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The arachidonic acid and prostaglandin pathway has
been implicated in prostate carcinogenesis, but com-
prehensive studies of the individual members in this
key pathway are lacking. Here, we first conducted a
systematic bioinformatic study of the expression of
36 arachidonic acid pathway genes across 9783 hu-
man tissue samples. The results showed that the
PLA2G7, HPGD, EPHX2, and CYP4F8 genes are highly
expressed in prostate cancer. Functional studies us-
ing RNA interference in prostate cancer cells indi-
cated that all four genes are also essential for cell
growth and survival. Clinical validation confirmed
high PLA2G7 expression, especially in ERG oncogene-
positive prostate cancers, and its silencing sensitized
ERG-positive prostate cancer cells to oxidative stress.
HPGD was highly expressed in androgen receptor
(AR)-overexpressing advanced tumors, as well as in
metastatic prostate cancers. EPHX2 mRNA correlated
with AR in primary prostate cancers, and its inhibi-
tion in vitro reduced AR signaling and potentiated the
effect of antiandrogen flutamide in cultured prostate
cancer cells. In summary, we identified four novel
putative therapeutic targets with biomarker potential
for different subtypes of prostate cancer. In addition,
our results indicate that inhibition of these en-
zymes may be particularly powerful when com-

bined with other treatments, such as androgen de-
privation or induction of oxidative stress. (Am J
Pathol 2011, 178:525–536; DOI: 10.1016/j.ajpath.2010.10.002)

Androgen deprivation has remained one of the main thera-
peutic options for prostate cancer; however, hormonal ther-
apy is not curative, often resulting in the development of
castration-resistant prostate cancer. Such recurrent and of-
ten metastatic tumors remain virtually impossible to treat
with current medications.1 Recent studies indicate that
prostate tumors may adapt to the reduced levels of testos-
terone by acquiring hypersensitivity to low steroid levels
[eg, by mutations or amplifications of the androgen receptor
(AR)], as well as by increased intracrine synthesis of andro-
gens.2–5 Novel drugs targeting de novo intratumoral steroid
synthesis are under development to increase the efficacy of
hormonal treatments.6 Nonetheless, in addition to these
therapies, rationally designed novel therapeutic ap-
proaches are needed.

The arachidonic acid (AA) pathway, a key inflammatory
pathway involved in cellular signaling, is implicated in pros-
tate carcinogenesis.7 Arachidonic acid is stored in cell
membranes, but on stimulation it is mobilized by phospho-
lipase A2 (PLA2) and is converted to various biologically
active eicosanoids by cyclooxygenases (COXs), lipoxyge-
nases (LOXs), or P450 cytochromes (CYP). The rate of AA
turnover in prostate cancer cells is 10-fold enhanced, com-
pared with the surrounding normal prostate epithelial cells,8

and AA, as well as many eicosanoids, induces prostate
cancer proliferation in vitro.7,9,10 The specific molecular
mechanisms involved in this process and the role of indi-
vidual genes along the AA pathway remain poorly under-
stood. Recently, AA synthesis has been shown to induce
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androgen production in steroid-starved prostate cancer
cells, suggesting a contribution also to the activation of AR
in castration-resistant prostate cancer progression.11 Previ-
ously, prostate carcinogenesis and cancer growth have
been linked mostly to aberrant AA metabolism through COX
and LOX pathways.12–14 Widely used COX-2 inhibitors sup-
press the growth of prostate cancer cells in vitro and tumor-
igenesis in vivo.15–17 However, because of cardiovascular
adverse effects, the use of COX-2 inhibitors as cancer
drugs raises safety concerns.18 In addition, inhibitors of the
ALOX5 (arachidonate 5-lipoxygenase, or 5-LO) and secre-
tory phospholipase A2 (sPLA2) proteins have been shown
to reduce prostate cancer cell proliferation in vitro,7,10,19,20

although these inhibitors have not yet progressed to clinical
trials in prostate cancer.

The AA pathway is a promising area for translational
research, because many targets along this pathway have
been already intensively investigated in other indications,
such as cardiovascular diseases and pain, providing an
opportunity for repositioning of drugs already in clinical
development to new indications. Furthermore, under-
standing the roles of different downstream pathways and
individual enzymes in AA metabolism may provide more
effective therapeutic opportunities with fewer adverse ef-
fects.14 In the present study, we applied bioinformatics to
systematically explore the expression patterns of 36 key
AA pathway members in vivo, and then performed tar-
geted clinical validation and functional siRNA knockdown
studies of the seven most prostate cancer-specific AA
pathway genes. The results point to four previously un-
described potential therapeutic targets in prostate can-
cer: PLA2G7, HPGD, EPHX2, and CYP4F8.

Materials and Methods

In Silico Data Mining and Gene Selection
Criteria for Functional Studies

A list of 36 central AA pathway members was collected
from multiple studies on AA pathway in prostate can-
cer.7,21–23 The GeneSapiens database24 was then ap-
plied to bioinformatically explore the gene expression

Table 1. TaqMan qRT-PCR Primers and Probes Designed Using
Target Gene Silencing by siRNAs and mRNA Expression

