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Abstract

Purpose Eicosanoid-related enzymes have been impli-
cated in the pathogenesis of various cancers. Little is
known about the relevance of lipoxygenase pathway to
ovarian cancer growth. In this study, we examined the role
of 12-lipoxygenase (12-LOX), the main human 12-HETE
generating enzyme, in the regulation of proliferation and
survival in epithelial ovarian cancer.

Methods Immunohistological analysis of 12-LOX
expression in high-grade serous ovarian carcinoma and
normal ovarian epithelium tissues was performed. The
presence of 12-LOX-12-HETE system was confirmed in
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two epithelial ovarian cancer (EOC) cell lines, OVCAR-3
and SK-OV-3, using RT-PCR, Western blot and LC/MS
analysis. The effects of N-benzyl-N-hydroxy-5-phenyl-
pentanamide (BMD-122), a specific 12-LOX inhibitor, on
cell growth, survival, apoptosis, and cell signaling were
determined.

Results We found that a significantly higher level of
12-LOX expression in high-grade serous ovarian carci-
noma compared to normal ovarian epithelium. OVCAR-3
and SK-OV-3 were found to express high level of 12-LOX
mRNA and protein. Both EOC increased their 12-HETE
production when incubated with arachidonic acid. BMD-
122 inhibited the EOC growth in a dose-dependent fashion.
Purified 12-HETE significantly reversed such inhibitory
effects of BMD-122. In addition, BMD-122 blocked the
MAPK signaling pathway by inhibiting the phosphoryla-
tion of ERK and induced a ~20-30% increase in the EOC
apoptosis. Down-regulation of the 12-LOX expression
using 12-LOX siRNA also resulted in markedly reduction
in cell growth.

Conclusions These data suggest that 12-LOX is involved
in the regulation of ovarian cancer cell growth and survival
and is a potential new therapeutic target.

Keywords 12-lipoxygenase/12-HETE - BMD-122 -
Proliferation - Ovarian cancer - Apoptosis - Caspases

Introduction

Epithelial ovarian cancer, the second most common
gynecologic malignancy, accounts for 3% of all new cancer
diagnoses in women in the United States. However, it is the
most lethal gynecologic malignancy and the fifth leading
cause of cancer death among women. In the year 2010,
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21,880 new cases and 13,850 deaths were estimated [1].
Despite significant advances made in the field of cancer
therapy, mortality rate associated with this disease con-
tinues to be high [1]. Therefore, there is a continued need to
better understand the biology of the disease and identify
novel effective therapies.

Eicosanoids have been shown to play an important role
in the control of many cellular responses and cancer
pathogenesis [2—4]. Eicosanoids are derived from the
metabolism of arachidonic acid (AA) by three major
families of enzymes known as cyclooxygenases (COX),
lipoxygenases (LOX), and cytochromes P450 (CYP450)
[5]. Among all three AA-metabolizing enzymes, one of the
COX isoenzymes, COX-2, has been extensively studied
and shown to play a crucial role in ovarian cancer pro-
gression. Studies on the possible role of the other pathways
of AA metabolism are very scarce. Non-steroidal anti-
inflammatory drugs (NASIDs) have been reported to have
beneficial effects on reducing the risk of developing some
solid tumors [6, 7] and have antitumor effects on many
types of cancers. These studies were the basis to investigate
the use of selective COX inhibitors in cancer treatment.
However, the side effects associated with COX inhibitors
have limited their therapeutic application.

Mammalian LOX mainly consists of three subfamilies
of enzymes: 5-, 12- and 15-LOX [8, 9]. In general, 5- and
12-LOX have potential pro-carcinogenic roles, whereas
15-LOX-2 is believed to have an anti-cancer effect, and the
role of 15-LOX-1 remains controversial [10, 11]. The two
major isoforms of 12-LOX are platelet and leukocyte LOX.
The platelet type was cloned from human platelets (p12-
LOX) and the leukocyte type (/12-LOX) from porcine
leukocytes. In humans, the main 12-LOX is pLOX.
12-LOX catalyzes the stereospecific oxygenation of AA to
form 12(S)-hydroperoxyeicosatetraenoic acid (HPETE),
which is reduced to the corresponding hydroxy compound,
12(S)-hydroxyeicosatetraenoic acid (12-HETE) [12].
Increased 12-LOX activity has been implicated in a variety
of pathologies [13-15]. Accumulating evidence suggests
that LOX pathways are involved in the regulation of the
development of various types of cancer. 12-LOX has been
shown to be expressed at low and basal levels in normal
tissues [16, 17]. Whereas many tumor tissues, including
prostate [18, 19], lung [20], gastric [21], colorectal [22],
and breast cancers [23] over-express 12-LOX and produce
12-HETE. 12-HETE enhances tumor motility and secretion
of proteinases and angiogenic factors. Increased 12-LOX
and its metabolite, 12-HETE, have been reported to asso-
ciate with increases in cancer angiogenesis and metastasis
in several cancer types [18, 19, 22, 24].

