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Summary
Cytochrome P450 (CYP) epoxygenases, CYP2C8, 2C9 and 2J2 mRNAs and proteins, were
expressed in prostate carcinoma (PC-3, DU-145 and LNCaP) cells. 11,12-Epoxyeicosatrienoic
acid (11,12-EET) was the major arachidonic acid metabolite in these cells. Blocking the EET
synthesis by a selective CYP epoxygenase inhibitor (MS-PPOH) inhibited tonic (basal) invasion
and migration (motility) while exogenously added EETs induced cell motility in a concentration-
dependent manner. An EGFR kinase inhibitor (AG494) or a PI3 kinase inhibitor (LY294002)
inhibited cell migration and reduced 11,12-EET-induced cell migration. Importantly, synthetic
EET antagonists (14,15-EEZE, 14,15-EEZE-PEG and 14,15-EEZE-mSI) inhibited EET-induced
cell invasion and migration. 11,12-EET induced cell stretching and myosin-actin microfilament
formation as well as increased phosphorylation of EGFR and Akt (Ser473) while 14,15-EEZE
inhibited these effects. These results suggest that EETs induce and EET antagonists inhibit cell
motility, possibly by putative EET receptor-mediated EGFR and PI3K/Akt pathways, and suggest
EET antagonists as potential therapeutic agents for prostate cancer.
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Introduction
CYP epoxygenases metabolize arachidonic acid (AA) to 5,6-, 8,9-, 11,12-, and 14,15-
epoxyeicosatrienoic acid (EET). In humans, multiple CYPs including CYP2C8, 2C9, and
2J2 convert AA to EETs.(1,2) Their catalytic efficiency and regio-selectivity of EET
synthesis are isoform- and species-specific.(3,4) EETs stimulate proliferation, angiogenesis,
and migration of endothelial cells.(5,6) Our previous studies in cardiovascular systems
suggest that EETs bind to a putative binding protein or receptor(s) to initiate signaling,(7,8)

although the protein(s) has not been fully characterized. Thus, this uncharacterized binding
protein will be referred as “a putative receptor”. Numerous synthetic compounds have been
developed as EET antagonists and used to antagonize the actions of the EETs in vascular
systems.(9,10)
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Numerous CYP epoxygenase mRNAs including CYP2C8, 2J2 and 2C9 are differentially
expressed in the human prostate gland(4,11) and proteins of the CYP2C family are present in
malignant prostate tissue samples,(12,13) suggesting potential roles of CYP epoxygenases
and EETs in prostate cancer. Since EETs stimulate cell migration of several cell
types,(5,14,15) we determined the roles of EETs in the regulation of motility of prostate
carcinoma cells and possible signaling pathways of the EETs in this regulation.
Furthermore, we determined whether a group of synthetic compounds, known for their
ability to antagonize the actions of the EETs in vascular systems,(9,10) can block the EET-
induced cell motility. These EET antagonists may represent new potential therapeutic agents
in treatment of prostate cancer.