Gene Forward primer

ALOX15B 5=-TGAGGTCTTCACCCTGGCTA-3=
AR 5=-GCCTTGCTCTCTAGCCTCAA-3=
CYP4F8 5=-CATCTTCAGCTTTGACAGCAA-3=
EPHX2 5=-TTCTGCTGGACACCCTGAA-3=
ERG 5=-CAGGTGAATGGCTCAAGGA-3=
FAAH 5=-CTCTGCTGCCAAGGCTGT-3=
HPGD 5=-TGGTCAATAATGCTGGAGTGA-3=
KIF11 5=-CATCCAGGTGGTGGTGAGAT-3=
MT1X 5=-CTTCTCCTTGCCTCGAAATG-3=
MT2A 5=-CTAGCCGCCTCTTCAGCA-3=
PLA2G2A 5=-ACCTGCCCTGTCTCCAAAC-3=
PLA2G7 5=-TGGCTCTACCTTAGAACCCTGA-3=
PLK1 5=-CACAGTGTCAATGCCTCCA-3=
levels across 9783 human tissue samples. Briefly, Gene-
Sapiens (http://www.genesapiens.org/) is a collection of
9873 Affymetrix microarray experiments. All data are re-
annotated and normalized with a custom algorithm. The
data are collected from various publicly available
sources, including Gene Expression Omnibus and Array-
Express. The data cover 175 different tissue types.24

Mean expression of each AA pathway gene was deter-
mined in prostate cancer (n � 329), healthy prostate (n �
147), and all normal tissue samples (n � 1626). Genes
with (1) significantly higher expression in prostate cancer
compared with normal prostate (fold change FC � 2, P �
0.001) and (2) genes showing high expression (FC � 1.5
and P �� 0.001 or FC � 2 and P � 0.001) in prostate
cancer compared with mean expression across all
healthy tissues were selected for further studies.

Clinical Material

Primary prostate cancer samples derived from total pros-
tatectomy patients (n � 33, see Supplemental Table S1 at
http://ajp.amjpathol.org), nonmalignant samples with nor-
mal histology (n � 17) and hyperplastic histology (benign
prostatic hyperplasia) (n � 5) and tissue microarrays
containing metastatic prostate cancer samples (n � 103)
from 62 patients were obtained from the Department of
Pathology at Turku University Hospital. The nonmalignant
samples used for immunohistochemistry were from pa-
tients aged 49–86 years (mean, 70.6 years). The 19
advanced prostate tumor samples used in quantitative
reverse transcription PCR (qRT-PCR) have been de-
scribed previously.25 All tissue samples were used ac-
cording to contemporary regulatory guidelines.

qRT-PCR

Gene expression in clinical samples and siRNA-induced
target gene silencing were validated with qRT-PCR. For
the primary prostate cancer tissue samples (n � 33)
obtained from the Department of Pathology at Turku Uni-
versity Hospital, frozen tissue blocks were sectioned and
hematoxylin and eosin staining was used for confirmation
and localization of cancerous tissue. Skin biopsy equip-

Universal ProbeLibrary Assay Design Center and Used to Validate
nical Prostate Cancer Samples

Reverse primer Probe

5=-TTGATGTGCAGGGTGTATCG-3= 43
5=-GTCGTCCACGTGTAAGTTGC-3= 14
5=-TGAGCTCCATGATCGCAGTA-3= 2
5=-TTCAGATTAGCCCCGATGTC-3= 45
5=-AGTTCATCCCAACGGTGTCT-3= 44
5=-TGCAGTTCCCAGAGTTTTCC-3= 73
5=-GGTTCCACTGATAACAGAAACCA-3= 48
5=-TATTGAATGGGCGCTAGCTT-3= 53
5=-ACAGGCACAGGAGCCAAC-3= 15
5=-GCAGGTGCAGGAGTCACC-3= 68
5=-TTTGTTCTGCACTCCTGCTC-3= 32
5=-TTTTGCTCTTTGCCGTACCT-3= 63
5=-TTGCTGACCCAGAAGATGG-3= 30
Roche
in Cli
ment was then used to collect cancer samples for RNA
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extractions. The histology of the three normal prostate
tissue samples was also confirmed to be free of any
pathological alteration. RNA samples extracted with an
RNeasy mini kit (Qiagen, Valencia, CA) were reverse-
transcribed to cDNA (high capacity cDNA reverse tran-
scription kit; Applied Biosystems, Foster City, CA) and
TaqMan qRT-PCR was performed with an Applied Bio-
systems 7900HT instrument (Finnish DNA Microarray
Centre, Turku Centre For Biotechnology, University of
Turku, Finland). The primers and probes used are listed
in Table 1. The results were analyzed with the manufac-
turer’s software packages (sequence detection system
SDS 2.3 with RQ relative quantification software; Applied
Biosystems). �-Actin was used as an endogenous con-
trol. In clinical samples, relative mRNA expression for
each gene in the normal control tissue samples (n � 3)
was set as 1 (mean relative expression).

The results are presented as means � SD. Statistical
analyses were performed using Student’s t-test (P �
0.05, P � 0.01, and P � 0.001) and Pearson’s correlation
coefficient, unless otherwise indicated.

Immunohistochemistry

Acetone-fixed frozen sections (6 �m) of primary prostate
cancer samples were dried and endogenous peroxidase
activity was blocked using 0.3% hydrogen peroxide
(H2O2). Goat serum was used to prevent unspecific stain-
ing. The slides were incubated with primary antibodies
affinity-purified IgG to human PLA2G7 protein (1:200;
Cayman Chemical, Ann Arbor, MI) or to HPGD (1:400;
PA005679; Sigma-Aldrich, St. Louis, MO) at 4°C over-
night. After Tris-buffered saline washes, the slides were
incubated with biotinylated goat anti-rabbit secondary
antibody (1:200; Vectastain; Vector Laboratories, Burlin-
game, CA), followed by Vectastain ABC reagent incuba-
tion and diaminobenzidine staining. Mayer’s hematoxylin
was used in counterstaining.

