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a b s t r a c t

Thymoquinone, a therapeutic phytochemical derived from Nigella sativa, has been shown to have a
potent anticancer activity. However, it has been identified that the tumor microenvironment (TME) can
attenuate the anticancer effects of thymoquinone (TQ) in ovarian cancer. Lysophosphatidic acid (LPA), a
lipid growth factor present in high concentration in the TME of ovarian cancer, has been shown to
regulate multiple oncogenic pathways in ovarian cancer. Taking account of the crucial role of LPA in the
genesis and progression of ovarian cancer, the present study is focused on assessing the efficacy of TQ in
inhibiting LPA-stimulated oncogenic pathways in ovarian cancer cells. Our results indicate that TQ is
unable to attenuate LPA-stimulated proliferation or metabolic reprogramming in ovarian cancer cells.
However, TQ potently inhibits the basal as well as LPA-stimulated migratory responses of the ovarian
cancer cells. Furthermore, TQ abrogates the invasive migration of ovarian cancer cells induced by Gai2,
through which LPA stimulates cell migration. TQ also attenuates the activation of JNK, Src, and FAK, the
downstream signaling nodes of LPA-LPAR-Gai2 signaling pathway. In addition to establishing the dif-
ferential effects of TQ in ovarian cancer cells, our results unravel the antitherapeutic role of LPA in the
ovarian cancer TME could override the inhibitory effects of TQ on cell proliferation and metabolic
reprogramming of ovarian cancer cells. More importantly, the concomitant finding that TQ could still
sustain its inhibitory effect on LPA-stimulated invasive cell migration, points to its potential use as a
response-specific therapeutic agent in ovarian cancer.
© 2020 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Thymoquinone (TQ) is a bioactive naturally occurring phyto-
chemical derived from the seeds of the plant Nigella Sativa. Its che-
mopreventive and anti-tumorigenic effects are well-
characterized.1e4 TQ has been shown to have pleotropic anti-cancer
effects including chemopotentiation, anti-inflammation,
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immunomodulation, and radiosensitization.5 TQ has been shown to
inhibit multiple tumorigenic signaling nodes such as those involved
in cell proliferation, epithelial to mesenchymal transition, invasive
cell migration, and metastasis in addition to inducing apoptosis in
many different cancers.1 In addition, TQ has been shown to enhance
chemosensitivity in many cancers including cisplatin-response in
ovarian cancer cell lines.6e8 In ovarian cancer context, TQ has been
demonstrated to induce both the inhibition of cell proliferation and
induction of apoptosis.9e11 However, using mouse model of ovarian
cancer, it has also been noted that the tumor microenvironment can
limit the efficacy of the anti-oncogenic effects of TQ.11 Our previous
in vivo and in vitro studies have shown that the lipid growth factor
LPA, synthesized and secreted by the ovarian cancer cells is present in
high concentration in the ascites of ovarian cancerpatients.12e14With
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GAPDH Glyceraldehyde 3-phosphate dehydrogenase
LPA Lysophosphatidic Acid
LPAR Lysophosphatidic Acid Receptor
TQ Thymoquinone
FAK Focal Adhesion Kinase
ROS Reactive Oxygen Species
JNK Jun n-terminal kinase
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its ability to stimulate multiple oncogenic signaling pathways in
ovarian cancer cells as well as cancer-associated fibroblasts, LPA has
been identified as the critical growth factor present in the ovarian
cancer TME. While the pleotropic effects of thymoquinone (TQ) are
extensively studied, no studies thus far have investigated the anti-
cancer effects of TQ in the presence of LPA in ovarian cancer. There-
fore, in the present study, we investigated whether LPA has any
negative effect on the anticancer inhibitor activities of TQ on LPA-
induced proliferation, migration, and metabolic programming in
ovarian cancer cells. Results from our study indicated that while TQ
does not affect the LPA-stimulated proliferation or metabolic
reprogramming of ovarian cancer cells. Rather, TQ stimulated these
responses in a context-dependent manner. On the contrary, TQ
potently inhibited both basal and LPA-induced cell migration and
invasion of a panel of ovarian cancer cells. Analyses of the down-
stream signaling pathways indicated that the inhibition of cell
migration and invasion by TQcould be corelatedwith the attenuation
of LPA-stimulated motogenic signaling nodes comprising Jun kinase
JNK), Src and Focal Adhesion Kinase (FAK). Collectively, our results
point to two therapeutically relevant correlates: 1) TQ has no inhib-
itory effect on basal or LPA-induced cell proliferation and metabolic
reprogramming inovarian cancer cells; and2)Nonetheless, TQ is able
to inhibit LPA-induced invasive cell migration and associated onco-
genic signaling nodes, thus identifying its potential as a response-
specific therapeutic phytochemical in vivo. Furthermore, these find-
ings provide an experimental paradigm in which the differential ef-
fects of TQ in the presence and absence of LPA could be analyzed so
that improved strategies for effective cancer prevention and therapy
could be developed.