Although 12-LOX expression and actions have been
studied in a variety of tumors, the role of 12-LOX in
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ovarian cancer regulation has not been well defined.
Freedman et al. reported a higher endogenous levels of
12-HETE in EOC tumor tissues than in benign peritonium
tissues [25]. However, there are no data indicating whether
12-LOX expression is higher in human ovarian cancer, nor
what possible functional role the 12-LOX-12-HETE sys-
tem may have regulating ovarian cancer growth and sur-
vival. The objective of this study was to investigate the role
of 12-LOX in EOC by (1) assessing levels of 12-LOX
expression in ovarian cancer specimens as well as cell
lines, (2) determining the effect of 12-LOX inhibition using
pharmacologic agents as well as siRNA on cellular pro-
liferation and apoptosis.

Materials and methods
Cell cultures

Normal human ovarian surface epithelial cells (HOSEpiC)
were purchased and maintained in ovarian surface epithe-
lial cell medium from ScienCell Research Laboratories
as recommended by the manufacturer (Calsbad, CA).
HOSEDPiC at very early stages (passage 2—-3) were used in
all the experiments. Human epithelial ovarian cancer cells
(OVCAR-3 and SK-OV-3) and culture reagents were pur-
chased from American Type Culture Collection (Manassas,
VA) unless otherwise indicated. OVCAR-3 cells were
propagated in RPMI1640 (Invitrogen) with 20% non-heat
activated FBS and 0.01 pg/ml bovine insulin (Sigma, St
Louis, MO) and SK-OV-3 cells were grew in McCoy’s SA
modified medium with 10% FBS. All cultures were
maintained at 37°C in a humidified incubator containing
5% CO,.

Reagents

BMD-122 (also known as BHPP, N-benzyl-N-hydroxy-5-
phenylpentanamide) was synthesized by one of our co-
authors (KRM) according to published procedure [21].
Annexin-V and propidium iodide was purchased from
Sigma (St. Louis, MO). Baicalein was purchased from
Cayman chemical company (Ann Arbor, MI). Cell culture
regents were obtained from Invitrogen. Anti-12-LOX
antibody was purchased from Abcam (Cambridge, MA).
Anti-12(R)-LOX antibody was purchased from Novus
Biologicals (Littleton, CO). Anti-phospho-ERK1/2 and
anti-phospho-AKT antiserum was purchased from Upstate
(Waltham, MA). Anti-procaspase-8 antibody was pur-
chased from Santa Cruz. Horseradish peroxidase-coupled
secondary antibodies were all from Pierce, Rockford, IL.
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Immunohistological analysis of 12-LOX expression
in ovarian cancer tissues sections

Twenty benign ovarian tissues specimens, obtained from
cases that underwent salpingo-oophorectomy for benign
uterine pathology, and 20 high-grade serous ovarian car-
cinomas were retrieved from archival materials from the
Detroit Medical Center/Karmanos Cancer Center pathol-
ogy department. Case distribution by FIGO stage was as
follows: Fifteen were stage III and 5 were stage IV at
diagnosis. H- and E-stained slides from each case were
reviewed for validation/confirmation of diagnosis and his-
tology by one of the authors (RAF). Immunohistochemistry
for 12-LOX expression was performed on 5-pum tissue
sections from the selected cases. After de-paraffinizing and
hydrating with phosphate-buffered saline (PBS, pH 7.4),
the sections were pretreated with hydrogen peroxide (3%)
for 10 min to remove endogenous peroxidases and incu-
bated in goat serum for 10 min. A primary antibody for
12-LOX (Santa Cruz, SC-32939) dilution (1:200) was then
applied to each section, followed by washing and incuba-
tion with the biotinylated secondary antibody for 20 min at
room temperature. Detection was performed with AEC,
and counterstaining was done with Mayer’s hematoxylin
followed by mounting.

The expression of 12-LOX was assessed based on the
presence of cytoplasmic staining. The scoring was assigned
based on the percentage of positive epithelial cells: a zero
score was used if no cytoplasmic staining was noted in any
cell; score 1 with <5% of cell staining positive; score 2
with 6-30%; and score 3 with >30% of cells staining
positive. For statistical analysis, cases with score 0 or 1
were considered as being negative and cases with score 2
or 3 as positive.