The paraffin-mounted metastatic prostate cancer tissue
microarrays and the paraffin-mounted tissue samples con-
taining histologically normal (n � 14) and hyperplastic (n �
5) prostate were stained using a Lab Vision autostainer
(Thermo Fisher Scientific, Fremont, CA) and PowerVision�
Poly-HRP immunohistochemistry detection system kit re-
agents (ImmunoVision Technologies, Burlingame, CA).
Samples were deparaffinized and antigen retrieval was per-
formed in Tris-buffered saline (Dako Target retrieval solu-
tion, pH 9; Dako, Glostrup, Denmark) using microwaving for
2 � 7 minutes. Endogenous peroxidase activity was
blocked with 3% H2O2, and slides were incubated with
dilution buffer (Dako) for 10 minutes before incubation with
the primary antibodies (1:200–1:400) for 1 hour. After wash-
ing and 20 minutes of PowerVision post-blocking, slides
were incubated with PowerVision Poly-HRP anti-rabbit IgG
for 30 minutes and with diaminobenzidine for 10 minutes.
Mayer’s hematoxylin was used in counterstaining, and
slides were coated with coverslips after ethanol series and
xylene. Protein expression in each cancer sample was
graded into four groups, based on staining intensity (�, �,

��, and ���).
An Olympus BX50 microscope (Olympus, Tokyo, Ja-
pan), Nikon ACT-1 software version 2.62 (Nikon, Tokyo,
Japan), and a digital camera (DXM1200; A.G. Heinze,
Lake Forest, CA) were used in the photographing.

Cell Culture

LNCaP androgen-sensitive human prostate adenocarci-
noma cells26 were provided by Dr. Marco Cecchini (Uni-
versity of Bern, Switzerland) and were grown in T-Medium
(Invitrogen, Carlsbad, CA). VCaP vertebral prostate can-
cer cells27 were received from Drs. Adrie van Bokhoven
(University Medical Center, Nijmegen, Netherlands) and
Kenneth Pienta (University of Michigan, MI) and were
maintained in RPMI-1640.

RNAi Experiments

For the RNAi studies, siRNAs (HP GenomeWide; Qia-
gen) were plated onto 384-well plate (Greiner Bio-One,
Frickenhausen, Germany), followed by addition of the
transfection agent (siLentFect lipid reagent; Bio-Rad
Laboratories, Hercules, CA) in Opti-MEM medium (In-
vitrogen) and an appropriate quantity of cells (1500 –
2000 per well). The final siRNA concentration was 13
nmol/L. After 48 hours (VCaP) or 72 hours (LNCaP)
incubation, cells were assayed with CellTiter-Blue (Pro-
mega, Madison WI) for viability and ApoONE (Pro-
mega) for apoptosis according to the manufacturer’s
instructions. The EnVision multilabel plate reader (Per-
kin-Elmer, Waltham, MA) was used for signal quantifi-
cation. The raw results were normalized using
B-score,28 and siRNAs reducing cell viability by �2 SD
from the median of the controls (corresponding to P �
0.05) were considered putative antiproliferative siR-
NAs.

AllStars negative control (scrambled siRNA; Qiagen)
and lipid only were used as negative controls; siRNAs
against KIF11 (kinesin family member 11) and PLK1 (po-
lo-like kinase 1) were used as positive controls.

Oxidative Stress Response Analysis

VCaP cells were transfected with siRNAs as described
above. At 48 hours after transfection, H2O2 (0, 100, 200,
and 400 �mol/L) was added to the cells for 6 hours. Cells
were washed and incubated for an additional 24 hours in
normal media. Cell viability was determined with CellTi-
ter-Glo (Promega) according to the manufacturer’s in-
structions.

Western Blot Analysis

Western blot analysis was performed to validate the
antibodies used in immunohistochemical analysis (see
Supplemental Figure S1 at http://ajp.amjpathol.org) and
to visualize the possible changes in AR and prostate-
specific antigen (PSA) expression in response to target
inhibition. Cells were lysed and proteins were sepa-

rated by SDS-polyacrylamide gel electrophoresis and

http://ajp.amjpathol.org


528 Vainio et al
AJP February 2011, Vol. 178, No. 2
transferred to nitrocellulose membrane. Antibodies
against AR (1:1000, NeoMarkers, Fremont, CA), PSA
(1:1000, Dako), platelet activating factor (PAF) acetyl-
hydrolase (encoded by PLA2G7) (1:500, Cayman
Chemical), 15-PGDH (encoded by HPGD) (1:500, Sig-
ma-Aldrich), and �-actin (1:5000, mouse-monoclonal,
Becton Dickinson, Franklin Lakes, NJ) were used. Sig-
nal was detected with 1:4000 dilution of horseradish
peroxidase-conjugated secondary antibodies (Invitro-
gen Molecular Probes, Carlsbad, CA), followed by vi-
sualization with an enhanced chemiluminescence re-
agent (Amersham Biosciences, Piscataway, NJ).

Flutamide Treatment

Anti-androgen flutamide was purchased from Sigma-Al-

drich and diluted in ethanol. LNCaP cells were plated and
transfected with siRNAs as described above 24 hours
before addition of 10 �mol/L flutamide or ethanol control.
Cell viability was determined with CellTiter-Glo (Promega)
after 48 hours treatment.

