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Introduction
Arachidonic acid is a polyunsaturated fatty acid that is a com-
ponent of membrane phospholipids and is acutely released 
in response to exposure to a number of agonists, including 
growth factors, cytokines, and hormones, in various cell types.  
Upon release, it is metabolized via the cyclooxygenase, lipoxy-
genase, or cytochrome P450 (CYP) monooxygenase pathways, 
which yield prostaglandins, leukotrienes, and epoxyeicosa-
trienoic acids (EETs), respectively[1, 2].  When arachidonic acid 
is metabolized by CYP epoxygenases, it results in the genera-
tion of four regioisomeric EETs (5,6-, 8,9-, 11,12-, and 14,15-

EET)[3, 4].  We and others have demonstrated that CYP-derived 
EETs induce changes that have protective effects in endothe-
lial cells, including the upregulation of endothelial nitric oxide 
synthase (eNOS) expression and activity, the enhancement of 
angiogenesis, an increase in fibrinolytic activity via the pro-
duction of tissue plasminogen activator (tPA), and the inhibi-
tion of TNF-α-induced apoptosis.  Additionally, CYP-derived 
EETs possess anti-inflammatory properties[3, 5].  Recently, EETs 
have been implicated in a variety of physiologic processes that 
are relevant to cancer pathogenesis, including the regulation 
of intracellular signaling pathways, gene expression, tumor 
cellular proliferation, and metastasis via the activation of the 
MAPK and PI3 kinase/Akt pathways as well as via the phos-
phorylation of EGF-R[6, 7].  

In renal proximal tubular epithelial cells, it was found that 
stable CYP102 F87V expression induced 14,15-EET produc-
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tion and enhanced cellular proliferation[3].  Further studies in 
these cells demonstrated that 14,15-EET induced the activa-
tion of matrix metalloproteinases (MMPs), which in turn led 
to the release of heparin-binding epidermal growth factor-like 
growth factor (HB-EGF), a potent mitogenic EGF-R ligand[3].  
In human cancer cells, however, it remains unknown whether 
the EGF-R phosphorylation and the malignant prolifera-
tion induced by CYP epoxygenase-derived EETs involve the 
activation of MMPs and/or HB-EGF release.  A better under-
standing of the mitogenic signaling events that are initiated by 
CYP epoxygenase-EET signaling may lead to the development 
of new anti-cancer therapeutic strategies.  Therefore, we inves-
tigated the effects that exogenous 14,15-EET and CYP epoxy-
genase overexpression had on MMP activation and EGF-R 
phosphorylation in the human cancer cell lines.

Materials and Methods
Materials
Tca-8113 (a human tongue squamous carcinoma cell line), 
A549 (a human lung cancer cell line), HepG2 (a human liver 
cancer cell line), MDA-MB-231 (a human breast cancer cell 
line) were obtained from the American Type Culture Collec-
tion (Manassas, VA).  Chemicals and reagents were obtained 
as follows: Cell culture medium were purchased from 
Hyclone (Logan, UT); antibodies against epidermal growth 
factor receptor (EGF-R) and phospho-EGF-R from Cell Sig-
naling Technology (Beverly, MA); anti-extracellular signal-
regulated kinase (ERK) and anti-phospho-ERK antibodies 
from New England Biolabs, Inc (Beverly, MA); antibodies 
against β-actin from Neomarkers (Fremont, CA); horseradish 
peroxidase-conjugated secondary antibodies (goat anti-rabbit 
immunoglobulin G and rabbit anti-mouse immunoglobulin G) 
from KPL (Gaithersburg, MD); enhanced chemiluminescence 
reagents from Pierce, Inc (Rockford, IL); 14,15-EET from Cay-
man Chemical Co (Ann Arbor, MI); AG1478 (EGF-R-selective 
tyrosine kinase inhibitor) from Calbiochem (San Diego, CA); 
and EGF, 1,10-phenanthroline (a non-specific MMP inhibitor) 
and CRM197 (an inhibitor of HB-EGF release) from Sigma 
Chemical Co (St Louis, MO).  All other reagents were pur-
chased from standard commercial suppliers.

