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Abstract

Background: Anacardic acid (AA) is a mixture of 2-hydroxy-6-alkylbenzoic acid homologs. Certain antitumor activities of AA
have been reported in a variety of cancers. However, the function of AA in ovarian cancer, to date, has remained unknown.

Methods: Ovarian cancer cell lines were exposed to AA, after which cell proliferation, apoptosis, invasion and migration
assays were performed. Phalloidin staining was used to observe lamellipodia formation. Reverse transcription polymerase
chain reaction (RT-PCR) and western blotting were used to assess the mRNA and protein expression levels of
Phosphatidylinositol 3-kinase (PI3K), vascular endothelial growth factor (VEGF) and caspase 3.

Results: Our results showed that AA promotes ovarian cancer cell proliferation, inhibits late apoptosis, and induces cell
migration and invasion, as well as lamellipodia formation. AA exposure significantly up-regulated PI3K and VEGF mRNA and
protein expression, while, in contrast, it down-regulated caspase 3 mRNA and protein expression in comparison to
untreated control cells.

Conclusion: Taken together, our results demonstrate for the first time that AA may potentiate the proliferation, invasion,
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metastasis and lamellipodia formation in ovarian cancer cell lines via PI3K, VEGF and caspase 3 pathways.
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Introduction

Opvarian cancer remains the most common cause of death from
gynecological malignancies [1,2]. Primary treatment of ovarian
cancer is surgical resection of visible disease followed by adjuvant
chemotherapy, usually consisting of a combination of platinum-
based and taxane-based chemotherapy. Given that recurrence and
metastasis seriously affect the prognosis of ovarian cancer, the five-
year survival rate for all stages of ovarian cancer has been
estimated to be 35-38% [3,4]. Thus, the study of new second-line
chemotherapy drugs, which inhibit the metastatic and recurrence
processes of ovarian cancer, have become the focus of recent
research interest as their development may improve five-year
survival rates.

Anacardic acid (AA) is a mixture of 2-hydroxy-6-alkylbenzoic
acid homologs and is commonly found in plants of the
Anacardiaceae family [5,6]. It is a dietary component found in
cashew apple (dnacardium occidentale) and ginkgo (Ginkgo biloba)
leaves and fruits. AA acts as a mitochondrial decoupler of
oxidative phosphorylation [7] and sensitizes human tumor cells to
lonizing radiation by inhibition of histone acetyltransferase activity
[8]. AA has also shown certain antitumor activities in prostate
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cancer, lung carcinoma and breast carcinoma, as well as some
other cancers, and is thought to exert its action via various
mechanisms [9-13]. Recently, an increasing number of studies
have investigated the role of AA in cancer, with the hope that it
can be eventually applied in clinical treatment. However, the
function of AA in ovarian cancer has remained unknown. Thus,
our study demonstrates the role and potential mechanisms of AA
in ovarian cancer for the first time.

Materials and Methods

Cell culture

Opvarian carcinoma cell lines, SKOV3 (serous papillary cystic
adenocarcinoma), HO8910 (serous cystic adenocarcinoma) and
highly invasive HO8910 (HO8910-PM), were purchased from
ATCC. Cisplatin-resistant SKOV3 (SKOV3/DDP) was pur-
chased from the Tumor Cell Bank of the Chinese Academy of
Medical Science (Peking, China). Cells were maintained in RPMI
1640 medium (HO8910, HO8910-PM and SKOV3/DDP) and
McCoy’s 5A medium (SKOV3) supplemented with 10% fetal
bovine serum (FBS), 100 units mL~" penicillin (SKOV3/DDP
was also supplemented with 20 ng mL~" Cisplatin, (DDP) and
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100 ug mL ™" streptomycin. Cell lines were kept in a humidified
atmosphere of 5% COy at 37°C with or without AA treatment
(Sigma, Saint Louis, America). All cells were harvested by
centrifugation after cells were exposed to trypsin, rinsed with
phosphate buffered saline (PBS) and subjected to total protein
extraction by sonication in radio-immunoprecipitation assay

(RIPA) buffer.