Cell proliferation assay

Cell growth studies were performed with cultures plated at
a density that ensured exponential growth for at least
5 days. All test agents were dissolved in ethanol (EtOH)
unless indicated otherwise, and an equal volume of EtOH
was added to the cultures as a vehicle control. The con-
centration of EtOH in the medium never exceeded 0.1%. In
most of the experiments, MTT assay was performed by
plating OVCAR-3 at 5 x 10° and SK-OV-3 at 2 x 10°
cells in 96-well plates. Cells were allowed to grow over-
night before changed to serum-free media prior to the
addition of test reagents. Eight hours later, the serum-free
media containing test reagents were discarded and cells
were washed twice with 1x PBS. Then, normal growth
media containing the test agents were added. MTT assay
were performed 40 h later as recommended by the manu-
facturer. For 12-HETE rescue experiment, cell counting

were used to assess proliferation after treating OVCAR-3
and SK-OV-3 with V (vehicle control), 10 pM BMD122,
1 uM 12(S)-HETE, BMD + 12(S)-HETE, 1 uM 12(R)-
HETE, and BMD122 4 12(R)-HETE for 48 h.

12-LOX RT-PCR

Total RNA was extracted from normal human ovarian epi-
thelial cells, OVCAR-3 and SK-OV-3 cells, using TRIZOL
reagent and treated with DNAse and quantitated. Five
micrograms of RNA was used as template for the RT reac-
tions using SuperScript First-Strand Synthesis System for
RT-PCR (Invitrogen). Primers used for PCR were 12-LOXF
(5’-CTTCCCGTGCTACCGCTG-3) and 12-LOXR (5'-TG
GGGTTGGCACCATTGAG-3'). Amplification was per-
formed at 95°C for 3 min, followed by 35 cycles of 95°C for
15 s, 58°C for 30 s and 72°C for 45 s. The PCR reaction was
extended at 72°C for 10 min. The products were checked by
electrophoresis on 1% agarose gels.

Western blotting

Normal human ovarian epithelial cells, OVCAR-3 and SK-
OV-3, were plated and allowed to grow to 80% confluency
before protein lysates were harvested. Western blot using
anti-human platelet-type 12-LOX antibody, anti-12(R)-
LOX, anti-phospho-ERK1/2, anti-phospho-AKT, and anti-
procaspase-8 was performed as previously described [26].
In brief, 40-80 g of protein was separated on a 14% Tris—
glycine gel (Invitrogen) and electroblotted on a PVDF
membrane (Biotrace, Bothell, WA). Membranes were
blocked for 1 h at room temperature with blocking buffer
[0.2% I-Block reagent (Tropix, Bedford, MA), 0.1%
Tween-20 in 1x PBS] before incubation with primary
antibodies in blocking buffer (overnight at 4°C). All primary
antibodies were used at a dilution of 1:500-1:1,000. After
washing 3x in washing buffer (1x TBS and 0.1% Tween-
20), membranes were incubated for 1 h at room temperature
with a peroxidase-conjugated secondary antibody (Thermo
Scientific, Rockford, IL) (diluted 1:3,000 in blocking buf-
fer). Membranes were then washed 3 times in washing
buffer, and chemiluminescence detection was performed
using an enhanced chemiluminescence kit (Thermo Scien-
tific) according to the manufacturer’s protocol. Stripped
membranes were re-probed with actin (Santa Cruz) that
served as a loading control. Similar protocol was repeated in
EOC in which 12-LOX were down-regulated using siRNA.

LC/MS analysis of 12-HETE formation
Cultured OVCAR-3 and SK-OV-3 cells were incubated

with 10 uM AA in serum-free medium for 8 h. Cell pellets
and cell media were separated by centrifugation. Cell
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pellets were resuspended in 3 ml of cold 1x PBS and
homogenized by sonication. Then, harvested culture media
and cell homogenization samples were spiked with 10 ng
of 15(S)-HETE-d8 (internal standard), applied to pre-
conditioned SEP-Pak C18 cartridges (100 mg adsorbent,
Waters), washed with water followed by hexane. Eicosa-
noids were eluted with 500 pl of ethyl acetate-hexane (3:1).
The eluate was dried under nitrogen and reconstituted in
methanol: 25 mM aqueous ammonium acetate (7:3). The
extracted and reconstituted sample was subjected to HPLC
on a Max-RP C18 column (2 x 150 mm, 34, Phenomenex)
eluted isocratically with methanol:13 mM aqueous ammo-
nium acetate (8:2) at a flow rate of 0.4 ml/min. The eluent
was monitored for HETEs by mass spectrometer (Quat-
troLC, Micromass) in the negative ion mode using Multiple
Reaction Monitoring for transitions of m/z 319 to m/z 179
for 12-HETE (Source block: 120°C, Desolvation: 350°C,
Cone voltage: —24 V, Collision energy: 14 eV, and Colli-
sion gas pressure: 3.2 X 10~* Bar). 15(S)-HETE-d8 (MRM
transition of m/z 327-226 under identical conditions) was
used as internal standard for recovery and quantitation.
Under these conditions, retention times for 15(S)-HETE-d8
and 12-HETE were 2.6 and 2.9, respectively. Minimum
detection limit is 50 pg for each compound on the column
under these conditions. Quantitations of 12-HETE produc-
tion were normalized against total cellular protein concen-
trations (determined against BSA standard).