2. Materials and Methods

2.1. Cell lines

OVCA429, SKOV3, HeyA8, OVCAR3, and OVCAR8 cells were
cultured and maintained as previously described.12,15,16 Patient
derived cell line ASC022415 was isolated from the ascites samples
of patients at the Stephenson Cancer Center, University of Okla-
homa Health Science Center, Oklahoma City, OK, USA as described
previously.12 The study was approved by the OUHSC Office of Hu-
man Research Participant Protection Institutional Review Board
and samples were collected with the consent of the patients. The
ascites derived ovarian cancer cells were maintained in MCDB:
DMEM (1:1) supplemented with 10% FBS and 50 mg/mL strepto-
mycin. For serum-starvation, the above media without serum was
supplemented with 0.1% BSA Fraction V, heat-shock, fatty acid
ultra-free (Roche, Indianapolis, IN), 50 U/mL penicillin and 50 mg/
mL streptomycin (Mediatech). Lysophosphatidic acid (1-oleoyl-2-
hydroxy-sn-glycero-3-phosphate) was obtained from Avanti Polar
Lipids (Alabaster, AL) and dissolved into 10 mM stock solutions in
PBS with 0.1% BSA and stored at �80 �C until use. Thymoquinone
(2-Isopropyl-5-methylbenzo-1,4-quinone), obtained from Cayman
Chemical (Ann Arbor, MI), was dissolved into 10 mM stock solution
in DMSO and stored in �20 �C until use. The concentrations of
thymoquinone and LP that were determined by dose response
curves for each cell-types and the optimal concentration at the
linear range of the curve was used in these studies. All cells were
transfectedwith a Nucleofector II system from Lonza (Allendale, NJ)
using the provided transfection protocol for cells following our
previously published methods. 2 � 106 cells per transfection
cuvette were transfected with Gai2QL (5 mg) or pcDNA3 (5 mg
vector) as indicated. After transfection, the cells were plated on
60 mm plates and allowed to adhere overnight. The following day
the media were changed and the cells were allowed to grow for
48 h. Transfectants were serum-starved for 18 h and treated with
TQ, LPA, or TQ þ LPA along with vehicle controls.