Proliferation assay

Cell Counting Kit-8 (CCK-8, Xiongben, Japan) was employed
to determine the number of viable cells via a colorimetric assay.
Briefly, 2.5x10% cells/well were seeded to a 96-well plate and
allowed to adhere. At different time points, 10 pL. of CCK-8
solution was added into each well of the plate and the plate was
subsequently incubated for 3 h at 37°C prior to recording of the
optical density at 450 nm.

Cell cycle analysis

After incubation for 48 h at 37°C in an atmosphere of 5% CO,,
cells were detached by trypsinization, collected, washed twice with
PBS and fixed in 10 mL ice-cold ethanol (70%) for at least 2 h.
The cells were washed twice with PBS again and incubated with
500 uL RNase (0.25 mg mL™") at 37°C for 30 min. The cells
were pelleted, resuspended in propidium iodide (PI) at a
concentration of 50 ug mL ™" and incubated in the dark at 4°C
for 30 min. Cell cycle analysis was performed by analysis of PI
staining by flow cytometry.

Apoptosis assay

Flow cytometry was performed following staining with PI and
FITC-labeled annexin V (KeyGEN Biotech, Nanjing, China)
according to the manufacturer’s protocol to detect phosphatidyl-
serine externalization as an endpoint indicator of early apoptosis in
the cells. Briefly, after incubation for 48 h at 37°C in an
atmosphere of 5% COg, cells were washed twice with ice-cold
PBS, resuspended in 1x binding buffer at a concentration of
1x10° cells mL~" and then incubated with 200 pL 1x binding
buffer and 10 L FITC-annexin V. Samples were gently vortexed
and incubated for 15 min at 25°C in the dark, then 300 uL 1x
binding buffer and 5 pL. PI were added to each tube. Samples
were gently vortexed and incubated for less than 1 h at 25°C in
the dark. Flow cytometry was performed within 1 h of incubation.

Wound-healing assay

Cells were seeded at a density of 1.0x10° cells/well in 6-well
culture plates. After they had grown to confluency, the cell
monolayer was scratched with a pipette tip (200 uL) to create a
scratch. The cells were then washed with PBS three times and
cultured in FBS-free medium. Cells were photographed at 0, 12,
24, 48 and 72 h (n=9) and the scratched areas were measured
using Image software. The wound-healing rate was calculated
according to the following formula:

Wound-healing rate = (Area of original wound — Area of actual
wound at different times)/Area of original wound x100%.

Cell invasion assays

For the invasion assay, 5x10* cells were resuspended in FBS-
free RPMI-1640 and seeded into the top chambers of Matrigel-
coated Transwell inserts (BD Bioscience, San Jose, CA, USA). The
lower compartment of the chamber contained 10% v/v FBS as a
chemoattractant. After incubation for 48 h at 37°C in an
atmosphere of 5% COg, the cells on the upper surface of the
membrane were wiped away, and the cells on the lower surface of
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the membrane were washed with PBS, fixed in 100% methanol
and stained with crystal violet dye to quantify the extent of
Invasion.

Real-time reverse transcription polymerase chain
reaction (real-time RT-PCR)

Total RNA was extracted from the ovarian carcinoma cell lines
using TRIzol (Takara, Kyoto, Japan). Real-time RT-PCR was
performed from 2 pg of total RNA using AMV reverse
transcriptase and random primers (Takara, Kyoto, Japan). PCR
primers were designed according to the sequences in GeneBank
and are listed in Table S1. Amplification of cDNA was performed
according to the manufacturer’s protocol using an SYBR Premix
Ex Taq II kit (Takara, Kyoto, Japan) and GAPDH as an internal
control. Briefly, RT-PCR amplification of cDNA for each primer
was carried out in a final volume of 20 pL, containing 10 uL
SYBR Premix Ex Taq (x2), 0.08 uL. primers, 0.4 pL. ROX
reference dye and 1 uL template ¢cDNA (50 ug uL™"). The
protocol parameters were as follows: initial incubation at 95°C
for 30 s followed by 40 cycles of denaturation at 95°C for 5 s and
annealing at 60°C for 34 s. All the PCR experiments were
accompanied with a no-template control and GAPDH as an
mnternal control. The relative gene expression level (the amount of
target normalized to the endogenous control gene) was calculated
using the comparative CT method: 9 AL The sequences of
primers for real-time quantitative PCR are supplied in Table S1.