siRNA silencing of 12-LOX in EOC

12-LOX in both OVCAR-3 and SK-OV-3 was down-reg-
ulated using the Stealth RNAi siRNA Card for human
Alox12 (Catalog # 1299003; three 12-LOX-specific 20-25
nt siRNA construct) from Invitrogen. Cells were transfec-
ted using the Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. Briefly, 12-LOX-specific
(180 pmol for SK-OV-3; 240 pmol for OVCAR-3) and
scrambled control siRNA were mixed with Lipofectamine
2000 reagent and added to the two EOC cultures at 37°C in
the opti-MEM medium. The transfection was carried out
for 48 h. Protein extracts were harvested from these cul-
tures, and Western blot analysis was performed using
antibodies against 12-LOX. In a different experiment,
transfected OVCAR-3 and SK-OV-3 cultures were tryp-
sinized and plated for assessing the effects of siRNA on
cell growth and survival using MTT assay. Greater than
80% of transfection was confirmed using green fluorescent
protein (GFP)-linked control siRNA primers.

Assessment of apoptosis

The effects of BMD-122 to induced apoptosis in OVCAR-
3 and SK-OV-3 cells were examined by fluorescence-
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activated cell-sorting (FACS) analysis after labeling the
cells with an annexin V-FITC antibody (Sigma, St. Louis,
MO). After incubation of EOC cells with either vehicle
or various concentrations of BMD-122 for 20 h, the cells
were trypsinized, washed, and pelleted. Non-attached
floating cells were also collected by centrifugation. The
cells were resuspended in a binding buffer, treated with
5 pl of annexin V-FITC conjugate and 10 pl of propidium
iodide and incubated in the dark at room temperature for
20 min before performing a FACS analysis using a Bec-
ton-Dickinson FACScan (Franklin Lakes, NJ) cell sorter.
A minimum of 10* events per sample was collected. Data
were analyzed using Cell Quest Pro software (San Jose,
CA). Alternatively, fluorescent caspase-9 and caspase-3
apoptosis assay (Santa Cruz Biotechnology, Santa Cruz,
CA) were performed in BMD-122 treated OVCAR-3 and
SK-OV-3 cells to determine whether BMD-122 activate
caspase-9 and caspase-3 activities in these cultures. Equal
numbers of cells in 96-well plate were exposed to various
concentrations of BMD-122 for 20 h again. Caspase-9 and
caspase-3 activities were measured following the manu-
facturer’s recommendations.

Statistical analysis

Data were analyzed using ANOVA followed by Tukey’s
test or a Student’s ¢ test when only 2 groups were studied.
A P < 0.05 was considered to be significant.

Results

Ovarian tumor tissue express higher level
of 12-lipoxygenase than normal ovarian tissue

To determine whether there is a differential expression of
12-LOX in normal human ovarian tissues and ovarian cancer
tissues, immunohistological analysis of 12-LOX expression
was performed in 20 high-grade serous ovarian carcinomas
samples and compared with normal human ovarian epithe-
lium sections. 12-LOX expression with positive cytoplasmic
staining was seen in 75% of ovarian cancer tissue sections
examined by immunohistochemistry (Fig. 1). We did not
detect significant 12-LOX expression (only basal) in the
normal ovarian epithelial tissue we tested. These data suggest
that 12-LOX expression is markedly higher in ovarian cancer
tissues than in normal ovarian epithelium.

12-LOX in OVCAR-3 and SK-OV-3 human
ovarian epithelial cancer cells

To determine whether 12-LOX-12-HETE system was
present and functional in two commonly used human
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Fig. 1 Immunohiostochemical
analysis of 12-LOX expression
in normal and human ovarian

cancer tissues. Normal ovarian P :
epithelium showed no staining. A . L
Strong cytoplasmic staining for e 3 ;

12-LOX is shown in a case of S ANy Tk

high-grade serous carcinoma. ' =S
Representative histological HEE
images were shown from 20 :-‘_:'
normal tissues and 20 high- '
grade serous tissues based on
the scoring description in the

i T T S A e i

Sect. “Materials and methods” RS SRR o A

epithelial ovarian cancer cells, OVCAR-3 and SK-OV-3,
RT-PCR for 12-LOX mRNA was performed in both cell
lines as well as in normal human ovarian surface epithelial
cells (HOSEpiC). Both OVCAR-3 and SK-OV-3 express
significant amount of 12-LOX mRNA whereas HOSEpiC
express significantly lower levels (Fig. 2a). Similar results
were also observed in the 12-LOX protein expression level
in these cells (Fig. 2b). We did not detect any expression of
the 12(R)-LOX protein in the two EOC cultures using
Western blot analysis (data not shown), which suggesting