Results

Expression Levels of Arachidonic Acid Pathway
Genes in Prostate Cancer

We first performed a detailed bioinformatic analysis of the
mRNA expression levels for all 36 central AA pathway
genes in both prostate cancer and healthy prostate, as
well as in all normal tissues present in the GeneSapiens

Figure 1. Arachidonic acid (AA) pathway. A: In
silico gene expression analysis of 36 central AA
pathway genes showing fold changes between
mean mRNA expression in prostate cancer (n �
329) and all normal tissue samples (n � 1626) or
prostate cancer and healthy prostate tissue sam-
ples (n � 147). Sorted in ascending order of the
P value. Horizontal dashed lines indicate the
fold change limits in the selection criteria. Verti-
cal dashed line separates the different P value
limits in the prostate cancer vs. all healthy tissues
comparison. B: AA is released from plasma
membranes by PLA2 and is converted to various
eicosanoids and signaling molecules by COXs,
LOXs, or P450 cytochromes. Alternatively, AA
can also be hydrolyzed from endocannabinoids
by FAAH. The annexins are membrane-binding
proteins, some of which are known to inhibit
PLA2. AA may be metabolized by various P450
cytochromes to epoxy fatty acids, which are in-
activated by EPHX2. Lipoxygenase family con-
sists of three main enzymes differing in their
expression profiles and hydroxyeicosatetraenoic
acids (HETEs) produced from AA. COXs form
thromboxane A2 and different prostaglandins.
HPGD is the key enzyme inactivating prosta-
glandins. Modified from a review article by Patel
et al.7 Genes included in the functional experi-
ments are indicated with gray. EET, epoxyeico-
satrienoic acid, HPETEs, hydroperoxyeicosatet-
raenoic acids.
database (Figure 1A and Supplemental Table S2 at http://

http://ajp.amjpathol.org


Novel Drug Targets in Prostate Cancer 529
AJP February 2011, Vol. 178, No. 2
ajp.amjpathol.org). Six genes (ALOX15B, CYP4F8, EPHX2,
FAAH, PLA2G2A, and PLA2G7) were highly expressed in
prostate cancer samples, compared with expression lev-
els in the normal tissues studied. ALOX15B, CYP4F8,
EPHX2, FAAH, and PLA2G2A showed more prostate-
specific than prostate cancer-specific expression,
whereas PLA2G7 mRNA levels were clearly elevated in
prostate cancer, compared with normal prostate. In ad-
dition, HPGD mRNA expression was significantly ele-
vated in a subset of prostate cancer samples, compared
with normal prostate, even though the mean expression
level was not significantly different in prostate cancer in
comparison to all normal tissue types. These seven
genes were selected for further studies. The expression
profiles for these genes across all 43 healthy and 68
malignant tissue types, as well as in prostate cancer
samples compared with normal prostate samples, are
presented in Supplemental Figure S2 (available at http://
ajp.amjpathol.org). Interestingly, high HPGD expression
was associated with metastatic prostate cancer, a finding
supported also by independent datasets in Oncomine29

(see Supplemental Figure S3 at http://ajp.amjpathol.org);
no such enrichment in advanced disease was found for
the other six genes (data not shown).

An overview of the roles of the seven genes in the AA
cascade is presented in Figure 1B. Three of the genes
(PLA2G2A, FAAH, and ALOX15B) have previously been
reported to regulate prostate cancer growth. The
PLA2G2A protein (group IIA phospholipase A2, a mem-
ber of the secretory phospholipase A2 family) is a gate-
keeper for the pathway releasing AA from the membrane
phospholipids. The FAAH protein, fatty-acid amide hy-
drolase 1, increases AA concentrations by hydrolyzing
endocannabinoids. Inhibition of either one of these en-
zymes is known to decrease prostate cancer cell
growth.20,22,31 In contrast, The ALOX15B protein (ara-
chidonate 15-lipoxygenase B) metabolizes AA to 15-hy-
droxyeicosatetraenoic acid (HETE) and has been de-
scribed as a functional tumor suppressor in prostate
cancer.32

Four other genes (ie, PLA2G7, CYP4F8, EPHX2, and
HPGD) have not previously been shown to be functionally
involved in prostate cancer and were therefore of special
interest. The PLA2G7 protein (platelet-activating factor
acetylhydrolase, or PAF-acetylhydrolase; also known as
LDL-associated phospholipase 2), is a potent pro- and an-
tiinflammatory enzyme with the ability to degrade PAF and
truncated membrane phospholipids generated by oxidative
stress.33 Based on enzymatic assays, the CYP4F8 protein
(cytochrome P450 4F8) has been proposed to oxygenate
and hydroxylate COX-derived products to 19-hydroxy-
PGE2 (prostaglandin E2).34 The EPHX2 protein (epoxide
hydrolase 2) degrades AA-derived and CYP-produced bio-
active epoxy fatty acids and has been suggested as a
potential metastasis suppressor gene in breast cancer.35

On the other hand, the HPGD protein [15-hydroxyprosta-
glandin dehydrogenase (NAD�), or 15-PGDH] inactivates
eicosanoids, mainly prostaglandins, and it has also been

suggested to be a tumor suppressor.36–39
In Vivo Validation of the Expression of
Arachidonic Acid Pathway Genes in Clinical
Prostate Cancer Samples

To confirm the expression of PLA2G7, CYP4F8, EPHX2,
and HPGD in prostate cancer, qRT-PCR analysis was
performed with 33 primary prostate tumors compared
with normal prostate (n � 3). For comparison, mRNA
levels for the key prostate cancer oncogenes AR and
ERG were also determined (Figure 2).

