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Abstract
Cyclooxygenase-2 is often highly expressed in epithelial malignancies and likely has an active role
in tumor development. But how it promotes tumorigenesis is not clearly defined. Recent evidence
suggests that this may involve transactivation of the epidermal growth factor receptor through E-
prostanoid receptors, but reports differ about the mechanism by which this occurs. We found that E-
prostanoid receptors 2–4, but not 1, transactivated the epidermal growth factor receptor. This required
metalloproteinase activity, leading to release of growth factors from the cell surface. Both
transforming growth factor-α and amphiregulin were released in response to overexpression of
cyclooxygenase-2, but betacellulin and heparin-binding EGF-like growth factor were not. The
metalloproteinase tumor necrosis factor-α converting enzyme was required for proteolytic release of
transforming growth factor-α. We also found that addition of epidermal growth factor receptor
ligands to HEK293 cells induced cyclooxygenase-2 expression, suggesting that by activating
epidermal growth factor receptor signaling, cyclooxygenase-2 potentially creates a self-perpetuating
cycle of cell growth. Consistent with this, inhibition of cyclooxygenase-2 reduced growth of
epidermal growth factor receptor overexpressing MCF-10A breast epithelial cells in three-
dimensional culture.
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INTRODUCTION
Substantial evidence supports a role for cyclooxygenase-2 (COX-2) in the development of
several types of tumors including colon, head and neck, breast, lung, pancreas, and gastric
cancer [1]. COX-2 is usually expressed at high levels in these tumors and its high expression
often portends a poor response to treatment and a worse outcome. Clinical evidence
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demonstrating that COX-2 has an active role in colorectal cancer includes the observation that
in some populations, chronic administration of nonsteroidal anti-inflammatory drugs
substantially reduces the risk of developing colorectal cancer (reviewed in [2,3]). Additional
studies have demonstrated that cyclooxygenase inhibitors reduce the size and number of
intestinal polyps in mice (reviewed in [2]), and deletion of the murine COX-2 gene is protective
[4,5]. While the dysregulated expression of COX-2 appears to be important in multiple stages
of the developing cancer, how it contributes to this process is not clear.

Excessive signaling through the epidermal growth factor receptor (EGFR) is thought to be
crucial in many types of epithelial cancers (reviewed in [6]). Most often this occurs when either
EGFR or the growth factors that bind to it are overexpressed. As with COX-2, high expression
of EGFR in tumors correlates with poor survival and resistance to therapy [6]. The growth
factors that bind to EGFR are synthesized as large precursors and must be proteolytically
released from the cell surface in order to activate the EGFR. This suggests that excessive
activity of the proteases that release these growth factors might also be a mechanism by which
EGFR signaling is pathological. Indeed, there are numerous examples demonstrating that
transgenic expression of transforming growth factor-α (TGFα) in mice causes tumor formation
(reviewed in [7]). Several members of the A-Disintegrin and Metalloproteinase (ADAM)
family proteolytically release EGFR growth factors. ADAM proteins are often activated
through a subset of G protein-coupled receptors (GPCRs). This sequence of events is called
transactivation of EGFR because it results in activation of EGFR through a molecule that does
not, itself, bind EGFR [8]. Recently, Pai et al. reported that prostaglandin E2 (PGE2), a
downstream product of COX-2, transactivated EGFR [9].

There are four receptors for PGE2, called E-prostanoid (EP) 1–4 (reviewed in [10]). The EP
receptors all couple to G proteins, and Pai et al. speculated that PGE2 activated a pathway that
resulted in proteolytic release of EGFR growth factors. Consistent with this, they found that
antibodies that neutralize TGFα abolished transactivation of EGFR by PGE2. Further,
inhibitors of metalloproteinases also blocked the PGE2-induced response [9]. Another recent
report, however, concluded that PGE2 transactivated EGFR through an intracellular pathway
that did not involve metalloproteinases. Instead, Buchanan and coworkers found evidence that
Src phosphorylated, and thereby activated, EGFR [11]. The inconsistent requirement for
growth factor release noted by these two groups was likely caused by differences in cell types
and experimental approaches. Here, we show that PGE2 transactivated EGFR through a subset
of EP receptors, which activated metalloproteinases that then released some but not all EGFR
ligands. Additionally, we demonstrate that ADAM17, commonly known as tumor necrosis
factor-α converting enzyme (TACE), was largely responsible for release of these growth
factors. Finally, we show that inhibiting COX-2 reduced growth of mammary epithelial cells
overexpressing EGFR.