2.2. Cell proliferation assay

5-bromo-2′-deoxyuridine (BrdU) assay. BrdU incorporation
was carried out according to previously published procedures with
some modifications.17 HeyA8 and OVCA429 cells were grown on
12-mm cover slips in 6-well plates. Following serum starvation for
16 h, these cells were treated with DMSO or Thymoquinone (TQ)
(10 mM) for 1 h and stimulated with LPA (10 mM) or none for 24 h. At
22 h, the cells were pulsed with 1x solution (1 mM) of 5-bromo-2-
deoxyuridine (Calbiochem, EMD Chemicals Inc.) for 2 h. Cells were
fixed by 3% paraformaldehyde, and the DNA was denatured using
2 M HCl. The fixed cells were washed 3 times with PBS and incu-
bated with 1:200 dilution of monoclonal BrdU antibodies (EMD
Chemicals Inc.) for 1 h followed by 1:200 dilution of goat anti
mouse IgG labeled with Alexa Fluor 488 dye (#A-11001; Thermo
Fisher). Cells were co-stained with DAPI (0.5 mg/mL; Roche Mo-
lecular Biochemicals) for nuclear staining to monitor the total
number of cells. Slides were mounted with ProLong Gold antifade
reagent (Invitrogen). BrdU-labeled as well as DAPI-stained total
cells were analyzed using a Nikon Eclipse TE2000 inverted epi-
fluorescence microscope (20x magnification). Using ImageJ soft-
ware (National Institutes of Health), the number of BrdU-labeled
cells in relation to DAPI-labeled total number of cells was calcu-
lated. Results were expressed as a percentage of S phase cells
(mean ± SEM, n ¼ 3).

2.3. Cell migration assays

Automated single cell tracking migration assay: OVCAR8 cells,
cultured in RPMI1640 mediumwere seeded in serum-free medium
at a density of 10,000 cells per well into collagen-coated CellCar-
rier-96 Ultra microplate (6055708, PerkinElmer). After overnight
cultivation, cell migration was stimulated by addition of 10% FBS.
Live cell imaging was performed using an Operetta high-content
imaging system equipped with a temperature and CO2 control
option set to 37 �C and 5% CO2 (PerkinElmer). Directly after addition
of the compounds, microplates were placed onto the pre-heated
Operetta system and incubated for 30 min. After incubation, digi-
tal phase contrast images were acquired at 10X magnification (10X
high NA objective) using Operetta’s automatic digital phase
contrast algorithm. Digital phase contrast images were acquired
using a 20X high NA objective for 24 h at imaging intervals of
15 min. Migrating cells were tracked and imaged using automated
single cell tracking algorithm of the Harmony high-content imaging
and analysis software (PerkinElmer).

Ex vivo wound healing assay: Ex vivo wound healing assay was
carried out as described previously by our group.16,18 5 � 105 cells
were seeded into 60 mm culture dishes in 10% FBS media and
allowed to adhere overnight. Cells were then washed three times
with PBS and incubated in serum-deprived media for 24 h. A linear



Fig. 1. Effect of TQ on LPA-stimulated Proliferation of Ovarian Cancer Cells. HeyA8 and OVCA429 cells were grown on coverslips. The cells were serum starved then treated with TQ
(10 mM) and stimulated with LPA (10 mM). BrdU was pulsed and stained as described in the Methods. Stained OVCA429 (A) and HeyA8 (B) cells were imaged using Nikon Eclipse
TE2000 inverted epifluorescent microscope (20x magnification). Percent S phase cells were quantified as ratio of BrdU (green) to DAPI (red) stained cells (Mean ± SEM; n ¼ 3).
Results are presented as percent S phase cells (Right Panels).
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scratch wound was made across the cell monolayer using the sharp
end of a 200 mL sterile pipette tip. The cells were washed with
serum-free media to remove cellular debris. Fields of view (at 100�
magnification) were selected at random along the linear wounds
and imaged using an Olympus CK40 microscope and Kodak DC290
camera system. The photographed fields were marked with a felt
tip marker to allow re-identification at the next time-point. The
cells were then incubated with serum-free media containing 10 mM
LPA, or serum-free media alone for the control. After 24 h incuba-
tion, the fields of view were identified and re-imaged.