PLA2G7 mRNA was highly expressed (�3-fold in-
crease) in 24 of 33 (73%) primary tumors, compared with
normal prostate (P � 0.001). In addition, PLA2G7 mRNA
expression correlated positively (r � 0.66, P � 0.001)
with ERG expression (Figure 3A). Immunohistochemi-
cal staining of eight primary tumor samples (four ERG-
negative and four ERG-positive) confirmed the ele-
vated PLA2G7 protein expression in ERG-positive
prostate cancer samples (Figure 3B). Immunohisto-
chemical staining of histologically normal (n � 14) and
hyperplastic (n � 5) samples confirmed low PLA2G7
expression in nonmalignant prostate. Weak expression
(�) was detected in 68% (n � 13) of samples, and one
normal sample showed strong (��) staining intensity,
others had no staining. No significant differences were
detected between the histologically normal and hyper-
plastic tissues (Figure 3C). Results from immunohisto-
chemical staining of tissue microarrays containing 80
metastatic prostate cancer samples from 47 patients
showed PLA2G7 expression in 33 of 47 (70%) patients
and in 56 of 80 (70%) samples. A total of 36 of the 80
(45%) metastatic samples, collected from 20 of the 47
(43%) of the patients, showed strong (��/���)
PLA2G7 protein staining (Figure 3D).

According to qRT-PCR analysis, CYP4F8 expression
was elevated in 10 of the 33 (30%) primary cancer
samples. Immunohistochemical staining of CYP4F8
was not performed, for lack of functional and specific
antibodies. EPHX2 mRNA was expressed at the same
level in both primary cancer and normal prostate sam-
ples, in accordance with immunohistochemical stain-

Figure 2. Heatmap visualization of the gene-wise scaled relative mRNA
expression values for CYP4F8, EPHX2, HPGD, PLA2G7, ERG, and AR in 33
primary prostate cancer tissues. The heatmap is drawn based on unsuper-
vised hierarchical clustering of the expression values. Relative mean expres-
sion level in normal control samples (n � 3) was set as 0.
ing results published previously.40,41 In addition,
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EPHX2 mRNA expression was found to correlate sig-
nificantly (r � 0.43, P � 0.001) with AR expression in
our data set.

HPGD was highly expressed in 15% (n � 5) of the
primary cancer samples, compared with normal pros-
tate. Interestingly, the prostate tumor sample with high-
est HPGD expression had high AR mRNA expression
(Figures 2 and 4A) and was derived from a patient who
had experienced tumor progression (based on PSA
elevation) after radical prostatectomy (see Supplemen-
tal Table S1 at http://ajp.amjpathol.org). Results from
histological analysis indicated that this sample was undif-
ferentiated, and immunohistochemical HPGD staining

showed cytoplasmic HPGD expression in the epithelial can-
cer cells (Figure 4A). We then analyzed a set of 19 ad-
vanced prostate cancer samples for HPGD mRNA expres-
sion. The results showed high expression in 5 of the 19
(26%) advanced cancer samples, and the statistical anal-
ysis confirmed significant difference in HPGD expres-
sion between normal tissue and all cancers (P �
0.046), as well as between primary and advanced tu-
mors (P � 0.01; Mann-Whitney U-test) (Figure 4B).
Immunohistochemical staining of histologically normal
(n � 14) and hyperplastic (n � 5) samples confirmed
low HPGD expression in nonmalignant prostate. Weak
expression (�) was detected in 7 of the 19 (37%)
samples, and one benign prostatic hyperplasia sample

Figure 3. PLA2G7 expression in prostate tissue
samples. A: Relative ERG and PLA2G7 mRNA
expression in individual primary prostate cancer
samples, sorted based on PLA2G7 expression. In-
set: PLA2G7 mRNA expression in ERG-positive
and -negative tumors, ***P � 0.001. For detailed
sample information, see Supplemental Table S1
(http://ajp.amjpathol.org). B: Immunohistochemi-
cal results from frozen primary cancer sections
show PLA2G7 expression in the cytoplasm and
membrane (especially the luminal side) of epithe-
lial prostate cancer cells. The sample number is
given on each image. Inset: Negative control stain-
ing (no first antibody) of sample 21. C: Immuno-
histochemical staining of PLA2G7 in histologically
normal (left) and hyperplastic (right) prostate tis-
sue samples. D: Immunohistochemical staining of
paraffin-mounted tissue microarray sections con-
taining 80 samples from 47 patients with metastatic
prostate cancer show PLA2G7 expression in 70%
(33/47) of the patients and 70% of samples (56/80).
Staining of four individual samples is shown, rang-
ing in intensity from � to ���. The magnification
scale is identical for all 16 images.
showed strong (��) staining intensity. No significant
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differences were detected between normal and hyper-
plastic tissues (Figure 4C). Interestingly, immunohisto-
chemical staining results from metastatic prostate can-
cer samples (77 samples from 47 patients) indicated
HPGD expression in as many as 62% of the patients
(29/47) and 52% of the samples (40/77). In accordance
with the qRT-PCR findings, 11 of 47 (23%) patients and
15 of 77 (19%) samples showed strong (��/���)
HPGD protein staining (Figure 4D).