Western blot analysis

Protein assays were performed according to the Bradford
method using the Bio-Rad protein assay kit (Bio-Rad, Hercules,
CA, USA). Denatured proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12%
acrylamide gels, and then transferred to Hybond-membranes
(Amersham, Germany). The membranes were blocked overnight
in 5% skimmed milk in Tris-buffered saline with Tween 20
(TBST; 10 mM Tris-HCL, 150 mM NaCl, 0.1% Tween 20). For
immunoblotting, the membranes were incubated for 1 h with the
primary antibody, rinsed with TBST and incubated with anti-
rabbit, anti-mouse or anti-goat IgG antibodies conjugated to
horseradish peroxidase (HRP; Dako, Carpinteria CA, USA) at a
dilution of 1:1000. After applying enhanced chemiluminescent
(ECL)-Plus detection reagents (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), the protein bands were visualized using an X-ray
film (Fujifilm, Tokyo, Japan). The immunoblots were washed with
western blotting (WB) stripping buffer (pH 2—3; Nacalai, Tokyo,
Japan) and probed using a monoclonal antibody specific for -
actin (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Immunofluorescence

Cells were grown on glass coverslips, fixed with PBS containing
4% formaldehyde for 10 min and permeabilized with 0.2% Triton
X-100 in PBS for 10 min at room temperature. After washing with
PBS, the cells were incubated overnight at 4°C with Alexa Fluor
594 Phalloidin (Invitrogen, Carlsbad, CA, USA) to enable the
lamellipodia to be visualized. Nuclei were stained with 1 ug mL ™"
(DAPI; Sigma—Aldrich St Louis, MO, USA) for 15 min at 37°C.
The coverslips were then mounted with SlowFade Gold Antifade
Reagent (Invitrogen, Carlsbad, CA, USA) and observed under a
confocal laser microscope (Olympus, Tokyo, Japan).

Statistical analysis

Statistical evaluation was performed using Spearman’s rank
correlation coefficient to analyze ranked data, and the Mann—

June 2014 | Volume 9 | Issue 6 | €99361



Whitney U test to differentiate the means of different groups. A p-
value of <0.05 was considered statistically significant. SPSS v.
10.0 software (SPSS, Chicago, IL, USA) was employed to analyze
all data.

Results

The effects of anacardic acids on the ovarian carcinoma
cells

Two pairs of cell lines, SKOV3 and SKOV3/DDP cells, and
HO8910 and HO8910-PM cells, were exposed to AA (0 uM,
2.5 uM, 5 pM, 10 pM, 15 uM, 20 uM)and subjected to CCK-8
proliferation assays (Figure 1A, p<<0.05). SKOV3, SKOV3/DDP,
HO8910 and HOB8910-PM cells showed stronger proliferation
when treated with AA compared with control cell lines. We found
that the function of AA in promoting proliferation was positive
correlated with its concentration, 10 uM AA can promote
proliferation significantly, then we select 10 uM, 15 uM, 20 pM
as experimental conditions to complete the following experiment.
AA treatment induced S proliferation in SKOV3 and SKOV3/
DDP cells; conversely, AA induced G1 arrest in HO8910 and
HO8910-PM cells (Figure 1B, p<<0.05). Flow cytometric apoptosis
analysis showed that AA treatment (15 pM) inhibited late
apoptosis in SKOV3, SKOV3/DDP, HO8910 and HO8910-
PM cells (Figure 2, p<<0.05), and wound-healing and invasion
assays showed that AA promoted cell migration and invasion in a
concentration-dependent manner (Figure 3A and B, p<<0.05). In
addition, AA exposure induced lamellipodia formation in all four
cell lines, as indicated by the F-actin structure (Figure 4).