Invasive Cell Migration Assay: Cell migration was monitored us-
ing a transwell chamber assay as previously described.12,16,18,19 Cell
culture inserts (polyethylene terephthalate membrane with 8.0 mm
pores #353097, BD Biosciences, Franklin Lakes, NJ) were coated
with rat-tail collagen, type 1 (BD Biosciences). 5 � 104 cells in
200 mL serum-free media were placed in the well of the companion
plate. The companion plate wells contained 500 mL of control
serum-free media and serum-free media with 10 mM LPA or 10%
FBS. The cells were incubated for 20 h and the non-migrating cells
on the proximal side of the inserts were removed with a cotton
swab. The migrated cells on the distal side of the insert were fixed
and stained with Hema color (EMD Chemicals, Inc., Gibbstown, NJ).
Migrated cells were then enumerated with the images obtained
from random fields of view at 10X magnification.
2.4. Seahorse XFe96 Extracellular Flux analysis

The extracellular acidification rate (ECAR) was determined in
Seahorse XFe96 Extracellular Flux analyzer (Agilent, Billerica, MA)
using the XF Glycolysis Stress Kit, according to the manufacturer’s
instructions, following our previously published methods.12,13

Initial analyses were carried out with cell numbers ranging from
1 � 104 cells/well to 6 � 104 cells/well with 1 � 104 cells increment
and observed that therewere no cell number dependent changes in
the experimental results. Results using 2 � 104 cells/well are pre-
sented. The data was analyzed and exported using the Seahorse
Wave software (Agilent, Billerica, MA) to the GraphPad Prism (La
Jolla, CA) to obtain the graphs and bar charts and also carry out
statistical analyses.

2.5. Immunoblot analysis

Antibodies to Gai2 (Sc-7276), ERK (sc-154), and FAK (sc-557)
were from (Santa Cruz Biotechnology, Dallas, TX) whereas anti-
bodies to JNK (9258), Src, Phospho-ERK1/2 (4370), p-JNK (9251),
Src (2123), p-Src-Tyr416 (2101), p-FAK (3281), GAPDH (5174) were
from Cell Signaling (Beverly, MA). Amersham ECL HRP-conjugated
anti-rabbit IgG (NA9340V) and anti-mouse IgG (NA931V) were
purchased from GE Healthcare Life Sciences (Madison, WI).



Fig. 2. Effect of TQ on LPA-induced metabolomic reprogramming of ovarian cancer cells. ASC022415 cells derived from ovarian cancer patient were pretreated with 10 mM TQ (A) or
10 mM Curcumin (B) for 1 h, following which, they were stimulated with LPA (10 mM) for 6 h. ECAR flux (Left Panel) and glycolytic rate (Right Panel) were plotted. Representative
analysis from a set of three independent experiments (mean ± SEM; n ¼ 9) is presented. Statistical significance was determined by Student t-test (***, P < 0.0005).
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Immunoblot analyses were carried out according to our previously
published methods.18e20 The blots were developed using Super-
Signal West Dura Extended Duration Substrate Reagent (34076)
from Thermo Fisher Scientific (Waltham, MA). The blots were
imaged using Kodak Image Station 4000 MM.

Statistical analysis: All statistical analysis was performed using
GraphPad Prism (La Jolla, CA) by two-tailed student’s t-test with
Welch’s correction.

3. Results

3.1. Effect of TQ on LPA-stimulated proliferation of ovarian cancer
cells

Antiproliferative effect of TQ is well characterized to inhibit the
proliferation of diverse types cancer cells.21 We have shown pre-
viously that LPA, a lipid growth factor present in the ascites of
ovarian cancer TME, stimulates the proliferation of ovarian cancer
cells through the activation of its cognate G-protein couple re-
ceptors and downstream G proteins. In light of the observation that
TME limits the efficacy of TQ in ovarian cancer, we investigated
whether LPA could impede the inhibitory effect of TQ on the pro-
liferation of ovarian cancer cells. This was carried out using
OVCA429 cells that were treatedwith TQ in the presence or absence
of 10 mM LPA along with the appropriate non-treated controls. Cell
proliferation was monitored using nucleotide incorporation assay
using BrdU. Our results indicated that LPA stimulated cell prolifer-
ation by in OVCA429 cells (Fig. 1A) and HeyA8 (Fig. 1B) cells.
However, pretreatment of these cells with 10 mM TQ failed to have
any inhibitory effect on LPA-induced proliferation in these cells,
suggesting that TQ does not affect the basal or LPA-induced pro-
liferation in ovarian cancer cells. Our results with HeyA8 cell line,
which is derived from murine xenograft, indicated that TQ-
treatment stimulated the proliferation in HeyA8 cells even in the
absence of LPA.