Taken together, the clinical validation showed that
PLA2G7, CYP4F8, EPHX2, and HPGD are expressed in
clinical prostate cancer samples, thereby confirming the
results of the bioinformatic surveys. Furthermore, the
analysis points to important differences in their involve-
ment in different types of tumors, with PLA2G7 being
highly expressed and correlating with ERG in prostate
cancer, whereas HPGD was expressed in a subset of
AR-overexpressing advanced and metastatic prostate

cancers.
Gene Silencing Revealed a Significant Role for
Arachidonic Acid Pathway in Prostate Cancer
Cell Growth in Vitro

We conducted gene silencing studies of the seven most
promising AA pathway members in prostate cancer cells.
siRNA molecules were transfected in VCaP and LNCaP
cells, and cell viability and apoptosis were measured as
endpoints. The results indicated that all seven genes re-
duce prostate cancer cell viability in one or both model
systems used (Figure 5). The siRNAs for two genes
(CYP4F8 and PLA2G2A) reduced cell viability in both cell
lines; for four genes (ALOX15B, EPHX2, FAAH, and HPGD),
the siRNAs reduced cell viability only in LNCaP cells; for the
seventh gene, PLA2G7, siRNA-induced inhibition was seen
only in the ERG oncogene-positive VCaP cells (Figure 5A).
In addition, a moderate but significant induction of apopto-

Figure 4. HPGD expression in prostate cancer
samples. A: Relative HPGD and AR mRNA expres-
sion graphed for primary cancer samples (left).
The sample with highest HPGD mRNA expression
has undifferentiated histology (right, bottom)
and shows cytoplasmic HPGD staining in the
cancer cells and weak staining in the stroma
(right, top). Inset: Negative control staining
(no first antibody). B: Box plot analysis of rela-
tive HPGD mRNA expression levels in normal
prostate and in primary and advanced prostate
cancer samples. The box refers to the quartile
distribution range (25% to 75%), with the median
indicated by a vertical line. The whiskers indi-
cate the 95% range, and individual outlier sam-
ples are also shown. C: Immunohistochemical
staining of HPGD in histologically normal (left
column) and hyperplastic (right column) pros-
tate tissue samples. D: Immunohistochemical
staining of paraffin-mounted tissue microarray
sections containing metastatic prostate cancer
samples (77 samples from 47 patients) indicate
HPGD expression in 62% of the patients (29/47)
and 52% of the samples (40/77). Staining shows
diffuse and variable cytosolic and nuclear local-
ization of HPGD in the epithelial prostate cancer
cells. Staining of four individual samples is
shown. Staining of four individual samples is
shown, ranging in intensity from � to ���.
The magnification scale is identical for all 16
images.
sis was detected in LNCaP cells after ALOX15B, EPHX2,
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and FAAH silencing and in VCaP cells after PLA2G7 silenc-
ing (Figure 5B). The induction of apoptosis in response to
PLA2G7 silencing in VCaP cells and EPHX2 silencing in
LNCaP cells at the 72-hour time point was confirmed with
Western blot analysis of cleaved poly(ADP-ribose) polymer-
ase (cPARP). The results confirmed that both PLA2G7 and
EPHX2 silencing increased PARP cleavage, confirming the
induction of apoptosis (data not shown). The efficacy of
target gene silencing by the siRNAs was validated by qRT-
PCR (Figure 5C).

PLA2G7 Silencing Sensitizes Prostate Cancer
Cells to Oxidative Stress
One of the main functions of PLA2G7 is to hydrolyze trun-
cated phospholipids generated by oxidative attack and to
participate in the maintenance of membrane integrity.33 A
yeast PLA2G7 ortholog has been shown to suppress oxi-
dative death,42 and PLA2G7 expression has been associ-
ated with elevated risk of cardiac disease and with high
expression of oxidative stress markers.43 We therefore stud-
ied the effect of PLA2G7 silencing on the sensitivity to oxi-

Figure 5. RNAi results. A: The effect of target gene silencing on VCaP and
LNCaP cell viability. Mean B-score values from three separate cell viability
assays given. Only results exceeding �2 SD from the median are presented.
B: Induction of apoptosis after target gene silencing. Data are presented as
mean fold change from at least two separate experiments, compared with the
scrambled control. Only significant results (P � 0.05) are presented. C:
Validation of target gene silencing with qRT-PCR. Relative mRNA expression
level in the scrambled control was set as 100%. For the LNCaP-selective
antiproliferative siRNAs, results are shown in LNCaP cells; for others, in VCaP
cells. The results for the control experiments are shown in both cell lines. The
vertical dashed lines separate the results from the selected AA pathway
members from the control experiments. *P � 0.05, **P � 0.01, ***P � 0.001.
dative stress in VCaP cells. PLA2G7 siRNA and H2O2 co-
treatment induced a 30% (100 �mol/L, P � 0.01) to 40%
(200 �mol/L, P � 0.007) reduction in cell viability, compared
with scrambled siRNA and H2O2 cotreated controls, when
cell viability was normalized to siRNA-transfected but not
H2O2-treated samples (Figure 6A).

Metallothioneins are known to protect cells from ox-
idative stress.44 Recent high-throughput compound
screening results from our research group showed that
ERG-positive VCaP cells are vulnerable to compounds
inducing oxidative stress accompanied with induction
of metallothionein expression.45 Bioinformatic analysis
indicated low metallothionein 1X (MT1X) and 2A
(MT2A) expression in ERG- and PLA2G7-positive pros-
tate tumors (data not shown). This finding was con-
firmed with qRT-PCR in primary prostate cancer sam-
ples (Figure 6B). In addition, PLA2G7 silencing in vitro
significantly reduced MT1X and MT2A mRNA levels
(51.4%, P � 0.007 and 72.1%, P � 0.002 respectively)
(Figure 6C). These results indicate that PLA2G7 silenc-
ing sensitizes prostate cancer cells to the damage
caused by oxidative stress, leading to reduced cell
viability.