The mRNA and protein expression of phenotype-related
molecules in ovarian carcinoma cells after exposure to
AA

After treatment with AA, the mRNA expression levels of
caspase 3 in SKOV3, SKOV3/DDP, HO8910 and HO8910-PM
cell lines were lower than those observed in control cells. In
contrast, the mRNA expression levels of PI3K and VEGF were
higher than those of control cells (Figure 5A, p<<0.05). Western
blot analysis of the protein expression levels showed that AA
exposure up-regulated PI3K and VEGF protein expression, and
down-regulated caspase 3 protein expression in both cell-line pairs
(Figure 5B, p<<0.05).

Discussion

AA is commonly found in plants of the Anacardiaceae family
and is a dietary component found in cashew apple (Anacardium
occidentale) and ginkgo (Ginkgo biloba) leaves and fruits and is found
in a number of medicinal plants that have potential activity against
cancer cell lines [14-15]. Several studies have reported that AA
plays an anticancer role, which may associated with the reduced
expression of survivin and X-linked inhibitor of apoptosis protein,
which are anti-apoptotic proteins associated with cellular survival
and radioresistance, and the radiosensitization of pituitary
adenoma cells [16]. AA also plays an antibacterial role and a
previous study focused on structure—activity relationships revealed
that the carboxyl group on the aromatic ring and an unsaturated
side chain in the anacardic acid derivative are important for
motility inhibition and the lytic activity of AA against zoospores
[17]. It also plays a role as an anti-oxidant and demonstrates anti-
obesity and anti-inflammatory activities [18-20].

AA inhibits the activation of both the inducible and constitutive
expression of nuclear factor-kappa B (NF-kB), which is activated
by carcinogens and growth factors, and is thought to potentiate
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apoptosis in tumor cells at a concentration of 25 pM [9].
Meanwhile, a previous study has shown wvia a series of
investigations, such as the detection of cytotoxicity, the expression
of relevant proteins and Ca®" mobility, that AA induces
ER(Endoplasmic Reticulum) stress and autophagy in lung cancer
cells at a concentration of 10 uM [10]. Wound healing migration
assays, Iranswell migration assays and mouse model assays have
additionally suggested that AA may function as a potent tumor
angiogenesis inhibitor by targeting the Src/FAK/Rho GTPase
signaling pathway, leading to significant suppression of prostate
tumor growth at low dosage levels (5-50 pM) [11]. AA has been
shown by a series of experiments, including cell cycle analysis, R'T-
PCR and WB, to inhibit LNCaP cell proliferation by inducing
G1/8S cell cycle arrest and apoptosis at concentrations of 5, 25,
125 uM [12]. However, AA has not been applied in clinical
situations, although many people are thought to take it as a
healthcare supplement. It should be noted that, in contrast to some
other cancers, our present study suggests that AA may promote
proliferation and inhibit apoptosis in ovarian cancer cells,
indicating that the function of AA in ovarian cancer cell lines is
a controversial issue.