3.2. Effect of TQ on LPA-induced metabolomic reprogramming of
ovarian cancer cells

Many cancer cells resort to aerobic glycolysis to meet the
increased biosynthetic and energy needs of the tumor growth and
progression.22,23 One of the anticancer effects of TQ relates to its
ability to inhibit aerobic glycolysis in cancer cells.24 We have
recently demonstrated that LPA induces glycolytic shift in ovarian
cancer cells to augment the biosynthetic and energy needs of the
cancer cells. Therefore, we tested whether TQ could inhibit aerobic
glycolysis induced by LPA using ovarian cancer patient-derived
cells. Results from our analysis indicated that LPA stimulated



Fig. 3. Effect of TQ on ovarian cancer cell migration. OVCAR8 cells (104) were plated in 96-well plate in serum free media. After 16 h of incubation, the cells were treated with FBS
(10%) or TQ (10, 20, or 40 mM). Every 15 min digital phase contrast images were captured on PerkinElmer Operetta for 24 h. Cell displacement was tracked using Harmony 4.3
software and representative cell tracked images (A) are presented. Mean square displacement, accumulated over time for all of the cells were quantified and presented (B).
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glycolytic shift in these ASC022415 cells as previously reported by
us.12 However, TQ failed to inhibit such LPA-induced glycolytic shift
in these cells (Fig. 2A). In contrast, curcumin, which was used as a
positive control in these cells, abrogated the stimulatory response
elicited by LPA (Fig. 2B).
3.3. Effect of TQ on LPA-induced cell migration and invasion

LPA has been well characterized to promote migration and in-
vasion of ovarian cancer cells.25 Therefore, we investigatedwhether
the ability to inhibit ovarian cancer cell migration and invasion
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could be compromised by LPA. We carried out initial analysis to
confirm the potential of TQ to inhibit motogenic response in
ovarian cancer cells. This was carried out by live cell imaging using
an automated single cell tracking migration assay in Operetta Hight
Content Imaging system. OVCAR8 cells were serum-starved and
cell migration was monitored in the presence of 10% FBS with or
without the pretreatment of different concentration of TQ. Control
cells showed weaker cell migration as indicated by the shorter cell
tracks exhibited by a fewer number of cells (Fig. 3A). In the presence
of serum, the motogenic response is greatly increased with a
greater number of cells showing longer cell tracks. More impor-
tantly, the pretreatment of the cells with TQ inhibited themigration
of these cells. A temporal analysis with different doses of TQ further
confirmed the ability of TQ to inhibit and decelerate the rate of
migration of ovarian cancer cells as indicated by the dose-
dependent decrease in the mean square displacement rate over
time (Fig. 3B).

Next, we analyzed the ability of TQ to inhibit LPA-stimulated cell
migration of ovarian cancer cells using an ex vivo wound-healing
assay. SKOV3 or HeyA8 cells, pretreated with TQ, were stimulated
with 10 mM LPA along with appropriate controls. Our results indi-
cated that TQ drastically inhibited LPA-stimulatedmigration of these
cells (Fig. 4A and B). To interrogate the effect of TQ on LPA-stimulated
invasive migration of these cells, we monitored the migration of
these cells treated as above using collagen I-coated transwell assay.
As shown in Fig. 4C and D, TQ potently inhibited LPA-stimulated
invasive migration in both the ovarian cancer cell lines.
3.4. TQ attenuates LPA-induced motogenic signaling nodes

Focusing on defining the motogenic signaling nodes targeted by
TQ in LPA-stimulated cells, we investigated the effect of TQ on the
putative downstream signaling nodes regulated by LPA-LPAR
signaling. Our recent studies have shown a critical role for LPA-
stimulated Gai2 in ovarian cancer cell migration.26e28 Constitu-
tively activated mutants of Gai2 has been shown to activate the
downstream signaling responses in a receptor-independent man-
ner.26e28 Therefore, we interrogated whether the activated mutant
of Gai2 could stimulate invasive migration of ovarian cancer cells
and if so, whether TQ could inhibit such response. As shown in
Fig. 5A, the expression of the activated mutants of Gai2 stimulated
the invasive migration of OVCAR3 cells by more than 50% (66%) in
these cells.