MATERIALS AND METHODS
Materials

Cell culture medium, antibiotics, serum, epidermal growth factor (EGF), and bovine insulin
were from Invitrogen. Cholera toxin was from Biomol and pertussis toxin was from Sigma.
Phorbol 12-myristate 13-acetate (PMA), platelet-derived growth factor (PDGF), and
hydrocortisone were from Sigma. TGFα, amphiregulin, betacellulin, heparin-binding EGF-
like growth factor (HB-EGF), and antibodies against amphiregulin, betacellulin, and HB-EGF
were from R&D Systems. Antibodies to detect COX-2 were from Cayman Chemicals. Matrigel
(#354230) was from BD PharMingen. PGE2 and AG1478 were from Calbiochem, while
GM6001 was from Chemicon.
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Cell Culture and Transfection
MCF-10A cells (ATCC) were cultured as described [12]. COS-7 cells (ATCC), HEK 293 cells
(ATCC), and either wild-type or TACE-deficient, immortalized mouse embryo fibroblasts
(provided by R. Black at Amgen) were propagated in DMEM with 10%FBS. They were
transfected using LipofectAmine (Invitrogen) in 6 well plates with COX-2 (in pCDNA1/Amp,
500ng/well for HEK293 cells or 1.5μg/well for fibroblasts) or the empty vector along with
TGFα, amphiregulin, betacellulin, or HB-EGF (in pcDNA3.1, 100ng/well for HEK293 cells
or 300ng/well for fibroblasts). COS-7 cells were transfected in 6cm plates with a murine EP
receptor subtype (EP1, EP2, EP3α, or EP4 in p3X-FLAG, 2.5μg). To measure, EGFR
phosphorylation, EGFR (in pcDNA3.1/Myc-His, 0. 5μg, from S. Kuwada, University of Utah)
was included in the transfection. The EGFR mutants were generated using a site directed
mutagenesis kit (Stratagene) with the following forward primers and reverse complement
primers: L858R-5′-CAGATTTTGGGCGGGCCAAACTGCTGGG and delL747-
P753insS-5′-CGCTATCAAGGAATCGAAAGCCAACAAGG. To make MCF-10A stable
cell lines, cells were transfected with EGFR (1μg/well) and then selected using G418
(Invitrogen, 250μg/mL). Isolated colonies were then propagated for three-dimensional culture
experiments.

Assay for Release of Growth Factors
Twenty four hours after transfection, to test the effects of PGE2 (Cayman Chemicals), the cells
were starved (DMEM no serum) for three hours with the addition of mAb225 (20μg/ml) during
the final 30 minutes. This antibody blocks EGFR to inhibit binding and subsequent
internalization of the growth factors. The medium was changed (DMEM, no serum, 20μg/mL
mAb225, and PGE2) and then collected two hours later. After collection, the medium was
centrifuged (700×g for 5 min.) to remove cellular debris. The adherent cells were washed with
cold PBS and then lysed in 200μL of reporter lysis buffer (Promega). To detect TGFα in the
medium, we used an ELISA (Oncogene research) and followed the manufacturer’s instructions.
To detect amphiregulin, HB-EGF, and betacellulin, we developed sandwich ELISAs using
matched antibody sets from R&D Systems. All ELISAs used an unconjugated primary
antibody bound to the plate (anti-amphiregulin 1:150, anti-betacellulin 1:400, and anti-HB-
EGF 1:800). Cell medium or lysates were then incubated for 2–4 hours, and then following
washes (BD OptEIA wash solution, BD Biosciences), a biotin-conjugated secondary antibody
(anti-amphiregulin 1:100, anti-betacellulin 1:100, anti-HB-EGF 1:200) was added for 1–2
hours. Following washes, streptavidin-HRP (1:200, R&D Systems) was added for 1 hour. After
washes, a colorimetric reaction was initiated with BD OptEIA color substrate (BD
Biosciences). All values were normalized to cell lysate protein determined by Pierce BCA
protein assay kit and statistical significance was determined using paired, one-tailed t tests.