The related molecular mechanisms of AA in ovarian carcinoma
cells has, to date, remained unknown. To investigate the related
mechanisms in ovarian cancer cells, we selected two pairs of
ovarian carcinoma cell lines based on their drug resistance and
mvasive abilities (SKOV3 and SKOV3/DDP, and HO8910 and
HO8910-PM, respectively). Our experimental studies showed that
AA significantly induced cell viability in ovarian cancer cells at
15 uM. It should be noted that, although AA induced cell
proliferation in all cells in a concentration- and time-dependent
manner, both the drug-resistant (SKOV3/DDP) and highly
invasive (HO8910-PM) cells showed greater sensitivity to AA
exposure, which may be due to their greater proportion of stem
cells (tumor-initiating cells) or the increased stem cell-like
properties of these cells. AA treatment induced S proliferation in
SKOV3 and SKOV3/DDP cells; conversely, it induced G1 arrest
in HO8910 and HO8910-PM cells. Flow cytometric apoptosis
analysis showed that treatment with AA inhibited late apoptosis in
SKOV3, SKOV3/DDP, HO8910 and HO8910-PM cells. There
was a case reported, in breast cancer cell, AA may preferentially
inhibit ER-ot (estrogen receptor-o)-positive breast cancer cell
proliferation by direct estrogen receptor DNA binding domain
(ER DBD) interaction[13]. We further complete immunofluoresce
experiment to detect the expression of ER in four ovarian cancer
cell lines, the result showed that four ovarian cancer cell lines all
have ER expression. Then we suggest that ER-negative or ER-
positive may not effect AA’s function on ovarian cancer cell lines,
the difference between AA’s function on breast cancer cell lines
and ovarian cancer cell lines may through different routes. To
investigate this finding further, we assessed apoptosis pathway-
related indicator, caspase 3 [25-27], and found that its mRNA
and protein expression levels were significantly lower in cells
exposed to AA. In disagreement with some experiments [28-31].
Consequently, we considered that AA may have a pro-tumor
function in ovarian carcinoma.

To study this finding further, we examined a number of other
indicators and found that the expressions of PI3K mRNA and
protein in ovarian cancer cells treated with AA were higher when
compared to untreated control cells. Our data are in accordance
with that of Zachary et al. [21], who reported that the PI3K/
AKT/mTOR pathway is diverse and affects equally diverse
aspects of ovarian tumor development, progression and patient
survival. Several experiments have been conducted to investigate
targeted cancer therapy via the PI3K pathway. Indeed, a recent

June 2014 | Volume 9 | Issue 6 | €99361



Anacardic Acid’s Action on Ovarian Cancer Cells

SKOV3 HO8910 HO8910-PM
10.0 30.0
——0 L ——0 —-0
W 25 80t L e 25uM 250 o 2.5uM
z SuM z & - SuM Za0b M
;E 20 10uM 'E 6.0 i 10uM i) - 10uM
5 | ——20uM 2 e 20uM 7 1501 — 20uM
~ = 40r i > .=° 100 |
Sl S T il e
20 ] |
0.0 " " " 0.0 0.0 s g
Oh 12h 240 48h Oh 12h 24h  48h Oh 12h
SKOV3 e AA15KM = 80
o= Sova - m ctr
| Sops Bocs =£ B 10 =M
3 H 60 O 15 um
G1:63.41% 1 G1:59.62% s
$1419% $2755% 240t
G2:17.40% 1 G2:1283% o *
: 32| *
|1 1 1 T 0
o (r%uls(éz‘ﬁo L - © crefes 2 - G, S G,
SKOV3/DDP AA 150M
Oozcn | ; ctr
] =z T % M 10 »m
= (m]
2 * 15 um
G155.89% 3 P t pe »
$3030% $4236% Ty
G2:431% 3 G213 %% =
®
o2
0 40 8 120 160 . 0 I L E!I:I_
Chamels FL2-A) S G:
HO8910 Trowem AA 158M e
o= 3] 80
= Sy a
PN T o
= u
G1:%63% G153.20% 1 60 | O 15 um
$31.17% $:2639% 'tg
G2:12.20% Y
G2:10.41% S w}
o
o
8 i m
l [
T Mresiley @O T el TO® 0 G S G
1 2
HO8910-PM oo AA 15RM T 80
— oo * % i
= 60f O 15 sm
GLSOT% G1:61.39% :
$294T% $2479% 2
G2:19.32% G2:13.13% T a0
-9
2
= 20}
®
o
0 | T
@ Chanels lFL"?A) : O e rL2'D fod G, S G,

