
untreated nude mice were dissected and analyzed by immunohistochemical procedures for PECAM-1, as described. Note that microvessels were less numerous
and exhibited patterns of apoptosis (asterisks). The tumor section also showed evidence of necrosis and apoptosis (condensed nuclei). (Bar � 50 �m.) (Top)
Control; (Middle) SC58560; (Bottom) Celecoxib. (C) Induction of angiogenesis regulatory genes by PGE2 treatment. Cells were starved for 24 h in the presence
of indomethacin (5 �M) and treated with 1 �M PGE2 for 1 h. RNA was isolated, and RT-PCR was conducted for the indicated genes. (Right) Flt and Flk; Tie-1 and
-2 are positive controls.
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indomethacin treatment reduced these transcripts, suggesting
that the COX-2 pathway is capable of regulating the expression
of potent angiogenesis regulators. It is known that VEGF
induces vascular permeability and angiogenesis (31), thus VEGF
is likely to be important in the vascular changes observed in the
mammary glands of COX-2 transgenic mice.

EP receptor expression studies indicate that all four subtypes
are expressed in different stages of mammary gland develop-
ment. Interestingly, EP2,4 subtypes are expressed in proliferating
mammary glands during pregnancy and also in mammary tu-
mors. Indomethacin treatment suppressed expression of EP2,4
receptor subtypes, suggesting that these two receptors are likely
to be involved in the regulation of mammary tumor progression
and angiogenesis. Immunohistochemistry of tissue sections in-
dicates that EP2 is likely important in the epithelial cell com-
partment, whereas EP4 is highly expressed in stromal and
hematopoietic cells. Both receptors are coupled to the hetero-
trimeric Gs protein and regulate the cAMP�protein kinase-A
pathway. EP2 receptor function was shown to be critically
important in the regulation of intestinal polyp-induced angio-
genesis in the Apc�716 model of neoplasia (28, 34). In addition,
EP4 receptor activation was shown to be important in PGE2-
induced morphologic changes and invasive behavior in colorec-
tal tumor cells in vitro (35). Our data suggest that COX-2 in the
epithelial compartment signals via the EP2 receptor in an
autocrine manner and via the EP4 receptor in a paracrine
manner.

To directly show that PGE2 signaling is important in angio-
genesis, we treated mammary tumor-derived cells in vitro with 1

�M PGE2, which resulted in strong induction of VEGF, Ang1,
-2, and Flt�VEGFR-1. However, in this cell system, only the
cell-associated VEGF164 splice isoform is induced. Importantly,
tumorigenic growth of these cell lines required COX-2 activity.
In COX-2-inhibitor-treated tumors, microvessels were necrotic�
apoptotic, concomitant with tumor necrosis and reduced growth
rate. These data strongly suggest that PGE2 secreted by COX-
2-expressing mammary tumor cells induces tumor progression at
least in part by inducing angiogenic regulatory factors.

In conclusion, our data show that COX-2 profoundly regulates
tumor progression by secretion of prostanoids, in particular the
major product, PGE2. The EP2,4 subtypes of PGE2 receptors are
expressed in epithelial and stromal cellular compartments, which
constitute autocrine and paracrine models of signaling. Angio-
genic regulatory genes, VEGF, Ang1, Ang2, Flt�VEGFR-1, and
Tie 1 and -2, are induced by the COX-2 pathway, resulting in
dramatic changes in the structure and function of mammary
gland vasculature. These data provide, in part, the molecular
basis of how COX-2 transforms the mammary gland into a
tumorigenic state. Identification of such molecular targets and
mechanisms may aid in the rational design of chemopreventive
as well as treatment regimens using COX-2-selective inhibitors
in mammary cancer.
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