Assay for COX-2 Expression
HEK 293 cells were starved (DMEM with 0.5%FBS) for 4 hours. The medium was then
replaced with DMEM, 0.5%FBS, with or without the agonist (TGFα: 5ng/ml, EGF: 20ng/ml,
PMA: 20nM, PDGF: 50ng/ml) and then incubated overnight. The cells were lysed in reporter
lysis buffer (Promega) and protein content was determined (Pierce BCA). Lysates (25μg) were
separated by 10% SDS-PAGE and COX-2 protein was detected as previously described [13].
To test the effects of wild-type or mutant EGFR expression, the cells were transfected,
incubated with 10% serum overnight, and then starved as noted above. To detect COX-2
mRNA, the cells were treated as above and then total RNA was isolated using TRIzol Reagent
(Invitrogen) as previously described [13]. RT-PCR to detect COX-2 mRNA was performed as
described [14].
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Western immunoblotting
Anti-c-Myc #sc-40, anti-pERK1/2 #sc-7383, anti-ERK1 #sc-093, and anti-ERK2 #sc-154 were
from Santa Cruz Biotechnology. All other antibodies used for immunoblotting were from Cell
Signaling Technologies and were used according to their instructions: anti-EGFR #2232; anti-
pEGFR #2234; anti-Akt #9272; anti-pAkt (Ser473) #9271; anti-pAkt (Thr308) #9275, anti-
COX-2 #4842.

Three-dimensional cell culture
Stable MCF-10A cell lines expressing either control vector (pcDNA3.1/Myc-His) or EGFR
were cultured in Matrigel as described [12]. Digital photos were taken using an Olympus
Fluoview confocal microscope. Volumes of the three dimensional structures were calculated
using the equation: π/6(largest diameter × [smaller diameter]2).

RESULTS
COX-2 causes release of specific growth factors from the cell surface

Pai and coworkers demonstrated evidence suggesting that PGE2 transactivated EGFR by
causing metalloproteinases to release TGFα [9]. At least seven ligands are known to bind and
activate EGFR (reviewed in [15]). To examine which EGFR growth factors were released from
cells over-expressing COX-2, we expressed COX-2 in HEK293 cells. Release of endogenous
growth factors is very difficult to detect because they rapidly bind their receptor and are
internalized [16]. To detect release of the growth factor in these experiments we co-transfected
the cells with TGFα, amphiregulin, betacellulin, or HB-EGF. Additionally, we added an EGFR
neutralizing antibody (mAb225) to the medium to reduce the chance of growth factor
internalization. We then measured growth factor released into the medium using ELISAs. We
found that expression of COX-2 caused significant release of only TGFα from starved cells
(Fig. 1A). These data were consistent with those of Pai et al. who demonstrated that neutralizing
antibodies directed against TGFα significantly reduced EGFR transactivation, while antibodies
directed against HB-EGF did not [9]. They did not test antibodies directed against amphiregulin
or betacellulin.

TGFα is released predominantly by TACE
Members of the ADAM family of metalloproteinases are thought to be largely responsible for
release of EGFR ligands. These are transmembrane proteins that proteolytically release a
diverse set of biologically active proteins such as growth factors, cytokines, and their receptors.
ADAM17, which is more commonly called TACE, is known to shed most EGFR ligands in
addition to several other proteins [17]. Additionally, TACE-deficient mice are very similar to
EGFR-deficient mice [18], strongly suggesting that TACE has a prominent role in proteolytic
release of most EGFR ligands. To test whether TACE was required for COX-2 to cause release
of TGFα, we co-expressed COX-2 with TGFα in murine embryo fibroblasts that were either
wild-type or were derived from TACEΔZn/ΔZn mice, in which a portion of the gene encoding
TACE had been deleted, causing inactivation of TACE [18]. We found that very little TGFα
was released from TACEΔZn/ΔZn fibroblasts, indicating that TACE was required for COX-2
to induce shedding of TGFα. However, there was a slight increase in TGFα release from
TACEΔZn/ΔZn fibroblasts in the presence of COX-2 that was likely caused by other ADAM
family members, but the majority (>90%) of TGFα release appeared to require TACE. These
data are consistent with the report by Pai and coworkers who demonstrated that broad spectrum
metalloproteinase inhibitors or neutralizing antibodies directed against TGFα significantly
reduced EGFR transactivation caused by PGE2 [9].