A 12-LOX mRNA
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12(R)-LOX is not be expressed in EOC. More importantly,
both OVCAR-3 and SK-OV-3 cells have basal level of
12-HETE production. When incubated with free AA, these
cultures responded with significant increases in 12-HETE
production (Fig. 2c). HOSEpiC cells produced significantly
less 12-HETE than the two EOC both in the presence and in
the absence of AA, again consistent with the finding that
increased 12-LOX-12-HETE system in ovarian cancer
cells. Taken together, these data suggest that 12-LOX is
present and functional in epithelial ovarian cancer cells.
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Fig. 2 12-Lipoxygenase in normal human ovarian epithelial cells and
two epithelial ovarian cancer cells, OVCAR-3 and SK-OV-3. RT-
PCR was first performed for the analysis of 12-lipoxygenase
expression (a). Western blot analysis was also carried out for
12-LOX protein expression (b). Actin was used as loading control.
Representative blot of three experiments is shown. Densitometrical
analyses for relative 12-LOX mRNA and protein expression levels in

HOSEpiC OVCAR-3 SK-OV-3

these cells were shown. *P < 0.05 for OVCAR-3 cells versus
HOSEpiC controls, and *P < 0.05 in SK-OV-3 cells versus HOSEpiC
controls. ¢ LC/MS quantitation of 12-HETE was performed in normal
human ovarian epithelial cells and EOC cultures treated with or
without exogenous AA as described in the “Materials and methods”.
AP < 0.05 for HOSEpiC, *P <0.05 for OVCAR-3 cells, and
*P < 0.05 in SK-OV-3 cells
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Fig. 3 Effects of 12-LOX inhibition by BMD-122, Baicalein, and
12-LOX siRNA on the proliferation and survival of OVCAR-3 and
SK-OV-3. Normal human ovarian epithelial cells and EOC cultures
were treated with various concentrations of BMD-122 (a) for 48 h.
Cell proliferation and survival were assessed using MTT assay. b A
different 12-LOX inhibitor Baicalein was also used to treat normal
human ovarian epithelial cells and EOC for 48 h. MTT assay was
again performed to assess its effects on cell growth. ¢ siRNA against
12-LOX was delivered as described in “Materials and methods”

Inhibition of 12-LOX decreases OVCAR-3
and SK-OV-3 growth and survival
in a dose-dependent fashion

To examine the effects of blocking 12-LOX on cell pro-
liferation, we treated the OVCAR-3 and SK-OV-3 cells
with two structurally different 12-LOX inhibitors, BMD-
122 and Baicalein, followed by measurement of cell via-
bility using MTT assay. Treatment with BMD-122 (1, 10,
and 50 pM) produced little or no effects on HOSEpiC
cells, whereas it resulted in a dose-dependent inhibition of
the growth of OVCAR-3 and SK-OV-3 cultures. There was
35% and 75% inhibition 2 days after treatment at 10 and
50 uM concentrations, respectively (Fig. 3a). Similar dose-
dependent growth inhibition was observed in OVCAR-3
and SK-OV-3 cells treated with Baicalein (1, 10, and
50 uM) with minimal effects on HOSEpiC cells (Fig. 3b).

Next, we demonstrated that 12-LOX inhibition by
silencing 12-LOX gene using siRNA resulted in growth
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C 12-LOX siRNA Effects on 12-LOX Expression
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using Lipofectamin 2000. Scrambled siRNA was used as control
siRNA. Protein extracts were harvested at the end of transfection and
Western blot analysis were performed using anti-12-LOX antibody.
Actin was used as loading control. Representative blot from three
separate experiments is shown. d In parallel, MTT assay was also
performed to assess the effects of 12-LOX siRNA on the proliferation
and survival of these cultures. Data represent mean + SD of at least
three different experiments. *P < 0.05 in OVCAR-3 cells and
#P < 0.05 in SK-OV-3 cells versus corresponding controls

inhibition of OVCAR-3 and SK-OV-3 cells. 12-LOX
protein expression was markedly lower in both EOC cell
lines transfected with 12-LOX-specific siRNA versus
scrambled control siRNA (Fig. 3c). Furthermore, MTT
assay indicates that the proliferation of 12-LOX down-
regulated cultures was decreased by ~50% compared to
cultures treated with scrambled siRNA (Fig. 3d). Thus,
these data support the results obtained from pharmaco-
logical inhibition of 12-LOX by BMD-122 and Balcalein,
reaffirming the involvement of 12-LOX in regulation of
ovarian cancer cell growth.