Materials and Methods
Materials

PC-3, DU-145 and LNCaP cells were obtained from the American Type Culture Collection
(Rockville, MD). Eagle's minimal essential medium (RPMI) was obtained from Invitrogen
(Carlsbad, CA). AA, EGF, miconazole, and LY294002 were obtained from Sigma Chemical
(St. Louis, MO). AG-494, 14,15-EET, 11,12-EET, 8,9-EET, 5,6-EET, [2H8]14,15-EET, and
17-ODYA were obtained from Cayman Chemical (Ann Arbor, MI). 14,15-EEZE, 14,15-
EEZE-PEG, 14,15-EEZE-mSI, and MS-PPOH were synthesized in Dr. Falck's laboratory.
RT2 Real-Time SYBR Green/Fluorescein PCR Master Mix and primers for CYP2C8,
CYP2C9, CYP2J2, and HPRT1 were obtained from SuperArray (Frederick, MD). Primary
antibody against CYP2C8/9/19 was from Millipore (Billerica, MA), CYP2C9 was from
Abcam Inc. (Cambridge, MA) and MorphoSys US Inc. (Raleigh, NC), and CYP2C8 was
generously provided by Dr. Capdevila (Vanderbilt University, TN). Primary antibodies
against Akt, phospho-Akt (Ser473), and EGFR were obtained from Cell Signaling
Technologies (Danvers, MA). Bio-Plex Phospho-EGFR (Tyr) Assay Kit was obtained from
BioRad (Hercules, CA). Goat anti-rabbit IgG-HRP was obtained from Zymed Laboratories
(South San Francisco, CA). SA-2 human IgM antibody and FITC-labeled anti-human IgM
were provided by Dr. Williams.(16) Transwell® plates with filters (8-um pore) were obtained
from Corning Inc. (Corning, NY). Matrigel was obtained from BD Biosciences (Bedford,
MA). ECL Western blot detection kit and BCA protein assay kit were obtained from Pierce
(Rockville, IL). Distilled and deionized water was used in all experiments.

Cell culture
PC-3, DU-145 and LNCaP cells were cultured in RPMI containing fetal bovine serum
(10%), L-glutamine (1%), and penicillin/streptomycin (1%) at 37°C in 5% CO2. Cells were
grown to approximately 60-70% confluency prior to all experiments except for the
migration assay.

Quantitative reverse-transcriptase polymerase chain reaction of CYP epoxygenases and
HPRT1

Total RNAs were extracted from cells using Trizol reagent (Invitrogen) followed by
treatment with RNase-free DNAase I. One microgram was reverse-transcribed using oligo-
dT primers with SuperScript III First-Strand Synthesis Kit (Invitrogen). Sample mRNAs
were quantified using RT2 Real-Time SYBR Green/Fluorescein PCR Master Mix with
human CYP2C8, CYP2C9, CYP2J2, and HPRT1 primers (SuperArray). PCR cycling
conditions were: 95°C for 10 min, 45 cycles at 95°C for 30 sec, 55°C for 60 sec, and finally
at 72°C for 30 sec (BioRad iCycler). The relative expression of CYP epoxygenases was
normalized to HPRT1 for each cell line and compared to CYP2C9 of PC-3 cells (the lowest
expression among the prostate carcinoma cells).
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Measurement of EETs
Samples were added with [2H8]14,15-EET as an internal standard, isolated by solid phase
extraction, and EETs were analyzed by using LC-ESI-MS (Agilent 1100 LC-MSD, SL
model) as previously described.(17) For quantitative measurement, m/z 319 and 327 were
used for four regioisomeric EETs and [2H8]14,15-EET (internal standard), respectively.
Then, EET concentrations were normalized to protein content using the BCA protein assay.

Immunofluorescence imaging of microfilaments
To examine actin-myosin organization, cells were cultured on coverslips in 12-well plates in
complete medium for 48 h. Cells were treated with vehicle or 11,12-EET, 14,15-EEZE, or a
combination of 11,12-EET and 14,15-EEZE for 90 min. Then, cells were fixed and
incubated with the SA-2 human IgM antibody to the myosin heavy chain and FITC-labeled
anti-human IgM as previously described.(16) The cell images were captured using a Nikon
Eclipse E600 fluorescence microscope.

Cell invasion assay
Cell invasion was determined using Boyden Chambers with Transwell inserts containing
filters coated with Matrigel as previously described.(18,19) Pharmacological agents such as
14,15-EET, 11,12-EET, EET antagonists (14,15-EEZE, 14,15-EEZE-PEG and 14,15-EEZE-
mSI), MS-PPOH, miconazole, 17-ODYA, or combinations of these agents were added to the
cells during the assay. Human fibroblast (ATCC) conditioned-media (400 μL) was added in
the bottom compartment of the well as a chemoattractant. An additional 6 wells per
treatment without Matrigel or Transwells but containing the identical number of cells and
pharmacological agents were used for the “control counts” of the thymidine [methyl-3H]
(Perkin Elmer) to assess any changes or difference in cell numbers between control cells and
pharmacologically treated cells due to cell proliferation or cell death. Cells were incubated
at 37°C in the incubator for 5 h. Each treatment was repeated 2-3 times. The invasion was
reported as the percentage of the invasion of the control cells.