Next, we investigated the effect of TQ on the signaling pathways
activated by LPA-LPAR-Gai2 in promoting invasive cell migration.
We have previously shown that LPA-LPAR-Gai2-signaling nexus
stimulates invasive migration of ovarian cancer cells through the
activation of JNK, Src, and FAK.15,27,28 Therefore, we investigated
whether TQ inhibits LPA-stimulated activation of any or all of these
kinases. SKOV3-ip cells that were stimulated with LPA, following
which theywere treatedwith 10 mMTQ for 1 h. Cells were lysed and
the lysates were subjected to immunoblot analyses using anti-
bodies to the Jun kinase, Src, or FAK. The blots were stripped and
Fig. 4. Effect of TQ on LPA-induced migration and Invasion of ovarian cancer cells. Effect of T
SKOV3 cells (B) were plated (1 � 106 cells/dish) and allowed to adhere overnight. Cell wer
Linear scratch wounds were made with 200 mL pipette tips across the monolayer of cells to
with 10 mM LPA along with appropriate controls. At 0 h, fields of view (10x) were selected a
imaged after 24 h of incubation. The images presented are representative of three indepen
closure and the migration inhibition percentage were quantified. Error bars are presented as
migration was carried out using a transwell assay. HeyA8 (C) or SKOV3 (D) cells suspended
insert. Each well of the companion plate contained 500 mL media containing serum-free m
(10 mM). The cells were incubated for 24 h. Nonmigrating cells on the proximal side of the in
insert were fixed stained with Hemacolor. Images were obtained of random fields of view
periments, each performed with triplicate fields. Migrated cells were quantified from three
over control (Right Panel).
reprobed with the antibodies for the respective activated kinases.
As shown in Fig. 5B, TQ robustly inhibited the activation of JNK,15,29

c-Src, and FAK, all of which have been identified by us and others as
regulatory signaling nodes involved in LPA-mediatedmigration and
invasion of ovarian cancer cells.26,27,30 Together, our results indicate
that while LPA could override the inhibitory effect of TQ on cell
proliferation and metabolic programming, TQ proves effective in
inhibiting the motogenic nodes regulated by serum as well as LPA
in ovarian cancer cells.
4. Discussion

The medicinal use of Nigella sativa - from which TQ has been
extracted - dates back to at least two millennia.31 Anticancer ac-
tivity of TQ as well as its chemopreventive role has been well
established in many cancer models characterized.1e4 However,
using a xenograft mouse model of ovarian cancer, it has been
observed that the long-term treatment of TQ has a deleterious ef-
fect in ovarian cancer xenograft growth with the attenuation of its
therapeutic efficacy.11 The observed blunting of the therapeutic
activity of TQ was attributed to “microenvironmental effects”. LPA
forms the major autocrine and paracrine oncogenic lipid growth
factor in TME of ovarian cancer. We demonstrate here that the ef-
fects of TQ are attenuated by LPA in a context-specific manner and
we identify LPA as one of the tumor-microenvironmental factors
that can alter the efficacy of TQ. While TQ had little or no effect on
cell proliferation (Fig. 1) or metabolic reprogramming (Fig. 2A), it
potently inhibited the invasive cell migration or motogenic
response stimulated by LPA (Figs. 3e5). While TQ had no effect on
the basal or LPA-stimulated proliferation of OVCA429 cells (Fig. 1A),
it stimulated the basal proliferation rate of HeyA8 cells (Fig. 1B). It is
significant to note here that HeyA8 cells were originally obtained
from an ovarian cancer cell line derived xenograft that was
passaged through immune-deficient mouse.32,33 Many of the
xenograft-derived human cancer cell lines often lose their original
characteristics due to adaptive changes they have undergone in
response to the murine tumor microenvironment.34 Thus, it is
possible that the atypical response observed in HeyA8 cells is due to
the altered phenotype of HeyA8 cells, primed by themurine TME. It
is of interest to note here that the observed pro-mitogenic effect of
TQ is somewhat analogous to the TME-induced pro-tumorigenic
effect of TQ observed in ovarian cancer xenografts in mouse.11