Effects of 12(S)-HETE and 12(R)-HETE on basal
and BMD122 inhibited EOC growth

The AA metabolite of human platelet-type 12-LOX is
12-HETE [27]. Of the three known isoforms of 12-LOX, the
epidermal-type 12-LOX is the only enzyme known to gen-
erate 12(R)-HETE from AA [43]. All other lipoxygenases
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Fig. 4 12(S)-HETE but not 12(R)-HETE reverses the inhibitory
effects of BMDI122 on the growth of OVCAR-3 and Sk-OV-3.
OVCAR-3 and SK-OV-3 cultures were treated with either 1 uM
12(S)-HETE, 1 uM 12(R)-HETE or 10 uM BMD-122 alone, or
12-HETE and BMD-122 together as before. Cell numbers were
counted 48 h later, and EtOH-treated cultures were used as control.
Data are expressed in percent of control in cell numbers Data are
mean = SD of two separate experiments, each by triplicate.
#*P < 0.05 in OVCAR-3 and *P < 0.05 in SK-OV-3 cells versus
their normal controls. **P < 0.05 in OVCAR-3 and P < 0.05 in
SK-OV-3 cells treated with BMD-122 + 12-HETE versus cultures
treated with BMD-122 only

generate the S-stereoisomer. To determine the stereoselec-
tivity of the 12-LOX product responsible for the observed
effects on ovarian cancer cells, we have tested both 12(S)-
HETE and 12(R)-HETE on the proliferation of OVCAR-3
and SK-OV-3 cells. As the data shown in Fig. 4 demonstrate,
12(S)-HETE but not 12(R)-HETE stimulates cell growth by
~35%. Additionally, enzymatic inhibition of 12-LOX by
BMD-122 that led to the growth inhibition of ovarian cancer
cells was reversed only by 12(S)-HETE and not by 12(R)-
HETE (Fig. 4). These findings represent evidence that sug-
gests a significant growth stimulatory effect of 12(S)-LOX
and its metabolite 12(S)-HETE on EOC cells. 12(R)-LOX
and 12(R)-HETE do not appear to be involved in the regu-
lation of EOC proliferation.

12-LOX inhibition by BMD-122 induces apoptosis
in OVCAR-3 and SK-OV-3 cells

Inhibition of 12-LOX has been shown to induce apoptosis
in several cancer cell types [20, 21, 28, 29]. To further
study the effects of BMD-122 on apoptosis in EOC, OV-
CAR-3 and SK-OV-3 cell cultures were treated with var-
ious concentrations of BMD-122 for 20 h followed by
annexin-V and propidium iodide labeling. The numbers of
apoptotic cells were analyzed using flow cytometry based
on previously described protocols [26]. All doses (1, 10,
and 50 pM) of BMD-122 induced significant increases in

the percentage of cells labeled by annexin V, an indicator
of cells in the early stages of apoptosis (Fig. 5a). This
apoptosis seemed to be caspase 8-independent since BMD-
122 failed to cleave and thus activate pro-caspase 8§ as
shown in Western blot (Fig. 5b). On the other hand, the
levels of caspase-9 and caspase-3 in BMD-122-treated
OVCAR-3 and SK-OV-3 cultures were markedly
increased, suggesting the activation of caspase-9 and cas-
pase-3 pathway (Fig. 5c¢, d). Thus, 12-LOX inhibition by
BMD-122 decreases OVCAR-3 and SK-OV-3 cell survival
by inducing caspase-9- and caspase-3-mediated apoptosis.

Effects of BMD-122 on the MAPK and PI-3 pathways
in OVCAR-3 and SK-OV-3 cells

The phosphorylation and activation of mitogen-activated
protein kinases (MAPK) is known to play a key role in the
regulation of cell growth and proliferation. Treatment of
OVCAR-3 and SK-OV-3 with 10 and 50 uM of BMD-122
for 20 h significantly reduced the phosphorylation of p42/
p44 MAPK (Fig. 6a, b). However, there were no changes
in the phosphorylation of Akt in BMD-122 treated-cultures
even at the highest concentration (Fig. 6a, b). No changes
were seen in the levels of total ERK1/2 or AKT in either
cell lines (data not shown). These data indicate that
12-LOX in EOC may regulate MAPK but it does not
regulate PI-3 kinase. BMD-122 induced apoptosis in OV-
CAR-3 and SK-OV-3 may be PI-3 kinase-independent.

