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Antiangiogenic agents targeting the vascular endothelial growth factor A (VEGFA) pathway play an important role in
current cancer treatment modalities but are limited by alternative angiogenesis mechanisms. Recent studies suggest
that enhanced signaling through a COX-2/PGE2 axis contributes to VEGF-independent tumor angiogenesis. Thus, COX-
2/PGE2 inhibition may potentiate VEGF therapies.

Angiogenesis is a critical hallmark of
malignant tumor growth. Analogous to nor-
mal tissue development, blood vessels pro-
vide expanding tumors with vital oxygen
and nutrients and generate an outlet for the
removal of metabolic waste products. The
newly formed blood vessels also provide an
escape route for metastasis. Vascular endo-
thelial growth factor A (VEGFA), the most
widely recognized stimulator of angiogene-
sis, is an important driver of cancer and
other angiogenesis-dependent diseases such
as macular degeneration. Several agents that
block the VEGF pathway have been
approved by theUS Food andDrug Admin-
istration, including bevacizumab, an anti-
VEGF neutralizing antibody; aflibercept, a
soluble decoy receptor or “VEGF trap”; and
seven small molecule receptor tyrosine
kinase (RTK) inhibitors, namely axitinib,
cabozantinib, pazopanib, regorafenib, sora-
fenib, sunitinib, and vandetanib. Among
the RTK inhibitors, axitinib is the most
selective for VEGFR1, VEGFR2, and
VEGFR3 at clinically used doses. Antian-
giogenic agents generally work best in com-
bination with chemotherapy and have been

found to extend the lives of patients with
colon, lung, or kidney cancer. Unfortu-
nately, however, improvements in survival
are typically modest, measuring a few
months at best. Even while on VEGF block-
ing therapy the tumors can continue to
grow and angiogenesis persists through ill-
defined VEGF-independent mechanisms.1

Persistent tumor angiogenesis is also
observed in animal tumor models, stimulat-
ing many laboratories, including ours, to
search for alternative angiogenesis pathways
that are potentially responsible for clinical
refractoriness to VEGF therapies.

To identify alternative angiogenesis
mechanisms we focused on CT26 colon
tumors, which at the outset of our studies
appeared to evoke angiogenesis predomi-
nantly through the secretion of a putative
angiogenesis factor that was VEGF-inde-
pendent.2 A bioactive factor detectable in
the supernatant of cultured CT26 cells was
purified to homogeneity from 10 liters of
conditioned medium using multiple cycles
of reverse phase HPLC and was identified
by mass spectrometry as prostaglandin E2
(PGE2). PGE2 is derived from arachidonic

acid through a series of enzymatic reac-
tions, of which cyclooxygenase 2 [prosta-
glandin endoperoxide synthase 2
(PTGS2), best known as COX-2] is gener-
ally rate limiting (Fig. 1). After 2 weeks of
treatment with celecoxib, a COX-2 selec-
tive inhibitor, CT26 tumor volume in
mice was blocked by 93%. To further
investigate the role of COX-2 we used a
variant of the human HCT-116 colon can-
cer cell line, HCT-VKO, in which both
alleles of the VEGF gene were disrupted by
homologous recombination. HCT-VKO
cells, which expressed low endogenous lev-
els of COX-2 protein, were poorly tumori-
genic upon subcutaneous injection into
immunodeficient mice. However, tumor
angiogenesis and tumor growth could be
rescued by exogenous overexpression of
either Vegf or COX-2. Although overex-
pression of either gene promoted tumor
growth, careful evaluation of the respective
pathways revealed independent underlying
mechanisms. For example, phosphoryla-
tion of Vegfr2 in tumors was blocked by
treatment with axitinib but was unaffected
by celecoxib. COX-2 expression, on the
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other hand, was inhibited by celecoxib but
not axitinib. Furthermore, VEGF blockers
were most effective against VEGF-driven
tumors whereas celecoxib was most effec-
tive against COX-2 driven tumors.2

Based on the independent mechanisms
of these pathways in promoting tumor
angiogenesis and tumor growth, we
hypothesized that simultaneous targeting
of the COX-2 and VEGF pathways may
improve antiangiogenic activity. Indeed,
compared to the respective monotherapies,
dual pathway inhibition reduced angiogen-
esis and growth of colon (CT26 or
HCT116) or breast (4T1) tumors. More
importantly, dual COX-2/VEGF pathway
blockade was much more effective than the

monotherapies at blocking experimental
HCT-116 colon cancer liver metastasis
and spontaneous 4T1 breast cancer metas-
tasis. In the 4T1 breast cancer model, initi-
ation of therapy after surgical resection of
the primary orthotopic tumors blocked the
outgrowth of metastases and significantly
enhanced overall survival, suggesting that
the combination therapy may be useful in
the adjuvant setting.2