Cell migration assay
Cell migration was determined by in vitro wound healing assay as previously described.(16)

Cells were treated with 14,15-EET, 11,12-EET, 14,15-EEZE, 14,15-EEZE-PEG, 14,15-
EEZE-mSI, MS-PPOH, miconazole, LY294002, AG-494, or combinations of these
pharmacological agents in serum-free media. Photographs of the wounds were taken at 0-h
and after 24-h incubation at 37°C. Each treatment was performed in 3 dishes and repeated in
two or three separate experiments. Migration was determined by the difference (in μm)
between the initial wound widths (0 h) and the final wound widths (24 h) and normalized to
the percentage of migration of the control cells.

Cell viability
Cells were treated with the same conditions used in the invasion and migration assays and
then cell viability and proliferation were determined using the trypan blue assay (Sigma
Chemical)(20) and/or the MTT assay (Sigma Chemical)(21) to assure that the observed
changes in cell migration were not from cell proliferation or cell death.

Western blot analysis
Proteins were separated on SDS-PAGE BioRad Ready Gels (10%). Protein loading and β-
actin were used as loading controls. Blots were incubated with primary antibodies against
CYP2C8/9/19, CYP2C8, CYP2C9, p-Akt (Ser473) (1:1000), total-Akt (1:1000), or total-
EGFR (1:1000) followed by goat anti-rabbit IgG-HRP (1:3000). Total EGFR (t-EGFR)
expression was used for comparison of the p-EGFR results obtained from the Bio-Plex assay
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(see below). Detection was made by using ECL Western Blotting Substrate (Pierce) and
captured by Fuji film X-ray (Tokyo, Japan). Band densities were analyzed using Image J
software from the NIH.

Determination of phospho-EGFR using Bio-Plex phosphoprotein assay
PC-3 cells were treated with 11,12-EET or 14,15 EEZE for 1, 5, 15, 30, 60, and 120 min and
lysed as above. Then, p-EGFR (Tyr) was determined using Bio-Plex Phospho-EGFR (Tyr)
Assay Kit following the provided protocol. EGF (0.5 ng/mL) treatment was used as an
experimental positive control and the kit-supplied samples of untreated HeLa cells were
used as a negative control. Briefly, in a 96-well filter plate, bead solution and sample were
added and incubated at room temperature, washed, the antibody for p-EGFR was added and
incubated at room temperature and washed. Then, Streptavidin-PE working dilution was
added, incubated, washed, and Bio-Plex Bead resuspension buffer was added. The plate was
shaken for 30 sec and the samples were measured on the Bio-Plex reader. Relative
fluorescence signal in each well corresponds to the relative level of p-EGFR (Tyr).

Statistical analysis
The means of the measured values of each treatment group were compared using Student's t-
test (two tailed). Means were considered statistically different from one another if P < 0.05.

Results
Expression of CYP epoxygenases

The relative CYP2C8, CYP2C9, and CYP2J2 mRNAs in PC-3, DU-145, and LNCaP cells
was compared with the reference HPRT1 gene.(22) Then, they were normalized to mRNA of
CYP2C9 in PC-3 cells (a relative expression of 1.00). CYP mRNAs varied among cell lines.
The relative expression of CYP2C8 mRNA in prostate carcinoma cells was in the order of
DU-145 > PC-3 ≈ LNCaP cells, CYP2C9 mRNA was in the order of LNCaP > DU-145 ≈
PC-3 cells, and CYP2J2 mRNA was in the order of LNCaP ≈ DU-145 > PC-3 cells (Fig.
1A).