Adeno-associated virus (AAV)-mediated CYP epoxygenase over
expression 
The recombinant adeno-associated virus (rAAV) vector 
pXXUF1, packaging plasmid pXX2, adenovirus helper plas-
mid pXX6, and an rAAV plasmid containing the GFP cDNA 
(GFP-pUF1) were generous gifts from Dr Xiao Xiao (Uni-
versity of Pittsburgh, Pittsburgh, PA).  CYP102 F87V is a 
mutant P450 that is derived from Bacillus megaterium (P450BM3) 
in which phenylalanine 87 is replaced with valine, convert-
ing it to a highly regio- and stereoselective epoxygenase that 
biosynthesizes 14(S),15(R)-EET from arachidonic acid.  The 
coding region of the CYP102 F87V mutant was subcloned into 
pXXUF1 downstream from the cytomegalovirus promoter to 
produce the construct CYP102 F87V-pUF1.  The rAAVs were 
produced and purified as previously described[3, 8, 9] and their 

titers were determined by dot blot hybridization.  The eluted 
rAAV was then aliquoted and stored at -80 °C.  The resultant 
rAAVs were designated rAAV-CYP102 F87V and rAAV-GFP.  
Next, Tca-8113 cells were infected with rAAV-CYP102 F87V or 
rAAV-GFP (about 50 virions/cell) and cultured for one week 
to allow them to obtain specifying expression.  These cells 
were used for further experiments as detailed below.

Cell culture and cell proliferation assays 
Tca-8113 cells were cultured at 37 °C in DMEM containing 
10% (v/v) bovine serum, 100 mg/mL streptomycin, and 100 
IU/mL penicillin in a humidified atmosphere containing 5% 
CO2.  The cells were seeded onto 96-well plates (about 1×104/
well) in DMEM containing 10% bovine serum in a final vol-
ume of 0.2 mL.  Six parallel wells were set up for control and 
treated group.  Once the cells reached 60% confluence, the 
medium was changed to serum-free DMEM and the cells 
were incubated at 37 °C for 12 h to allow for synchronization.  
Next, 14,15-EET (250 nmol/L) and AG1478 (100 nmol/L) were 
added to the medium with ethanol used as the vehicle control.  
After 24 h, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) (20 μL/well of 5 mg/mL in PBS) was 
added to the culture medium and the cells were incubated 
at 37 °C for 4 more hours, at which point the reaction was 
stopped by the addition of 100 μL DMSO.  The reaction prod-
uct was then quantified by measuring the absorbance at 490 
nm using an ELISA reader (Elx800, China).  

Immunoblot analysis 
Tca-8113, A549, HepG2, and MDA-MB-231 cells were treated 
with 14,15-EET (250 nmol/L) or EGF (20 ng/mL) with and 
without various inhibitors, including AG1478 (100 nmol/L), 
CRM197 (10 μg/mL), and 1,10-phenanthroline (100 μmol/L).  
The rAAV-infected cells were treated with the inhibitors 
AG1478 (100 nmol/L), CRM197 (10 μg/mL), and 1,10-phenan-
throline (100 μmol/L).  Cells were then harvested for Western 
blot analysis to allow the detection of signaling molecules.  
Cells were placed on ice, washed twice with ice-cold PBS, and 
then lysed in RIPA lysis buffer containing 50 mmol/L Tris (pH 
8.0), 150 mmol/L NaCl, 0.1% sodium dodecyl sulfate (SDS), 
1% Nonidet P-40 (NP-40), 0.5% sodium deoxycholate, 0.02% 
sodium azide (NaN3), 1 μg/mL aprotonin, and 1 mmol/L 
phenylmethylsulfonyl fluoride.  Solubilized lysates were cen-
trifuged at 10 000×  for 15 min.  Total protein concentrations 
were determined by the Bradford assay.  After the superna-
tants were heated to 95 °C for 10 min, they were electrophore-
sed on SDS-PAGE (8%–12%) gradient gels and transferred to 
PVDF membranes.  Blots were incubated overnight at 4 °C 
with primary antibodies and washed 4 times with TBST before 
they were probed with horseradish peroxidase-conjugated 
secondary antibodies for 2 h at room temperature.  Blots were 
then visualized with enhanced chemiluminescence reagent 
and the optical densities of the bands were semi-quantified 
by the Gene Genius Bio Imaging System (SynGene, USA).  In 
some cases, blots were stripped and reprobed with other anti-
bodies.
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Statistical analysis 
Data were expressed as the mean±SEM for at least three sepa-
rate experiments.  Statistical evaluation was performed using 
Student’s t-test or ANOVA, as was appropriate for the situa-
tion.  P-values less than 0.05 were considered to be statistically 
significant.