2Present address: Oklahoma Medical Research Foundation, 825 NE 13th Street, Oklahoma City, OK 73104.
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Release of growth factors by COX-2 is mimicked by exogenous PGE2
PGE2, a downstream product of the COX-2 reaction, activates the G protein-coupled, EP
receptors and can transactivate EGFR. But reports differ on how this occurs. Pai and coworkers,
for example, found evidence suggesting that PGE2 activated EGFR through a
metalloproteinase, which released TGFα that then activated EGFR [9]. But, Buchanan et al.
found that metalloproteinase activity was not required for PGE2 to transactivate EGFR [11].
These differences are not surprising because EGFR can be transactivated through
metalloproteinase dependent and independent signaling pathways (reviewed in [8]). To directly
examine whether PGE2 could cause TGFα release, we used HEK293 cells, which express
EP1-4 (data not shown). We treated the cells with PGE2 and then measured release of TGFα
using an ELISA. In these experiments, we found that 10μM PGE2 consistently caused TGFα
release into the medium (Fig. 1C). It also caused TGFα shedding at lower concentrations (1.5-
fold increase at 1μM PGE2 and 1.6-fold increase at 5μM, n = 2). Since these concentrations of
PGE2 were within the range where others have detected transactivation of EGFR [9,11], our
data suggest that PGE2 can transactivate EGFR by causing release of TGFα.

PGE2 transactivates EGFR through a metalloproteinase and a subset of EP receptors
PGE2 binds to four G protein-coupled EP receptors [10]. Each of them has a specific tissue
and cell distribution, and each receptor initiates distinct intracellular signaling pathways by
activating subsets of G proteins. COS-7 cells have been widely used to characterize EGFR
transactivation [15]. To examine which EP receptors could activate EGFR and whether
metalloproteinase activity was required, we expressed each of the four EP receptors in COS-7
cells, treated the cells with PGE2, and then measured phosphorylation of Akt at Ser473 in the
presence of either an EGFR inhibitor (AG1478) or a broad spectrum metalloproteinase
inhibitor (GM6001, Ilomistat). We found that Akt was not phosphorylated in COS-7 cells
transfected with the empty vector (Fig 2A). Nor was it phosphorylated in cells expressing EP1.
However, Akt was phosphorylated in cells expressing EP2, EP3, or EP4 (Fig. 2A–B).
Moreover, the inhibitors had different effects on this phosphorylation. In cells expressing EP2,
Akt phosphorylation was completely inhibited by both AG1478 and GM6001, indicating that
activation of Akt through EP2 required both EGFR and metalloproteinase activity,
respectively. This indicated that EP2 transactivated EGFR through the well-defined pathway
involving activation of a metalloproteinase and subsequent release of the growth factor ligands
that bind EGFR. EP3 also caused Akt phosphorylation, but this was only partially inhibited by
either AG1478 or GM6001, indicating that EP3 caused Akt phosphorylation by
metalloproteinase and EGFR-dependent and -independent mechanisms. Finally, Akt was
phosphorylated in cells expressing EP4, but this was not inhibited by either AG1478 or
GM6001. We also examined phosphorylation of Akt at Thr308 and found similar results (not
shown). Additionally, we measured ERK1/2 phosphorylation and found that PGE2 caused
ERK1/2 phosphorylation that was not significantly affected by either AG1478 or GM6001,
indicating that ERK1/2 activation predominantly occurs directly through the EP receptors
rather than through EGFR. We conclude that EP2 and EP3 can activate Akt through a
metalloproteinase and EGFR.

Some EP receptors couple to Gαi subunits, which are sensitive to pertussis toxin. To test the
importance of Gαi subunits, we treated HEK293 cells with pertussis toxin and then examined
PGE2-induced ERK1/2 and Akt activation. HEK293 cells express mRNA for all four EP
receptors (data not shown). We found that pertussis toxin completely inhibited PGE2-induced
Akt phosphorylation (Fig. 2C), indicating that in HEK293 cells, Gαi subunits are important.