CYP2C8/9/19, CYP2C8 and CYP2C9 proteins were determined by Western blot analysis.
Interestingly, the most intense immunoreactive band of CYP2C8/9/19 was observed in
LNCaP cells and decreased in PC-3 > DU-145 cells. Immunoreactive bands of CYP2C8 and
2C9 were also relatively higher in LNCaP cells than in PC-3 and DU-145 cells (Fig. 1B).
Relative intensity of immunoreactive bands of CYP2C8/9/19, 2C8 and 2C9 to β-actin in
these prostate carcinoma cells was summarized (Fig. 1C). Again, the expression of proteins
was normalized to the expression of that CYP epoxygenase in PC-3 cells (a relative
expression of 1.00). Primary antibody against CYP2J2 was not available for this study.

Regioisomers and concentrations of EETs
In prostate carcinoma cells, 11,12-EET was the major metabolite (Fig. 1D) and 14,15-EET
was the second most abundant isomer (Fig. 1E), while 8,9-EET and 5,6-EET were produced
at very low or undetectable concentrations. Among prostate carcinoma cell lines, PC-3 cells
produced 11,12-EET at higher concentrations than in DU-145 and LNCaP cells. DU-145
cells produced the lowest concentrations of 14,15-EET.

Since EETs can be hydrolyzed by soluble epoxide hydrolase (sEH) to their corresponding
regioisomers of dihydroxyeicosatrienoic acids (DHETs), the concentrations of DHETs were
determined by LC-ESI-MS(17) to evaluate whether the hydrolysis of EETs may contribute to
the effects of EETs on cell motility. Concentrations of 11,12-DHET (hydrolytic product of
11,12-EET) were 12.33±2.55, 5.33±3.11, and 11.67±1.86 pg/mg protein for PC-3, DU-145,
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and LNCaP cells, respectively, indicating that the hydrolysis of EETs to DHETs in these
cells was low. Furthermore, exogenously added 11,12-DHET (0.1, 1.0 and 10.0 μmol/L) did
not significantly change cell invasion or migration (data not shown).

Effects of EETs and inhibitors of EET synthesis on cell motility
Prostate carcinoma cells were treated with 11,12-EET or 14,15-EET at different
concentrations during the invasion or migration assay. 11,12-EET increased invasion and
migration of PC-3 cells in a concentration-dependent manner (Fig. 2A). Identical results
were obtained with 14,15-EET treatment and also in DU-145 and LNCaP cells (data not
shown).

Blocking cellular EET synthesis by a selective CYP epoxygenase inhibitor, MS-PPOH,
inhibited tonic (basal) cell invasion and migration and reduced the 11,12-EET-induced cell
motility (Fig. 2B). In a separate experiment, PC-3 cells were treated with MS-PPOH (10.0
μmol/L) at 37°C for 30 min, cells were lyzed and EETs were determined by LC-ESI-MS(17)

Concentrations of 11,12-EET and 14,15-EET were significantly lower in MS-PPOH-treated
PC-3 cells than control cells (Fig. 2C). Similar decreases of cell motility were observed with
CYP inhibitors, miconazole and 17-ODYA. (Invasion was reduced to 72.0 ± 8.8% and 22.6
± 7.5% for miconazole at 10.0 and 50.0 μmol/L, respectively and 53.5 ± 6.4% for 17-
ODYA at 10.0 μmol/L; migration was reduced to 47.5 ± 2.8% for miconazole at 30.0 μmol/
L and 79.9 ± 7.0% for a combination of miconazole at 30.0 μmol/L and 11,12-EET at 1.0
μmol/L). These results indicate that endogenously produced EETs mediate a tonic motility
of prostate carcinoma cells and the blockade of EET synthesis reduces the tonic motility.