Results
14,15-EET induces the phosphorylation of EGF-R and ERK1/2
When cells were incubated with 14,15-EET, there was a dose-
dependent increase in the phosphorylation of EGF-R and 
ERK1/2 observed (Figure 1A and 1B), a finding that had been 
previously demonstrated by our group[6].  We treated cells 
with the EGF-R-selective tyrosine kinase inhibitor tyrphostin 
AG1478 to examine its effect on the EET-induced phosphoryla-
tion of EGF-R and ERK1/2.  Our results showed that AG1478 
attenuated the EET-induced phosphorylation of EGF-R and 
ERK1/2 (Figure 1C).  As expected, AG1478 also attenuated the 
EGF-induced phosphorylation of EGF-R and ERK1/2 (Figure 
1D).  These results demonstrate that 14,15-EET enhances the 
phosphorylation and activation of ERK1/2 in Tca-8113 cells by 
inducing the transactivation of EGF-R.  

14,15-EET promotes cancer cell proliferation via EGF-R activation 
We next examined whether 14,15-EET-stimulated proliferation 
of Tca-8113 cells occurred via the transactivation of EGF-R.  
The MTT assays showed that 14,15-EET (250 nmol/L) sig-
nificantly increased Tca-8113 cell proliferation as compared 
to the vehicle control (26% increase, P<0.05).  AG1478 com-
pletely abolished the proliferative effect induced by 14,15-EET 
(P<0.05, Figure 2).  These results suggest that 14,15-EET pro-
motes the proliferation of Tca-8113 cells through transactiva-
tion of EGF-R.  

Effects of 1,10-phenanthroline and diphtheria toxin/CRM197 on 
14,15-EET-induced EGF-R activation 
To evaluate whether the activation of EGF-R in Tca-8113 cells 
resulted from the release of HB-EGF due to proteolytic pro-
cessing by MMPs, we investigated the effects that 1,10-phenan-
throline (a non-specific MMP inhibitor) and diphtheria toxin/
CRM197 (an inhibitor of HB-EGF release) had on EGF-R and 
ERK1/2 phosphorylation.  The MMP inhibitor 1,10-phenan-
throline is a heterocyclic organic compound that forms strong 
complexes with most metal ions and thus acts as a non-specific 
metalloproteinases inhibitor[10, 11].  The transmembrane precur-
sor of HB-EGF (pro-HB-EGF) also serves as the unique high-
affinity receptor for diphtheria toxin.  CRM197, a nontoxic 
and catalytically inactive (Glu-52) mutant of diphtheria toxin 
that binds to the extracellular domain of HB-EGF and spe-
cifically inhibits the mitogenic activity of HB-EGF[12, 13].  Our 
results showed that when Tca-8113 cells were treated with 
1,10-phenanthroline (100 μmol/L), 14,15-EET-induced EGF-R 
and ERK1/2 phosphorylation were completely blocked, but 
that EGF-induced EGF-R and ERK1/2 phosphorylation was 
not inhibited (Figure 3A and 3B).  Furthermore, pretreatment 
of Tca-8113 cells with CRM197 (10 μg/mL) led to a significant 

inhibition of the phosphorylation of EGF-R and ERK1/2 by 
14,15-EET.  However, CRM197 pretreatment had no effect on 
the EGF-induced phosphorylation of these molecules (Figure 