The robust, EGFR-independent activation of Akt in cells expressing EP4 was not surprising
because G protein-coupled receptors are known to activate phosphatidylinositol 3-kinases, and
consequently Akt, by mechanisms that don’t involve transactivation of EGFR [19]. However,
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we considered the possibility that EP4 might have transactivated EGFR, but that this was
masked by EGFR-independent Akt phosphorylation. To more directly assess EGFR activation,
we co-expressed EGFR and the EP receptors in COS-7 cells and then assayed the status of
EGFR using a phosphorylation-specific antibody. Consistent with the results in Fig. 2A, we
found that PGE2 did not cause EGFR phosphorylation in cells expressing EP1, but did cause
EGFR phosphorylation in cells expressing EP2 or EP3 (Fig. 2D). Surprisingly, EGFR was also
phosphorylated in cells expressing EP4 (Fig. 2D). Using scanning densitometry to quantify
the Western blots, we found statistically significant increases in phospho-EGFR in cells
expressing EP2, EP3, and EP4 (Fig. 2E). In all cases, the metalloproteinase inhibitor, GM6001
completely abolished EGFR phosphorylation. We conclude that in these conditions, EP
receptors 2–4 can transactivate EGFR and that they do so through a metalloproteinase.

EGFR growth factors augment expression of COX-2
Expression of COX-2 can be induced by a number of stimuli including phorbol esters,
cytokines, and growth factors (reviewed in [20]). Some reports indicate that growth factors
that activate EGFR can increase expression of COX-2. We examined whether TGFα or EGF
could enhance expression of COX-2 by treating HEK293 cells with either of these growth
factors or PDGF, which does not bind to EGFR. We found that both TGFα and EGF
significantly increased expression of COX-2 protein while PDGF did not (Fig 3A). Using RT-
PCR, we found that TGFα also increased expression of COX-2 mRNA. Combined with the
ability of PGE2 to transactivate EGFR, these data suggested that growth in some tumors may
be augmented by, an autocrine loop where COX-2 activates growth factor shedding, which in
turn induces the expression of COX-2.

Recently, several mutations in the kinase domain of EGFR have been identified in tumors that
appear to enhance response to the EGFR inhibitor, Gefitinib [21,22]. Two of the more common
mutations are a point mutation, L858R, and an eighteen base pair in-frame deletion, delL747-
P753insS [23]. These mutations appear selectively activate Akt and STAT signaling pathways
[23]. To test if these mutations affected expression of COX-2, we transfected HEK293 cells
with either a control vector, wild-type EGFR, or one of the two EGFR mutants, treated the
cells with TGFα for sixteen hours, and then assessed COX-2 expression by immunoblotting.
We found that over-expression of wild-type EGFR increased expression of COX-2, both in
basal and stimulated conditions. Over-expressing mutant, active EGFR had an even more
profound effect on COX-2 expression (Fig 3B). Together, these results demonstrate that
expression of COX-2 can be induced through EGFR and that kinase domain mutations in EGFR
further augment COX-2 expression.

Inhibiting COX-2 reduces EGFR-dependent growth in three-dimensional cultures
To test the possibility that inhibiting COX-2 reduces tumor growth caused by EGFR, we created
stable MCF10A breast cell lines that over-express EGFR. The cells also expressed COX-2
(Fig. 4A). MCF-10A cells, when grown in three dimensions, form hollow spheres that are
structurally similar to normal breast ducts [12]]. We found that over-expression of EGFR in
these cells caused them to continue growing beyond spheres to form complicated multi-lobed
structures (Fig. 4B). Our previous results suggested a positive feedback loop where EGFR
induced COX-2 expression, which in turn caused growth factor shedding that activated EGFR.
To examine the effects of interrupting this loop, we treated the cells with 10μg/mL or 50μg/
mL celecoxib. These concentrations are above the peak plasma levels (~1μg/mL) after a single
dose of celecoxib in fasting adults, but we were unsure of its distribution in Matrigel because
celecoxib is highly protein bound and, thus, might have a much lower effective concentration
when added to the medium above the Matrigel. We found that celecoxib caused a dose
dependent reduction in the size of the three dimensional structures (Fig. 4B–C). Ibuprofen
(50μg/mL) had the same effect (data not shown). These results demonstrate an essential role
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for COX-2 in EGFR tumorigenesis and suggest that COX inhibitors might have an important
role for targeted therapy in tumors where EGFR is over-expressed.