Effects of the inhibition of EGFR kinase and phosphatidylinositol 3-kinase (PI3K) on cell
motility

To determine the effects of inhibition of EGFR kinase on cell migration, PC-3 cells were
treated with an EGFR kinase inhibitor, AG-494 during the migration assay. AG494 inhibited
cell migration and it also reduced the EET-induced cell migration (Fig. 3A). These results
suggest that EET stimulates cell migration, possibly through the trans-activation of EGFR.

To determine the effect of inhibition of phosphatidylinositol 3-kinase (PI3K) on cell
migration, PC-3 cells were treated with a PI3K inhibitor, LY294002 during the migration
assay. LY294002 inhibited cell migration and it also reduced the 11,12-EET-induced
migration of PC-3 cells (Fig. 3B). These results suggest that the actions of the EETs on cell
motility may involve the activation of PI3K/Akt pathway.

Cell morphology and myosin microfilament organization
To determine the changes in cell shapes and organization of actin/myosin microfilaments,
PC-3 cells were treated with 11,12-EET, 14,15-EEZE, or a combination of 11,12-EET and
14,15-EEZE for 90 min. Then, the cells were fixed and stained for myosin heavy chain(16)

(Fig. 4A). Myosin-containing stress fibers were present in control PC-3 cells (Fig. 4A, panel
a), indicating an association between myosin and actin. 11,12-EET induced the cells to
stretch out and exhibit more apparent myosin microfilaments (Fig. 4A, panel b), indicating
an increased myosin-actin association. However, 14,15-EEZE diminished myosin-
containing stress fibers (Fig. 4A, panel c), indicating a lack of myosin-actin association.
14,15-EEZE also induced significant changes of the cell shape to become rounded and
smaller. Furthermore, 14,15-EEZE reduced the effects of 11,12-EET-induced cell stretching
and myosin-actin association (Fig. 4A, panel d). Cells were viable under these treatments.
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Effects of putative EET receptor antagonists on cell invasion and migration
To determine the effects of synthetic EET antagonists on cell invasion and migration, PC-3
cells were treated with 14,15-EEZE, 14,15-EEZE-PEG, 14,15-EEZE-mSI, 11,12-EET, and
combinations of these EET antagonists and 11,12-EET during the invasion assay and
migration assays. 11,12-EET stimulated but 14,15-EEZE blocked the migration of PC-3
cells (Fig. 4B). EET antagonists alone inhibited the tonic invasion and migration and
blocked the 11,12-EET-induced cell invasion/migration of PC-3 cells (Fig. 4C and 4D). The
effects of 11,12-EET and 14,15-EEZE on migration in DU-145 and LNCaP cells were
similar to PC-3 cells (data not shown). These results further indicate that EETs stimulate cell
motility possibly through the interaction of EETs with a putative binding protein/receptor(s)
and the activity is blocked by the synthetic EET receptor antagonists.

Effects of 11,12-EET and EET antagonist on the activation of EGFR
The activation of EGFR by 11,12-EET and 14,15-EEZE in PC-3 cells was determined by
measuring p-EGFR (Tyr) using Bio-Plex assay. 11,12-EET activated EGFR in a time-
dependent manner as indicated by the fluorescence signal that represents the level of p-
EGFR (Tyr). Total EGFR for each time point was determined by Western blot analysis and
used for normalizing p-EGFR (Fig. 5A). Vehicle-treated cells were examined at two time
points of 1 min and 120 min. The EET treatment of cells increased p-EGFR with time with a
maximal activation at 5 min and the activated EGFR decreased to the control level after 60
min.

PC-3 cells were treated with 11,12-EET, 14,15-EEZE, and a combination of 11,12-EET and
14,15-EEZE for 5 min, and p-EGFR was determined by Bio-Plex assay. Again, 11,12-EET
increased p-EGFR but 14,15-EEZE decreased p-EGFR and it also blocked the activation of
EGFR by 11,12-EET (Fig. 5B).