Figure 1.  14,15-EET increases the tyrosine phosphorylation of EGF-R 
and ERK1/2 in a dose-dependent manner.  Serum-deprived Tca-8113 
cells were treated with vehicle (ethanol) or different concentrations 
of 14,15-EET (50, 100, 250, 500 nmol/L, 1, and 5 μmol/L) for 30 
min.  (A) Phosphorylation of EGF-R was detected using a site-specific 
tyrosine antibody to EGF-R; β-actin was used as a loading control.  (B) 
Phosphorylated ERK1/2 and total ERK1/2 were analyzed by Western 
blots.  (C) and (D) Effect of tyrphostin AG1478 on EGF-R and ERK1/2 
phosphorylation.  Serum-deprived Tca-8113 cells were pretreated with or 
without 100 nmol/L AG1478 for 60 min.  They were then stimulated for 
30 min with 250 nmol/L 14,15-EET or 20 ng/mL EGF.  Phosphorylated 
EGF-R, total EGF-R, phosphorylated ERK1/2, and total ERK1/2 were 
detected using appropriate antibodies.  (C) Representative Western blots 
of three separate experiments with similar results.  (D) Quantification of 
three separate experiments by densitometry.  bP<0.05 vs vehicle control 
group; eP<0.05 vs no signaling pathway inhibitor group.  
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3C and 3D).  These results are consistent with those obtained 
with tyrphostin AG1478 and show that the activation of MMPs 
and subsequent release of HB-EGF are important steps in the 
phosphorylation of EGF-R and ERK1/2 that is induced by 

14,15-EET.
To further investigate the possible mechanism by which 

14,15-EET transactivates EGFR, we examined the effects of 
AG1478, 1,10-phenanthroline, and CRM197 on 14,15-EET-
induced EGF-R activation in three other tumor cell lines: A549, 
HepG2, and MDA-MB-231.  As expected, we observed a simi-
lar profile to the one we noted in the experiments described 
above: 14,15-EET increased the levels of phosphorylated EGFR 
and ERK1/2 in these tumor cells and the 14,15-EET induced-
phosphorylation of EGF-R and ERK1/2 was dramatically 
attenuated by AG1478, 1,10-phenanthroline, and CRM197 
(Figure 4).  There was no synergistic effect observed when 
1,10-phenanthroline and CRM197 were added in combination.  
These data further indicate that the release of HB-EGF and 
activation of MMPs both exert regulatory effects on the phos-
phorylation of EGF-R and ERK1/2 that is induced by 14,15-
EET in tumor cells.

Effects of 14,15-epoxygenase CYP102 F87V on the transactiva
tion of EGF-R 
We and others have demonstrated that CYP102 F87V is a 
14,15-epoxygenase that efficiently metabolizes arachidonic 

Figure 2.  The proliferative effect of 14,15-EET in Tca-8113 cells is 
abrogated by AG1478.  Treatment with 14,15-EET (250 nmol/L) stimulated 
Tca-8113 cell proliferation.  Cell proliferation was 26% higher in the 
treatment group than in the vehicle control group (bP<0.05).  Pretreatment 
with AG1478 completely abolished the proliferative effect induced by 
14,15-EET (eP<0.05).  

Figure 3.  Effects of 1,10-phenanthroline and CRM197 on the 14,15-EET-induced tyrosine phosphorylation of EGF-R and ERK1/2 in Tca-8113 cells.  
Serum-deprived Tca-8113 cells were incubated with or without 100 μmol/L of 1,10-phenanthroline or 10 µg/mL of CRM197 for 60 min.  They were then 
stimulated for 30 min with 250 nmol/L 14,15-EET or 20 ng/mL EGF.  Phosphorylated EGF-R, total EGF-R, phosphorylated ERK1/2, and total ERK1/2 
were detected with the corresponding antibodies.  (A) Results of incubation with 1,10-phenanthroline.  The results shown are representative of three 
separate experiments with similar results.  (B) Densitometric quantification of three separate experiments examining the effects of incubation with 
1,10-phenanthroline.  (C) Results of incubation with CRM197.  The results shown are representative of three separate experiments with similar results.  
(D) Densitometric quantification of three separate experiments examining the effects of incubation with CRM197.  bP<0.05 vs vehicle control group; 
eP<0.05 vs no signaling pathway inhibitor group.  
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acid to 14,15-EET[6].  In this study, we infected Tca-8113 cells 
with rAAV-CYP102 F87V to determine if CYP epoxygenase 
overexpression could transactivate EGF-R by activation of the 
HB-EGF-shedding mechanism.  The efficiency of gene transfer 
was evaluated one week after infection.  To assess EET levels, 
we determined the concentration of its stable metabolites.  
Western blot analysis revealed robust CYP102 F87V expres-
sion in Tca-8113 cells infected with rAAV-CYP102 F87V (Fig-
ure 5A).  Moreover, we examined the activity of CYP102 F87V 
in rAAV-CYP102 F87V infected cells.  Given the instability of 
14,15-EET, the levels of 14,15-DHET(the stable metabolites of 