Figure 1. The effects of anacardic acids on the proliferation and cell cycle of ovarian carcinoma cells. CCK-8 cell proliferation assays
show that AA treatment of SKOV3 and SKOV3/DDP, and HO8910 and HO8910-PM cell-line pairs induces cell proliferation (A). AA treatment induced S
proliferation in SKOV3 and SKOV3/DDP cells, and G1 arrest in HO8910 and HO8910-PM cells (B). * p<<0.05. Results are representative of three separate
experiments; data are expressed as the mean * standard deviation.

doi:10.1371/journal.pone.0099361.g001
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Figure 2. The effects of anacardic acids on the apoptosis of ovarian carcinoma cells. Flow cytometric apoptosis analysis shows that AA
treatment inhibits late apoptosis in SKOV3, SKOV3/DDP, HO8910 and HO8910-PM cells. * p<<0.05. Results are representative of three separate

experiments; data are expressed as the mean = standard deviation.
doi:10.1371/journal.pone.0099361.g002

prospective, large-scale genomic analysis has shown that the
PI3K/AKT pathway is frequently deregulated in high-grade
serous ovarian tumors [22-23]. PI3K can be considered as a
major mediator of survival signals that protect ovarian cancer cells
from apoptosis induction [24]. For this reason, we presume that
AA may promote proliferation in ovarian cancer via the PI3K
pathway. Furthermore, our study has shown that AA promotes cell
migration and invasion in a concentration-dependent manner, and
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AA exposure induces lamellipodia formation in all four cell lines
studied, as indicated by the closely concentrated F-actin structure.

We also detected invasion and metastasis-related indicators and
found that the expression levels of VEGF mRNA and protein in
AA-treated cells increased compared to control cells. VEGEF is well
known as one of the main growth factors involved in vessel
formation [32,33]. Evidence suggests that the abnormal expression
of VEGF in ovarian cancer is closely associated with tumor
invasion and metastasis [34,35]. As we have discussed above, AA
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Figure 3. Effects of anacardic acids on the invasive and metastatic ability of ovarian carcinoma cells. Wound-healing assays show that
AA treatment increases the ability of SKOV3, SKOV3/DDP, HO8910 and HO8910-PM cells to migrate in a concentration-dependent manner (A).
Treated cells also exhibit invasive potential (B). * p<<0.05. Results are representative of three separate experiments; data are expressed as the mean *

standard deviation.
doi:10.1371/journal.pone.0099361.g003

plays a diverse role in various cancers and acts through multiple
pathways. For example, the potent inhibitory activity of AA on
VEGF-stimulated migration, capillary structure formation, attach-
ment and paxillin activation in endothelial cells has previously
been reported [11]. However, in our study, AA was found to
promote the expression of VEGF mRNA and protein in ovarian
cancer cells. Therefore, we speculate that AA may promote

migration and invasion in ovarian cancer via the VEGF pathway.

A BOYE

W SKOV3/DDP

HO8910-PM

Control

In conclusion, we suggest that AA may potentiate proliferation,
invasion and metastasis via the PI3K and VEGF pathways in
ovarian cancer cell lines. However, the aberrant specific molecular
mechanisms of AA in ovarian carcinoma need further study and its
clinical manipulation also needs to be cautiously considered in

future work.

15uM (AA)

Figure 4. Effects of anacardic acids on the lamellipodia formation of ovarian carcinoma cells. AA exposure induces lamellipodia

formation in all four cell lines as indicated by the F-actin structure.
doi:10.1371/journal.pone.0099361.g004
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Figure 5. The mRNA and protein expression of ovarian carcinoma cells treated with anacardic acids. Effects of AA exposure on the
mRNA expression levels of proliferation and apoptosis-related molecules, and their corresponding proteins, in the ovarian carcinoma cell-line pairs
using real-time RT-PCR (A) and western blot analysis (B). * p<<0.05. Results are representative of three separate experiments; data are expressed as the

mean * standard deviation.
doi:10.1371/journal.pone.0099361.9005

Supporting Information

Table S1 Primer sequences selected for real-time RT-
PCR
(DOC)
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