Effects of 11,12-EET and EET antagonist on the activation of PI3K/Akt
PC-3 cells were treated with 11,12-EET at various times and p-Akt (p-Ser473) and t-Akt
were determined by Western blot analysis. The immunoreactive band ratio of p-Akt to t-Akt
indicated that 11,12-EET activated Akt as a function of time with the maximal activation
about 30-60 min (Fig. 5C). 11,12-EET also activated Akt in LNCaP cells with the maximal
activation about 60 min similar to PC-3 cells (data not shown). PC-3 cells were treated with
11,12-EET, 14,15-EEZE, and a combination of 14,15-EEZE and 11,12-EET for 60 min and
p-Akt (p-Ser473) measured by Western blot analysis. 11,12-EET activated Akt but 14,15-
EEZE inhibited the phosphorylation of Akt and it also blocked the EET-activated Akt (Fig.
5D).

Discussion
Prostate carcinoma (PC-3, DU-145 and LNCaP) cells have differential expression of CYP
mRNAs and proteins. Interestingly, the mRNA expression, protein expression and EET
concentrations in these cells did not appear to have obvious correlations. For example,
LNCaP cells had the highest mRNAs of CYP2C9 and 2J2 and the highest immunoreactive
bands for CYP2C8, 2C9 and 2C8/9/19 among prostate carcinoma cells. However, PC-3
cells, but not LNCaP cells, had the highest endogenous 11,12-EET concentrations (Fig. 1C).
These results suggest that PC-3 cells may have higher epoxygenase activity or may express
other CYP epoxygenases. Since CYP2J2 mRNA was detected, it is possible that these
carcinoma cells express CYP2J2 protein; although a previous study did not detect CYP2J2
in prostate adenocarcinoma tissues.(13) In addition to these three well-characterized CYP
epoxygenases, the synthesis of EETs by other CYP epoxygenases(1,23) in prostate carcinoma
cells cannot be ruled out.
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Although EETs stimulate migration and invasion of various cell types(14) including some
carcinoma cell lines,(15) the mechanisms underlying these effects are not fully understood.
EETs induced-changes in actin-myosin microfilaments suggest that EETs may stimulate a
variety of signaling pathways including the activation of EGFR and PI3/Akt pathways.(24,25)

The activation of EGFR by the cross-talk with other ligand-activated G-protein-coupled
receptors has been documented.(26) Previous studies of EETs and EET antagonists suggested
that EETs may bind to putative binding protein or receptor(s)(7,8) which may trans-activate
EGFR and Akt in the regulation of cell motility.(6,27,28) A protein tyrosine kinase (PTK)
inhibitor, AG-494 inhibited cell migration and reduced the EET-activated cell migration
similar to other PTK inhibitors, genistein and tyrphostin AG-1478.(29) A PI3K inhibitor,
LY294002 also inhibited prostate carcinoma cell migration and reduced the EET-activated
cell migration. These results suggest that EETs possibly transactivate EGFR and subsequent
PI3K/Akt pathways to stimulate motility of prostate carcinoma cells.

11,12-EET induced PC-3 cells to stretch out and form more apparent actin-myosin
microfilaments. Conversely, 14,15-EEZE diminished myosin-containing microfilaments,
indicating that the cells had decreased myosin-actin association. Furthermore, 14,15-EEZE
induced significant morphologic changes that caused the cells to become more rounded and
smaller. The cytoskeletal changes suggest that 11,12-EET may induce cell motility while
EET antagonists such as 14,15-EEZE may block cell motility and reduce the effects of
EETs.