Discussion

The precise genetic and molecular defects underlying
epithelial ovarian cancer (EOC) remain largely unknown,
and treatment options for patients with advanced disease
are limited. Eicosanoids, the bioactive metabolites of AA,
are known to play an important role in the growth and
development of many cancers. Inducible cyclooxygenase
(COX-2) is constitutively expressed in many cancer tis-
sues, and COX-2 selective inhibitors were developed as
potential anticancer agents [6, 7]. The other major pathway
of AA metabolism, the lipoxygenase pathway, was shown
to also play an important role on cancers. 12(S)-HETE, the
metabolite of 12-LOX, was shown to induce tumor angi-
ogenesis, migration and proliferation of cancer cells as well
as inhibit apoptosis in many types of cancers including
prostate, breast, lung, and skin [18-20, 30]. However, little
is known about the role of 12-LOX in ovarian cancer.
We have found that ~75% of high-grade serous ovarian
carcinoma tissues showed marked over-expression of
12-LOX, a result suggesting that the 12-LOX-12-HETE
system might play a role in regulating ovarian cancer
growth and/or survival in some ovarian cancers. These data
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Fig. 5 Inhibition of 12-LOX by BMD-122 induces apoptosis in
OVCAR-3 and SK-OV-3. a Cultures were treated with various doses
of BMD-122 (0, 1, 10, and 50 uM) for 20 h. Cell apoptosis was
assessed using Annexin-V apoptosis kit according to the manufac-
turer’s protocols. Labeled cells were then quantitated with flow
cytometric analysis. Data represent mean = SD of at least four
individual experiments. *P < 0.05 in OVCAR-3 and #P < 0.05 in

are consistent with the elevated levels of 12(S)-HETE,
reported by Freedman et al. in samples of EOC tumor,
tumor-free malignant peritoneum (MP), and benign peri-
toneum (BP) [25]. This prompted us to undertake a detailed
examination of the role of 12-LOX in ovarian cancer.

To better define the role of 12-LOX in ovarian cancer,
we studied two widely used ovarian cancer cell lines,
OVCAR-3 and SK-OV-3. Western blotting and RT-PCR
clearly indicated that 12-LOX was much higher in these
cell lines compared with a normal human ovarian surface
epithelial cells. These data are consistent with the immu-
nohistochemical observations with samples from human
subjects affected by ovarian cancer. The protein detected in
the cells was enzymatically active since 12-HETE pro-
duction increased markedly when the cells were incubated
with the 12-HETE precursor, AA. We did not detect the
expression of 12(R)-LOX in both EOC cells, suggesting
that 12(R)-LOX may not be involved in regulation of
ovarian cancer. It should be noted that the primary products
of lipoxygenases are the hydroperoxides (e.g. 12(S)-
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HpETE from 12-LOX metabolism of AA). However, these
hydroperoxides are reduced to the corresponding hydroxyl
compounds by the intracellular peroxidases (e.g. glutathi-
one peroxidase) and only the reduced products are released
from the cells but not the hydroperoxides themselves.

In order to assess the potential role of the 12-LOX in the
ovarian cancer cell lines, we examined the effects of sup-
pressing its activity on EOC cell growth. We exposed the
cells to two different and highly selective inhibitors of
12-LOX, BMD-122 [22], and Baicalein [29]. Both led to a
marked and dose-dependent inhibition of growth even in
the presence of serum, a potent source of growth factors.
Thus, the growth-promoting effects of serum were absent if
the ability of the cells to synthesize 12-HETE was inhib-
ited. This suggests that 12-HETE is a very important ele-
ment in the control of ovarian cancer cell growth, at least in
the cell lines studied. The effects of the inhibitors was due
in large part to reduction in 12(S)-HETE, since the addition
of purified 12(S)-HETE but not 12(R)-HETE significantly
reversed the inhibitory effects of BMD-122 on both
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Fig. 6 Effects of 12-LOX inhibition by BMD-122 on MAPK and PI-
3 kinase signaling pathway. OVCAR-3 (a) and SK-OV-3 (b) were
treated with various concentrations of BMD-122 for 20 h as
indicated. Western blot analysis was performed using anti-phospho-
ERK/1/2 and anti-phospho-Akt antibody. Actin was used as loading
control. Representative blots from three separate experiments were
shown

OVCAR-3 and SK-OV-3 cells. To confirm the data
obtained with the pharmacological inhibitors, we studied
the effects on growth resulting from reducing levels of
12-LOX by silencing its gene using siRNA technology.
Substantial, although incomplete, reduction in 12-LOX
protein was concomitantly accompanied by marked
reduction in cell growth and survival.

Despite the reported specificity of the lipoxygenase
inhibitors, selectivity of the inhibition toward one lipoxy-
genase is generally concentration dependent. Hence, phar-
macological inhibition of AA-metabolizing enzymes often
have cross-inhibitory effects on more than one metabolizing
systems, a potentially confounding effect. To examine
whether the effects of BMD-122 could be due to inhibition
of AA-metabolizing enzymes other than 12-LOX, we tested
the effects of 4 other AA-metabolizing enzymes inhibitors
on the proliferation and survival of the two EOC cells:
MKB866 (a 5-LOX activating protein inhibitor), MS-PPOH
(an epoxygenase metabolizing enzyme inhibitor),
15-Lipoxygenase inhibitor 1 (a 15-LOX inhibitor), and
HETO0016 (a cytochrome P450 4 A and 4F inhibitor). No
significant inhibitory effects were observed within the range
of concentrations used (>50 uM) (data not shown). This
suggests that the effects observed with the 12-LOX inhib-
itors are due to inhibition of 12-HETE synthesis and not to

interference with some other pathway. Thus, 12-LOX
appears to play an important role regulating the growth and
proliferation of ovarian cancer cells, suggesting that it may
be a therapeutic target.