DISCUSSION
We found that PGE2 transactivated EGFR by inducing release of a subset of its growth factor
ligands. This suggests that over-expression of COX-2, which commonly occurs in many types
of malignancies, contributes to tumor growth by activating EGFR, which would not only
provide a growth signal, but would also enhance survival by activating Akt. Our results are
consistent with several recent reports demonstrating activation of EGFR through EP receptors.
Pai and coworkers demonstrated that PGE2 transactivated EGFR through release of TGFα
[9], while another report [11] showed EGFR transactivation that did not depend on extracellular
release of growth factors. Other groups have demonstrated transactivation of ErbB receptors,
but they did not address whether or not growth factor release was necessary [24,25]. While
these reports concur that PGE2 can transactivate EGFR, they do not agree on the requirement
for metalloproteinase activity. Consistent with a requirement for growth factor shedding, we
found that GM6001, a broad spectrum metalloproteinase inhibitor, abolished EGFR
transactivation and that PGE2 caused TGFα shedding through TACE. There are a number of
possibilities that could explain the different observed requirements for metalloproteinase
activity, including the different cell lines that have been used to measure EGFR transactivation.
Indeed, given the complexity of GPCR signaling, it would not be surprising that transactivation
might occur by different mechanisms in different cell types and in different malignancies.

Surprisingly, we observed that not all of the EGFR ligands were shed from cells expressing
COX-2. We found that COX-2 increased basal shedding of TGFα, but did not increase basal
shedding of amphiregulin, betacellulin or HB-EGF. We also tested whether COX-2 could
augment growth factor shedding stimulated by phorbol esters, which cause shedding of all
EGFR ligands. We found that COX-2 expression enhanced phorbol ester-stimulated TGFα
shedding 1.7 (+/− 0.8) fold. COX-2 also augmented phorbol ester-stimulated amphiregulin
shedding (2.0 +/− 0.4 fold increase), but did not augment betacellulin or HB-EGF shedding.
These data indicate that under certain conditions, COX-2 might transactivate EGFR through
either TGFα or amphiregulin. TGFα shedding in response to COX-2 expression or PGE2 is
consistent with the report by Pai and coworkers [9]. This group, however, did not try to
neutralize amphiregulin. There are numerous observations suggesting that amphiregulin
contributes to the development of epithelial malignancies[7] and that PGE2 can induce
expression of amphiregulin [26–28]. Combined with our data, these observations suggest that
COX-2 might also promote tumorigenesis by augmenting amphiregulin shedding.

Several metalloproteinases in the ADAM family are known to shed EGFR ligands from the
cell surface. TACE/ADAM17 appears to be largely responsible for basal and stimulated release
of most EGFR ligands, while ADAM10 is necessary for basal shedding of betacellulin and
EGF [29]. We found that COX-2 did not affect basal shedding of betacellulin, indicating that
PGE2 might not activate ADAM10. Conversely, we demonstrated that TACE/ADAM17 was
necessary for COX-2 to stimulate release of TGFα. In light of the broad role of TACE/
ADAM17 in shedding EGFR ligands, the selective release of TGFα and amphiregulin—but
not betacellulin and HB-EGF—in response to PGE2 was surprising. In addition to shedding
growth factors, TACE has an important role in releasing a number of biologically active
proteins including some cytokines and several different classes of receptors [30]. Little is
known about how TACE might selectively shed a subset of its substrates from the cell surface,
but it is clear that this must occur, because many of its substrates are concurrently expressed.
One possibility is that adaptor proteins couple TACE to specific receptors and growth factor
substrates. Suggesting that this might occur, the adaptor protein Eve-1, appears to bind TACE
and other ADAMs and was necessary for ectodomain shedding of HB-EGF [31].