Importantly, synthetic EET antagonists, 14,15-EEZE, 14,15-EEZE-PEG and 14,15-EEZE-
mSI diminished the tonic invasion/migration and reduced 11,12-EET-induced cell motility.
These results indicate that EETs are endogenous stimulators of prostate carcinoma cell
motility and EET antagonists inhibit the actions of endogenous EETs, suggesting the
activation/deactivation of putative EET binding protein or receptor(s).(7,8) EET antagonists
reduced the EETs-activated phosphorylation of EGFR and Akt. Taken together, these results
indicate that EET antagonists inhibit motility of prostate carcinoma cells, possibly through
the antagonism of the putative EET receptor-mediated EGFR activation and subsequent
PI3K/Akt pathways as summarized in the proposed diagram (Fig. 6). These synthetic EET
antagonists exhibit therapeutic potential for prostate cancer.
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Abbreviations
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CYP epoxygenase cytochrome P450 epoxygenase
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EET epoxyeicosatrienoic acid

14,15-EEZE 14,15-epoxyeicosa-5(Z)-enoic acid

14,15-EEZE-PEG 14,15-epoxyeicosa-5(Z)-enoic acid 2-[2-(3-hydroxy-propoxy)-
ethoxy]-ethyl ester

14,15-EEZE-mSI 14,15-epoxyeicosa-5(Z)-enoic-methylsulfonylimide

HPRT1 hypoxanthine phosphoribosyltransferase 1

MS-PPOH N-methylsulfonyl-6-(2-propargyloxyphenyl)hexanamide

ODYA 17-octadecynoic acid
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Figure 1.
Expression of CYP2C8, 2C9 and 2J2 and concentrations of EETs in human prostate
carcinoma cells. (A) Relative CYP2C8, 2C9 and 2J2 mRNAs normalized to HPRT1 mRNA
and compared with the level of CYP2C9 mRNA in PC-3 cells (n = 5). (B) Immunoreactive
bands for CYP2C8/9/19, CYP2C8, CYP2C9 and β-actin. (C) Immunoreactive band intensity
of CYP2C8/9/19, 2C8 and 2C9 to the band intensity of β-actin and normalized to the
intensity ratio in PC-3 cells (n = 3,4). (D) Concentrations of 11,12-EET and (E)
Concentrations of 14,15-EET in prostate carcinoma cells normalized to protein content (n =
6).
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Figure 2.
Effects of EETs and a selective CYP epoxygenase inhibitor on invasion and migration. (A)
Effects of 11,2-EET (0.1, 1.0 and 10.0 μmol/L) on invasion (left) and migration (right) of
PC-3 cells. (B) Effects of MS-PPOH (1 = 2.0 μmol/L and 2 = 10.0 μmol/L), and a
combination of 11,12-EET (1.0 μmol/L) and MS-PPOH (10.0 μmol/L) on invasion (left),
migration (right, MS-PPOH = 10.0 μmol/L), and 11,12-EET-induced invasion/migration of
PC-3 cells. (n = 9-12). (C) Concentrations of 11,12-EET and 14,15-EET in PC-3 cells after
incubation with vehicle (control) or MS-PPOH (10.0 μmol/L) at 37°C for 30 min (n = 4). *,
significantly higher than control with p < 0.01; %, significantly lower than control with p <
0.05; #, significantly lower than 11,12-EET-induced invasion or migration with p < 0.01.
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Figure 3.
Effects of an EGFR kinase inhibitor and a PI3 kinase inhibitor on invasion and migration.
(A) Effects of AG-494 (AG(1) = 10.0 μmol/L, AG(2) = 20.0 μmol/L) on migration and
11,12-EET-induced migration of PC-3 cells. (B) Effects of LY294002 (LY(1) = 20.0 μmol/
L, LY(2) = 50.0 μmol/L) on migration and 11,12-EET-induced migration of PC-3 cells. (n =
9-12). *, significantly higher than control with p < 0.01; %, significantly lower than control
with p < 0.01; #, significantly lower than 11,12-EET-induced invasion or migration with p <