14,15-EET) were assessed using an ELISA assay.  The results 
showed that there was a dramatic increase in 14,15-DHET 
levels in rAAV-CYP102 F87V infected cells as compared to 
untreated cells (332±117 pg/250 μg protein vs 122±4 pg/250 
μg protein, P<0.05) (Figure 5B).  rAAV-CYP102 F87V infec-
tion significantly promoted phosphorylation of EGF-R and 
ERK1/2, a finding that we had observed previously[6].  Impor-
tantly, the induction of phosphorylation conferred by CYP102 
F87V overexpression was abolished by the addition of AG1478 
2 h before cell harvesting (Figure 6).  Furthermore, EGF-R and 
ERK1/2 phosphorylation were also blocked when CYP102 

Figure 4.  Effects of AG1478, CRM197, and 1,10-phenanthroline on the 
14,15-EET-induced tyrosine phosphorylation of EGF-R and ERK1/2 in the 
A549, HepG2, and MDA-MB-231 cell lines.  The upper panel is represen-
tative of three separate experiments with similar results.  The lower panel 
shows the quantification of three separate experiments by densitometry.  
(A) Results from the A549 cell line.  (B) Results from the HepG2 cell line.  
(C) Results from the MDA-MB-231 cell line.  bP<0.05 vs vehicle group; 
eP<0.05 vs 14,15-EET group.
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F87V-infected Tca-8113 cells were treated with 1,10-phenan-
throline or CRM197 (Figure 6).  

Discussion 
Multiple studies have shown EETs to be potent mitogens 
that activate EGF-R and ERKs in various cell types[3, 6].  Previ-
ous studies by our group have also demonstrated that EETs 
increased the expression levels and activity of MMPs in vari-
ous human cancer cell lines[7].  However, the role of EETs in 
the activation of EGF-R in human cancer cells remains unclear.  
In the present study, we found that the addition of 14,15-EET 
or the overexpression of a selective 14,15-EET epoxygenase 
can induce the activation of EGF-R and ERK1/2 in multiple 
human-derived cancer cell lines: Tca-8113, A549, HepG2, and 
MDA-MB-23.  These signaling events were abolished by the 
addition of the tyrosine kinase inhibitor of EGF-R, AG1478.  
Interestingly, the addition of 1,10-phenanthroline (a non-spe-
cific MMP inhibitor) or diphtheria toxin/CRM197 (an inhibitor 
of HB-EGF release) also blocked the EET-induced activation 
of EGF-R and ERK1/2.  As expected, neither the inhibition of 
MMP activity nor the inhibition of HB-EGF cleavage blocked 
the EGF-induced EGF-R phosphorylation or its downstream 
activation of ERK1/2 in the cancer cell lines tested.  Together, 
these results demonstrate that MMP activation with sub-
sequent HB-EGF cleavage and release is essential for EET-
induced EGF-R activation in human cancer cells.  

HB-EGF is synthesized as a type I transmembrane pro-
tein in a manner that is similar to the way in which other 
members of the epidermal growth factor (EGF) family are 
synthesized.  Pro-HB-EGF can be enzymatically shed within 
the juxtamembrane region, leading to the release of a soluble 
14-22 kDa growth factor[13].  The ectodomain shedding of pro-
HB-EGF is induced by various stimuli, including phorbol 

ester 12-O-tetradecanoylphorbol-13-acetate (TPA)[14, 15] and 
calcium ionophore[16] as well as various growth factors and 
cytokines[17].  G-protein coupled receptor (GPCR) agonists 
also stimulate pro-HB-EGF shedding, which in turn mediates 
EGF-R transactivation via GPCR signaling[18, 19].  Metallopro-
teinases have been shown to be responsible for the proteolytic 
cleavage of pro-HB-EGF because the ectodomain shedding of 
pro-HB-EGF is efficiently inhibited by various metalloprotei-
nase inhibitors.  Protein kinase C (PKC) and mitogen-activated 
protein kinase (MAPK) may be required for the activation 
of appropriate metalloproteinases as they are known to be 
involved in the intracellular signaling pathway that leads to 
pro-HB-EGF shedding[20, 21].  