Non-steroidal anti-inflammatory drugs
(NSAIDs) that target both COX-1 and
COX-2 are widely used to treat pain, fever,
and inflammation and are also well known in
the oncology field as potential chemopreven-
tive agents. In most tissues, COX-2 is an
inducible enzymewhose expression is elevated

during inflammation and can-
cer whereas COX-1 is consti-
tutively expressed. COX-1
inhibition is thought to be
responsible for the rare but
serious gastrointestinal and
renal toxicities that can occur
with long-term use of
NSAIDs. COXIBs that are
selective for COX-2 were ini-
tially developed to overcome
such toxicities, but were later
found to increase the risk of
cardiovascular events. Impor-
tantly, celecoxib may be less
cardiotoxic than rofecoxib
(Vioxx) and safe for use in
patients with a low baseline
cardiovascular risk.3 In patients
at higher risk, aspirin or nap-
roxen may be a suitable alter-
native in combination with
proton pump inhibitors to
help prevent gastrotoxicities.4

PGE2 synthase inhibitors or
PGE2 receptor antagonists also
represent promising drug alter-
natives that may help circum-
vent the toxicities associated
with COX inhibitors (Fig. 1).
However, these agents are cur-
rently at an early stage of clini-
cal development.5-6

Antiangiogenic agents
were clinically approved for
cancer treatment based on
their ability to prolong over-
all survival in patients with
advanced metastatic disease.

These successes stimulated hundreds of
clinical trials to determine whether VEGF
blockers could also help prevent recur-
rence and metastasis.7 So far, however,
these trials have failed to demonstrate any
benefit of adding VEGF blockers in the
perioperative adjuvant or neoadjuvant set-
ting.8 For some cancers, activation of the
COX-2/PGE2 pathway may help to
explain this refractoriness to VEGF ther-
apy; however, other VEGF-independent
angiogenic mechanisms may also be
involved.1 Therefore, to maximize efficacy
and minimize toxicities it will be impor-
tant to identify which tumors utilize both
VEGF- and COX-2/PGE2-dependent
pathways. In the case of the COX-2/PGE2

Figure 1. VEGF-dependent and -independentmechanisms of endothelial cell activation. Vascular endothelial growth
factor A (VEGFA) produced by tumor cells can directly stimulate angiogenesis through the activation of VEGF recep-
tors (VEGFRs) on endothelial cells. PGE2 produced by tumor cells can also activate angiogenesis through direct stimu-
lation of the G-protein coupled receptors EP1 to EP4 on endothelial cells. PGE2 can also promote angiogenesis
indirectly by recruiting proangiogenic myeloid cells and other inflammatory cells or fibroblasts to the tumors. These
cells produce various angiogenic stimulators such as fibroblast growth factor (FGF) and VEGF. VEGF signaling can be
blocked by anti-VEGF neutralizing antibodies (bevacizumab), soluble VEGF receptors (aflipercept), or several VEGFR
tyrosine kinase inhibitors (TKIs). PGE2 signaling can be blocked through the use of NSAIDs, COXIBs, PGE synthase
inhibitors, or EP receptor antagonists. Because of the independence of the pathways, the most effective inhibition of
angiogenesis may result from simultaneous targeting of both the COX-2/PGE2 and VEGF pathways. Red arrows:
VEGF-dependent angiogenesis; Blue arrows: VEGF-independent angiogenesis. AA: arachidonic acid; COX: cyclooxy-
genase; PG: prostaglandin; PGDH: 15-prostaglandin dehydrogenase; PTGES: prostaglandin E synthase.
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pathway, examining tumor biopsies for
overexpression of COX-2 protein may
help, although inactivating mutations in
the 15-hydroxyprostaglandin dehydroge-
nase (PGDH) gene, which encodes the
enzyme responsible for PGE2 catabolism,
can also lead to elevated PGE2 levels.

9

PGDH-inactivating mutations may
also lead to resistance to COX-2 selective
inhibitors, perhaps because constitutive
levels of COX-1 and/or residual activity
of COX2 are sufficient in this context to
increase local PGE2 levels.9 Activating
mutations in PIK3CA, on the other

hand, may lead to elevated expression of
COX-2.10 Thus, tumors that maintain
wild type PGDH and harbor activating
PIK3CA mutations and high COX-2 lev-
els may be particularly sensitive to COX-
2 inhibition. Although progress in identi-
fying VEGF-responsive tumors has
proven even more challenging, our stud-
ies with CT26 tumors suggest that block-
ing alternative angiogenesis pathways
such as the COX-2/PGE2 pathway has
the potential to unmask VEGF inhibitor
sensitivity that may not be detectable
otherwise.2
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