Al-Salihi et al. Page 7

Cell Signal. Author manuscript; available in PMC 2009 May 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We tested the four known EP receptors and found that EP2-4 transactivated EGFR while EP1
did not. There are several reports indicating that EP2 is important for tumorigenesis. For
example, ApcΔ716/+ mice had fewer gastrointestinal tumors when crossed with EP2−/− mice
[32] and EP2 was necessary for mammary hyperplasia in COX-2 transgenic mice [28]. To our
knowledge, there are no reports suggesting that EP3 can transactivate EGFR, but EP4 has been
shown to be involved in tumor cell motility [33] and it is over-expressed in tumors from
ApcΔ716/+ mice [32]. None of these reports provided a direct link between EP2 or EP4 and
EGFR, but combined with our data, they suggest that transactivation of EGFR through these
EP receptors might have a role in development of breast and colon cancer and other
malignancies. In contrast to EP receptors 2–4, we found that over-expressed EP1 did not
transactivate EGFR. However, Han and Wu recently demonstrated that an EP1 receptor agonist
induced phosphorylation of EGFR and enhanced proliferation and migration of
cholangiocarcinoma cells [24], and Su et al. showed that PGE2 transactivated ErbB2 through
EP1 [25]. These differing results likely reflect differences between cell lines, opening the
possibility that in the correct context, all four EP receptors can transactivate EGFR.

Once activated by its growth factors, EGFR causes a number of signaling events, many of
which coordinate changes in gene transcription. We found increased COX-2 mRNA and
protein in cells treated with EGFR agonists. Whether this occurred through a transcriptional
event, stabilization of RNA, or both is under investigation. It is interesting to note that the
kinase domain mutations in EGFR augmented COX-2 expression, suggesting the possibility
that these mutations increase COX-2 expression in vivo. Other groups have demonstrated
induction of COX-2 protein and mRNA by growth factors [1]. Combined with the reported
induction of amphiregulin by COX-2 [26–28], these results suggest the existence of a self-
perpetuating activation loop. COX-2 and EGFR are often concurrently expressed in tumors,
indicating that combined inhibition of COX-2 and EGFR might have therapeutic benefits.
Indeed, we demonstrated that inhibiting COX-2 significantly reduced in vitro growth of
MCF-10A cells overexpressing EGFR, and Torrance et al. demonstrated that combined
inhibition of EGFR and cyclooxygenase significantly reduced intestine polyp formation in
APCMin/+ mice compared to cyclooxygenase or EGFR inhibition alone [34]. TACE also has
a role in tumor formation [35], suggesting that metalloproteinase inhibitors might additionally
inhibit tumor growth.

CONCLUSION
In conclusion, we have demonstrated that COX-2 transactivates EGFR through TACE. Of the
four growth factors that we tested, only TGFα and amphiregulin were released while
betacellulin and HB-EGF were not. Once activated, EGFR can induce expression of COX-2,
potentially causing an autocrine loop to develop. We found that inhibiting COX-2 reduced
growth of EGFR over-expressing cells in three dimensional cultures, suggesting that
interrupting this autocrine loop might have therapeutic benefits.
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cyclooxygenase-2
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EGFR  
epidermal growth factor receptor