In human colon carcinoma cells, IL-8 promotes cell pro-
liferation and migration via the metalloproteinase-induced 
cleavage of pro-HB-EGF[22].  Additionally, it has been shown 
that lysophosphatidic acid (LPA)-induced ectodomain shed-
ding of pro-HB-EGF is critical for tumor formation in ovarian 
cancer[23], and that the deoxycholic taurine (DCT)-induced 
transactivation of EGF-R is mediated by the MMP-7-catalyzed 
release of the EGF-R ligand HB-EGF in H508 human colon 
cancer cells[24].  In this study, we demonstrated that the addi-
tion of 14,15-EET as well as the overexpression of a 14,15-EET-
specific epoxygenase leads to EGF-R transactivation via MMP 
activation and HB-EGF release in four cancer cell lines.  How-
ever, the specific metalloproteinase responsible for the 14,15-
EET-induced cleavage of pro-HB-EGF has not yet been identi-
fied and thus requires further study.

The transactivation of EGF-R and the subsequent activa-
tion of downstream ERKs by the metalloproteinase-mediated 
release of soluble HB-EGF plays an important role in EET-
stimulated mitogenic signaling.  The tyrosine kinase inhibitor 
of EGF-R, AG1478, may have significant therapeutic value in 
controlling the malignant growth of various cancers.  How-
ever, as demonstrated in previous studies, EETs activate the 
PI3K/Akt signaling pathway in different cell lines and tis-
sues, which can also lead to mitogenic effects[3, 6].  The relative 
importance that the PI3K/Akt and EGF-R/ERK/MMP signal-
ing pathways have in mediating the mitogenic effects of the 
products of CYP epoxygenase remains to be determined.  

In summary, this study reveals that EGF-R transactivation is 
a crucial event in the mitogenic signaling pathways initiated 
by EETs in cancer cells.  In addition, the EET-induced transac-
tivation of EGF-R is mediated by the activation of metallopro-
teinases that cleave pro-HB-EGF from the cell membrane and 
release active HB-EGF, which subsequently binds to EGF-R 
and activates downstream ERKs.  Thus, CYP epoxygenase-
derived EETs may lead to the malignant proliferation of can-
cer cells as a result of EGF-R transactivation via an MMP-HB-
EGF signaling pathway.  Further studies will be required to 
identify the precise metalloproteinases that are activated by 
EETs in cancer cells and to elucidate the relative importance 
that EGF-R/ERK/MMP and other signaling pathways have in 
mediating the mitogenic effects of the products of CYP epoxy-
genase.

Figure 5.  Expression of CYP102 in tumor cells after rAAV-CYP102 F87V 
gene transfer.  (A) CYP102 F87V expression in rAAV-CYP102 F87V-infected 
cells.  (B) CYP102 F87V activity (14,15-DHET production) in rAAV-CYP102 
F87V-infected cells.  Data are presented as mean±SEM.  bP<0.05 vs 
control; eP<0.05 vs rAAV-GFP.
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kinase; PI3K, phosphatidylinositol 3-kinase; MTT, 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide; DMEM, Dulbecco’s modi-
fied Eagle’s medium; DMSO, dimethyl sulfoxide; PBS, phosphate-
buffered saline; AG1478, a selective epidermal growth factor receptor 
blocker; CRM197, an inhibitor of HB- epidermal growth factor release; 
rAAV, recombinant adeno-associated virus; EGF, epidermal growth 
factor; SDS, sodium dodecyl sulfate; NP-40, Nonidet P-40; NaN3, 
sodium azide; TPA, 12-O-tetradecanoylphorbol-13-acetate; GPCR, 
G-protein coupled receptor; PKC, protein kinase C; LPA, lysophos-
phatidic acid; DHET, dihydroxyeicosatrienoic acid; DCT, deoxycholic 
taurine; Akt, cellular homolog of the v-alt oncogene, an S/T protein 
kinase; PKB, protein kinase B.  
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