Because PLA2G7 expression was found to correlate with
ERG mRNA expression in clinical prostate cancers and to
sensitize ERG-positive prostate cancer cells to oxidative
stress, we analyzed whether there is a functional link be-
tween these two genes. The qRT-PCR results showed that
silencing of the ERG oncogene reduces PLA2G7 mRNA
expression significantly (P � 0.007) in ERG-positive VCaP
cells, but PLA2G7 silencing does not affect ERG mRNA
expression (Figure 6D).

Inhibition of EPHX2 Decreases Androgen Receptor
Signaling and Potentiates the Growth Inhibitory
Effect of Flutamide in Prostate Cancer Cells

The EPHX2 protein has been recently suggested to reg-
ulate testosterone levels in mice.46 Because EPHX2
mRNA was found to significantly correlate with AR ex-
pression in clinical prostate cancers, Western blot anal-
ysis was performed to analyze the possible effects of
EPHX2 silencing on AR and PSA levels. EPHX2 siRNA
transfection reduced PSA protein levels to 42%, com-
pared with scrambled siRNA control transfected LNCaP
cells, whereas no changes were detected in AR protein
expression (Figure 7A). EPHX2 inhibition by RNAi was
then tested alone and in combination with the antiandro-
gen flutamide in LNCaP cells. EPHX2 siRNA transfection
alone reduced cell viability by 22.2% (P � 0.001) com-
pared with the scrambled siRNA transfected control
cells. Combinatorial treatment with EPHX2 siRNA and
flutamide reduced cell viability by 35.0% (P � 0.001)
compared with the respective control samples treated
with scrambled siRNA and flutamide (Figure 7B). These
results indicate that EPHX2 silencing potentiates (P �
0.002) the growth-inhibitory effect of flutamide in prostate

cancer cells.
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Discussion

We decided to systematically explore the role of the ar-
achidonic acid pathway in prostate cancer by combining
gene expression data from clinical specimens with RNAi
knockdown studies in cultured prostate cancer cells.
Combination of the results from in vivo and in vitro studies
implicated PLA2G7, CYP4F8, EPHX2, and HPGD as pu-
tative novel therapeutic targets for prostate cancer. Even
though all four genes are critical for prostate cancer cell
viability, we found that their expression profiles in clinical
specimens and the consequences of in vitro silencing
were highly different.

The enzyme encoded by PLA2G7 is a member of the
arachidonic acid releasing PLA2 family. High PLA2G7
expression has been previously associated with ERG-
positive prostate tumors in silico.25 Here we confirm
PLA2G7 overexpression in a majority of clinical prostate
tumors, especially in ERG oncogene-positive prostate
cancers, compared with histologically normal and hyper-
plastic prostate tissues. In addition, silencing of ERG
reduced PLA2G7 mRNA expression in ERG-positive
prostate cancer cells, supporting a functional link be-
tween these two genes. Furthermore, PLA2G7 expres-
sion was required for ERG-positive prostate cancer cell
viability. Interestingly, ERG oncogene-positive prostate
cancer samples were found to express low levels of me-
tallothioneins, known to protect cells against oxidative
stress. This supports recent high-throughput compound
screening results from our research group,45 suggesting

Figure 6. Mechanistic exploration of PLA2G7 inhibition. A: Combinatorial e
samples not H2O2-treated but siRNA transfected was set as 100%. P values a
mRNA expression levels in primary prostate cancer samples. The relative mRN
and MT2A mRNA expression levels after PLA2G7 silencing in VCaP cells. Re
PLA2G7 and ERG mRNA expression levels in VCaP cells after PLA2G7 and ERG
*P � 0.05, **P � 0.01, ***P � 0.001.
that ERG-positive prostate cancers are vulnerable to in-
ducers of oxidative stress. As noted above, PLA2G7 or-
tholog has been shown to protect yeast cells from oxida-
tive stress.42 The present results indicated that PLA2G7
silencing further reduced the expression of the protective
metallothionein genes and also sensitized ERG-positive
prostate cancer cells to oxidative stress. Taken together,
these results suggest that PLA2G7 could have utility as a
biomarker and therapeutic target, especially in ERG-pos-
itive prostate cancers.

PLA2G7 silencing and oxidative stress on VCaP cell viability. Cell viability in
ared with the scrambled control. B: Relative MT1X/MT2A and PLA2G7/ERG
ession for each gene in normal control sample was set as 1. C: Relative MT1X
RNA expression level in the scrambled control was set as 100%. D: Relative
ng. Relative mRNA expression level in the scrambled control was set as 100%.

Figure 7. EPHX2 and AR signaling. A: Western blot analysis of AR and PSA
protein levels after siRNA-induced EPHX2 gene silencing. �-Actin was used
as a loading control. Relative value for each blot is indicated; relative ex-
pression in control sample was set as 1. B: Combinatorial treatment of LNCaP
cells with EPHX2 siRNA and flutamide. Cell viability of EPHX2 siRNA-treated
cells is shown. Cell viability in the scrambled control sample was set as 100%
in both treatments (no flutamide or 10 �mol/L flutamide). P values for
individual treatments are given, compared with the scrambled control. P
ffect of
re comp
A expr