TGFα  
transforming growth factor-α

ADAM  
A-Disintegrin and Metalloproteinase

GPCR  
G protein-coupled receptor

PGE2  
prostaglandin E2

EP  
E-prostanoid receptor

TACE  
tumor necrosis factor-α converting enzyme

EGF  
epidermal growth factor

PMA  
phorbol 12-myristate 13-acetate

PDGF  
platelet-derived growth factor

HB-EGF  
heparin-binding EGF-like growth factor
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Figure 1.
COX-2 and PGE2 cause TGFα shedding. A. HEK293 cells were transfected with control vector
or COX-2 and either pro-TGFα, pro-amphiregulin, pro-HB-EGF, or pro-betacellulin. The cells
were starved overnight and then the medium was replaced and collected 2hrs later and assayed
by ELISA to detect the amount of growth factor that was released into the medium over a two
hour period. Values shown are mean (+/− standard deviation, n = 3) fold increase in growth
factor released into the medium from cells expressing COX-2 compared to vector control. The
* indicates that the difference between control and COX-2 growth factor shedding was
statistically significant (p<0.05). B. Immortalized embryo fibroblasts from either wild-type or
TACEΔZn/ΔZn mice were transfected with pro-TGFα and either a control vector or COX-2. The
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cells were starved and then the medium was collected after two hours. An ELISA was used to
detect TGFα that was released into the medium. Values were normalized to total protein in the
cell lysates. The * indicates that the difference between control and COX-2 growth factor
shedding was statistically significant (p<0.05). C. HEK293 cells, transfected with pro-TGFα,
were starved and then treated with 10μM PGE2 for two hours. The medium was recovered and
the amount of TGFα was determined using a specific ELISA. Values were normalized to total
protein in the cell lysates (p<0.01, n = 4). Similar results were obtained by normalizing to
TGFα in the cell lysates. * indicates that the difference was statistically significant (p<0.01).
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Figure 2.
PGE2 transactivates EGFR through specific EP receptors. A. COS-7 cells, transfected with a
control empty vector or an EP receptor subtype, were starved and then treated with 10μM
PGE2 for 2 minutes in the absence or presence of GM6001 or AG1478. Phospho-Akt (pAkt
Ser473) was detected in the cell lysates using a specific antibody. Immunoblots were then
reprobed to detect total Akt. Results are representative of three experiments. Each EP receptor
has a 3X-FLAG epitope tag, and shown below are typical expression levels of the EP receptors
detected with an anti-FLAG antibody. B. Densitometry of pAkt Ser473 immunoblots (n=3)
where the pAkt signal was normalized to basal pAkt in cells transfected with control vector.
The * indicates that the change was statistically significant (p<0.05) when compared to basal
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pAkt. TGFα (10ng/mL), the positive control in these experiments, caused a 5.2 (+/−0.4) fold
increase in pAkt. C. HEK293 cells with or without pertussis toxin pretreatment (100ng/mL,
16hrs) were treated for 2 minutes with 10μM PGE2 and then pAkt Thr308 and total Akt were
detected by immunoblotting. D. COS-7 cells were co-transfected with EGFR and an EP
receptor subtype. Starved cells were then treated with PGE2 in the presence or absence of
GM6001. Phospho-EGFR (pEGFR) was detected using a specific antibody and then the
immunoblots were reprobed to detect total EGFR. Results are representative of at least three
experiments. E. Densitometry of pEGFR from four experiments showing the fold increase in
pEGFR caused by 10μM PGE2. In all cases, pEGFR was first normalized to total EGFR. In a
typical experiment, TGFα (10ng/mL) caused a ~3 fold increase in pEGFR. The * denotes
significant change (p<0.03) compared to conditions without PGE2 or GM6001. The **
indicates that GM6001 significantly reduced (p<0.03) pEGFR compared to PGE2 alone.
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Figure 3.
EGFR growth factors increase the expression of COX-2 protein and mRNA. A. HEK293 cells
were starved and then exposed overnight to EGF (20ng/mL), TGFα (5ng/mL), PDGF (50ng/
mL), or PMA (20nM). Cell lysates were then analyzed to detect either COX-2 protein or
mRNA. Results are representative of at least two experiments. B. HEK293 cells were
transfected with the empty vector, wild-type EGFR, L858R EGFR, or delL747-P753insS
EGFR. The cells were starved and then exposed overnight to TGFα (5ng/mL). COX-2 or EGFR
were then detected by immunoblotting.
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Figure 4.
Inhibition of COX-2 reduces EGFR-dependent growth of breast epithelial cells in three-
dimensional culture. A. Lysates from stable MCF-10A cell lines expressing either a control
empty vector or EGFR were used to detect either EGFR or COX-2 by immunoblotting. B.
Stable MCF-10A cells were grown in three-dimensional cultures in the presence or absence of
Celecoxib (10μg/ml or 50μg/ml), a selective COX-2 inhibitor. Ibuprofen (50μg/mL) similarly
inhibited growth (n = 2). C. Volumes of the three dimensional structures were calculated and
normalized to control vector (no EGFR) without 50μg/mL celecoxib (n = 6–9). The * denotes
significant change (p<0.02) compared to control cells without Celecoxib, and ** indicates
significant change (p<0.01) compared to EGFR cells without Celecoxib.
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