0.01.
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Figure 4.
Cell morphology, invasion and migration induced by EETs and EET antagonists. (A)
Fluorescence images depicting actin-myosin organization in PC-3 cells treated with (a)
vehicle, (b) 11,12-EET (1.0 μmol/L), (c) 14,15-EEZE (5.0 μmol/L), and (d) 11,12-EET and
14,15-EEZE for 90 min at 37°C. (B) Examples of effects of 11,12-EET (1.0 μmol/L), 14,15-
EEZE (5.0 μmol/L), and a combination of 11,12-EET and 14,15-EEZE on wound closures
of PC-3 cells at 37°C. (C) Effects of EET antagonists, 14,15-EEZE (A, 5.0 μmol/L), 14,15-
EEZE-PEG (B, 5.0 μmol/L), 14,15-EEZE-mSI (C, 5.0 μmol/L), and combinations of these
antagonists and 11,12-EET (E, 1.0 μmol/L) on invasion of PC-3 cells (n = 12-18). (D)
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Effects of EET antagonists and combinations of these antagonists and 11,12-EET (E, 1.0
μmol/L) on migration of PC-3 cells (n = 9-12). *, significantly higher than control with p <
0.01; %, significantly lower than control with p < 0.05; #, significantly lower than 11,12-
EET-induced invasion or migration with p < 0.01.
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Figure 5.
Activation and inhibition of EGFR and Akt by EETs and EET antagonists. (A) Effects of
11,12-EET (1.0 μmol/L) on p-EGFR (Tyr) in PC-3 cells as determined by Bio-Plex
Phospho-EGFR (Tyr) Assay Kit and normalized to t-EGFR (by Western blot) at different
times and control cells at 1 min and 120 min (n = 3). (B) Effects of 11,12-EET (1.0 μmol/L),
14,15-EEZE (5.0 μmol/L), and a combination of 11,12-EET and 14,15-EEZE on p-EGFR
(Tyr) at 5-min treatment and normalized to the control (n = 3). *, significantly higher than
control with p < 0.01; %, significantly lower than control with p < 0.01; #, significantly
lower than 11,12-EET-activated EGFR with p < 0.01. (C) Example of effects of 11,12-EET
(1.0 μmol/L) on p-Akt (Ser473) in PC-3 cells at different times. Below figure is the average
of the p-Akt band intensity to t-Akt at each time point (n = 4). (D) Example of effects of
11,12-EET (1.0 μmol/L), 14,15-EEZE (5.0 μmol/L), and a combination of 11,12-EET and
14,15-EEZE on p-Akt (Ser473) at 60 min treatment. Below figure is the average of the
relative (p-Akt/t-Akt) in PC-3 cells treated with 11,12-EET and 14,15-EEZE as normalized
to the control cells (n = 4). *, significantly higher than control with p < 0.01; %, significantly
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lower than control with p < 0.05; #, significantly lower than 11,12-EET-activated Akt with p
< 0.01.

Nithipatikom et al. Page 16

Cancer Sci. Author manuscript; available in PMC 2012 July 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
A proposed diagram of signaling pathway for EET-mediated prostate carcinoma cell
motility. EET = epoxyeicosatrienoic acids; EETR = putative EET receptor, EEZE; EET
antagonists; EGFR = epidermal growth factor receptor, HB-EGF = Heparin-binding EGF-
like growth factor; MMPs = matrix metalloproteinases. PI3K/Akt = phosphatidylinositol 3-
kinase/Akt signaling pathway, Pro = Pro-HB-EGF. In this proposed signaling pathway,
EETs bind to a putative EETR to activate MMPs and cleave pro-HB-EGF to HB-EGF.
Then, HB-EGF activates EGFR(30,31) and initiate signaling cascade to activate PI3K/Akt
pathway to increase cell motility. An unidentified mechanism of EET-activated EETR to
activate PI3K/Akt signaling pathway(32) cannot be ruled out.
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