lative m
value for the difference in cell viability in EPHX2 siRNA treated samples after
different treatments is also indicated. **P � 0.01, ***P � 0.001.
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CYP4F8 silencing significantly reduced cell viability
in prostate cancer cells, even with a partial knockdown
of CYP4F8 expression. The protein encoded by
CYP4F8 is known to oxygenate and hydroxylate COX-
derived products to 19-hydroxy-PGE2.34 In contrast to
PGE2, which may indiscriminately stimulate a variety of
prostanoid receptor subtypes, 19-hydroxy-PGE2 has
been found to exhibit selectivity for the EP2 receptor
subtype.47 In prostate cancer, the EP2 receptor has been
shown to induce vascular endothelial growth factor
(VEGF) secretion, cell motility, growth, and angiogenesis
on binding to PGE2.23,48 Even though the mechanism of
CYP4F8 inhibition-induced growth reduction in prostate
cancer requires further study, the prostate-specific ex-
pression profile of CYP4F8 and EP2 receptor activation
by 19-hydroxy-PGE2 suggests that CYP4F8 inhibition
could be an attractive therapeutic alternative to COX-2
inhibition (which is associated with cardiovascular ad-
verse effects).

The EPHX2 protein is a bifunctional enzyme harboring
epoxide hydrolase and phosphatase domains, both with
different biological functions.49 In the AA pathway, this
protein degrades bioactive epoxy fatty acids derived
from arachidonic acid by CYP metabolism. EPHX2 has
also been associated with androgen signaling,50 and
recently it was suggested to regulate testosterone levels
in mice through cholesterol biosynthesis and metabo-
lism.46 In the present study, EPHX2 expression was
shown to correlate with androgen receptor mRNA in clin-
ical primary prostate tumor samples. In addition, EPHX2
silencing induced apoptosis in prostate cancer cells, as
well as reducing cell viability and androgen receptor
signaling. Furthermore, EPHX2 siRNA transfection poten-
tiated the antiproliferative effect of antiandrogen flut-
amide, indicating a putative additive therapeutic value in
prostate cancer treatment and also confirming a func-
tional role of EPHX2 in androgen receptor signaling.
These results are in accordance with the previous litera-
ture describing EPHX2 as a regulator of testosterone
metabolism. Interestingly, EPHX2-null mice are reported
to be fertile and healthy,46 further suggesting that EPHX2
is a safe and attractive drug target.

The HPGD protein is the key enzyme inactivating ei-
cosanoids, mainly prostaglandins. In our study, HPGD
was highly expressed in a subset of androgen receptor-
overexpressing advanced and metastatic prostate tu-
mors, indicating potential relevance in this subset of typ-
ically incurable prostate cancer. Previous results have
indicated that HPGD protein is induced by androgens in
LNCaP cells.51 We confirmed a clear increase in HPGD
protein expression in LNCaP cells in response to andro-
gen stimulation (data not shown). In addition, our results
showed a clear dependency of LNCaP cell growth and
survival on HPGD expression. HPGD has been reported
to function as a potential tumor suppressor in breast
cancer, modulating estrogen receptor signaling,36 and
decreased expression has been reported also in other
cancers.37–39 The results from our bioinformatic explora-
tion of gene expression data support these findings, be-
cause the mean HPGD expression in many cancer types

was lower than in the corresponding normal tissues.
However, multiple cancer types had a small subset of
samples expressing very high levels of HPGD, compared
with the levels in normal tissues (see Supplemental Fig-
ure S2 at http://ajp.amjpathol.org). Our results confirmed
a similar pattern of HPGD expression in prostate tissues.
Based on the present results, we conclude that high
HPGD expression is associated with advanced meta-
static disease and that HPGD inhibition may provide ther-
apeutic opportunities, especially in advanced prostate
cancer.

As expected, known regulators of prostate cancer
growth in the AA pathway were found to affect prolifera-
tion. In accordance with earlier findings, the present re-
sults support the potential involvement of FAAH in pros-
tate tumorigenesis.22 PLA2G2A expression did not differ
much between cancerous and healthy prostate, but the
results from RNAi studies support its role in regulating
prostate cancer cell growth.20,31,52 ALOX15B has been
suggested as a potential tumor suppressor whose func-
tion may be lost in prostate cancer.32 It has been re-
ported to regulate human prostate epithelial cell differen-
tiation, senescence, and growth in vitro and tumor
development in vivo.32,53,54 Our bioinformatic analyses
indicated that ALOX15B mRNA is highly expressed in
both healthy and malignant prostates, and qRT-PCR re-
sults confirmed expression also in LNCaP prostate can-
cer cells. ALOX15B silencing clearly decreased cell via-
bility and increased apoptosis in LNCaP cells.

Taken together, the present results highlight the signif-
icance of the arachidonic acid pathway in prostate can-
cer cell growth regulation. Although the mechanisms in-
ducing the changes observed after target gene silencing
are most likely diverse, inhibition of this metabolic signal-
ing cascade, or the balance between different branches
of the pathway, appears to affect the growth and survival
of prostate cancer cells. We identified four novel putative
therapeutic targets with biomarker potential for different
subtypes of prostate cancer. PLA2G7 appears to be the
most relevant in ERG oncogene-positive prostate tumors,
whereas HPGD is associated with advanced metastatic
disease. Although further validation is needed to confirm
the frequency of expression of these novel targets in
prostate cancer, the results from our clinical data suggest
that targeting only PLA2G7 and HPGD would cover the
majority of prostate cancers. Finally, as shown by our in
vitro results, inhibition of EPHX2 and PLA2G7 may reduce
prostate cancer cell viability even more effectively when
combined with other treatments, such as androgen de-
privation or induction of oxidative stress.
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