In some other cancer cell lines such as prostate, lung,
gastric and pancreas, it has been demonstrated that the
12-LOX pathway appears to be required for the survival of
these cells [20, 21, 28, 29]. In gastric cancer, Baicalein
leads to apoptosis involving the activation of caspase-7 but
not caspase-3 and decreased bcl-2/Bax ratio [21]. In pros-
tate cancer, blocking 12-LOX resulted in the activation of
both caspase-3 and caspase-7 [31]. These differences in the
mechanism of apoptosis induced by 12-LOX inhibition
seem to be cell specific. Our data indicated that inhibition
of 12-LOX in ovarian cancer induced apoptosis through the
caspase-9 and caspase-3 pathway.

To better understand the signaling pathways affected by
inhibition of 12-LOX activity, we investigated changes in
phosphorylation of two key signaling pathways. Extracel-
lular signal-regulated protein kinases 1 and 2 (ERK1/2) are
members of the mitogen-activated protein kinase super
family that can mediate cell proliferation and apoptosis
[32, 33]. Extracellular stimuli such as growth factors,
cytokines, mitogens, hormones, and oxidative or heat stress
trigger a signal by interacting with a multimolecular
complex of receptors such as receptor tyrosine kinases
(RTKSs) and G protein-coupled receptors (GPCRs) or epi-
dermal growth factor receptor (EGFR) ultimately leading
to the phosphorylation of MAPK. Once activated, MAPKs
regulate cellular activities ranging from gene expression,
mitosis, cell differentiation, movement, and programmed
death. ERK1/2 signaling pathway promotes cell survival by
a dual mechanism comprising the posttranslational modi-
fication and inactivation of a component of the cell death
machinery and the increased transcription of pro-survival
genes [33-35]. We observed that ovarian cancer cells
exposed to BMD-122 have markedly reduction in the
phosphorylation of p42/p44 MAPK (ERK1/2). It is possi-
ble that such reduction in MAPK activation contributes to
the observed growth inhibition and cell death.

The PI-3 kinase-Akt system is a recognized pro-survival
pathway and plays a very important role in the survival
ability of many types of cancers [36, 37]. Inhibition of PI-3
kinase reduces phosphorylation of Ser*’® of AKt, a
downstream mediator of the PI-3 kinase survival pathway
and is associated with cell death [38, 39]. If BMD-122
acted by inhibiting PI-kinase, we would have expected
reduction in AKt Ser*’? phosphorylation. However, we did
not observe such a reduction even on a shorter time course
in BMD-122-treated cultures (data not shown). This sug-
gests that the reduced growth induced by BMD-122 is
unlikely due to changes in the PI-3 kinase/Akt pathway. A
more detailed study on the precise pathways associated
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with the inhibition of growth and survival induced by
inhibition of 12-LOX in ovarian cells is beyond the scope
of the present work, but it will be necessary to better
understand the role of 12-LOX in the growth of ovarian
cancer cells.

12-LOX, the enzymes responsible for 12-HETE gener-
ation, are generally absent in normal epithelia. They can be
induced by pro-inflammatory stimuli and are often consti-
tutively expressed in various epithelial cancers including
colon, esophageal, lung prostate and breast cancer [16, 18,
40-42]. The present data suggest that epithelial ovarian
cancer also constitutively express 12-LOX. Its product,
12-HETE, appears to exert pro-tumorigenic effects and it
has been proved to have a strong association with pro-
gression of various cancers [4, 18, 19, 22, 23]. The present
data suggest that it may also play an important role in
ovarian cancer growth. In a recent study, Gao et al. found
that the level of 12-LOX mRNA expression in prostate
cancer is correlated with tumor stage [18]. In their work,
the data suggested that elevation of 12-LOX mRNA
expression occurs more frequently in advanced-stage, high-
grade prostate cancer. The data presented here suggest that
it may be worthwhile to determine if the same applies to
ovarian cancer.

In summary, we presented data suggesting that the AA-
metabolizing enzyme 12-LOX and its metabolite 12(S)-
HETE are important regulators of ovarian cancer growth.
We have shown that 12-LOX is highly expressed in
ovarian tumors and in the ovarian cancer cell lines OV-
CAR-3 and SK-OV-3. 12-LOX inhibition resulted in a
significant inhibitory effect on the growth of the ovarian
cancer cell lines and in marked cellular apoptosis, sug-
gesting that the 12-LOX pathway is essential for the
growth and survival of ovarian cancer cells. Thus, 12-LOX
inhibition may have potential therapeutic role in the
treatment of epithelial ovarian cancer.
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