Further analyses with a greater number of xenograft-derived cells
should be able to define the mechanism underlying pro-mitogenic
effects of TQ in cells. In addition, we have shown previously that
ovarian cancer cells synthesize and release LPA in the culture me-
dium, forming an autocrine stimulatory loop.13 Thus, it is possible
that the failure of TQ to inhibit cell proliferation in OVCA429 cells
(Fig. 1A) could also be due to the presence of such autocrine loop.
Considering the fact that ovarian cancer is continuously bathed in
ascites that contain high concentration of LPA, it can be envisaged
that LPA in the tumor microenvironment of ovarian cancer modu-
lates the activities of TQ.
Q on cell migration was determined using an ex vivowound-healing assay. HeyA8 (A) or
e serum-starved for 16 h and treated with 0.5 mM Mitomycin-C to arrest cell division.
initiate the wound-healing assay. Cells were pretreated with TQ for 1 h and stimulated
t random, photographed and marked for re-identification. The identical fields were re-
dent experiments, each performed with triplicate fields of view. Percentage of wound
mean ± SEM for triplicate experiments (Right Panels). The effect of TQ on invasive cell
in 200 mL (5 � 104), serum-free media were placed in the upper well of the transwell
edia (control) or serum-free media containing 10 mM LPA (LPA) with or without TQ
serts were removed with a cotton swab and the migrated cells on the distal side of the
at 10X magnification. The images shown are representative of the 3 independent ex-
independent experiments (mean ± SEM; n ¼ 3) and plotted as percent migrated cells



Fig. 5. Effect of TQ on LPA-stimulated motogenic signaling nodes. Inhibitory effect of TQ on the invasive migration stimulated by the activated mutant of Gai2 was carried out using
the transwell assay as described under Materials and Methods. Invasive migratory response of OVCAR8 cells transiently expressing the constitutively activated mutant of Gai2
(Gai2QL) along with pcDNA3 vector control cells were subjected to transwell assay with or without TQ (10 mM). At 24 h, images were obtained from random fields of view at 10X
magnification. Presented images are representative of three independent experiments, each carried out with triplicate fields of view (A). Cell migration profiles were quantified by
recording the number of migrated cells in three different fields from three independent experiments (Mean ± SEM; n ¼ 3). Results were plotted as percent migrated cells over
control (B). Expression of the transfected Gai2QL was monitored by immunoblot analysis using antibodies to Gai2. The blot was stripped and reprobed with GAPDH to monitor
equal loading of protein (C). Effect of TQ on the activation profile JNK, Src, and FAK were monitored using the SKOV3 cells. Serum starved SKOV3 cells were pretreated with TQ
(10 mM) for 1 h then stimulated with LPA (10 mM) for 10 min. Lysates from these cells were analyzed for the activation of JNK (D), Src (E) and FAK (F) by immunoblot analysis for
phosphorylation of the proteins. The blot was stripped and re-probed with antibodies to GAPDH to monitor equal loading of proteins. Results from a representative experiment are
presented (n ¼ 3).
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It should also be noted here that TQ treatment led to an increase
in the basal as well as LPA-stimulated glycolytic activity in these
cells (Fig. 2A). Although the mechanism by which TQ increases the
glycolytic shift in ovarian cancer cells was not interrogated in the
present study, this can be attributed primarily to the ability of TQ to
induce the generation of ROS.24,35 Our previous studies have shown
that LPA-induced glycolytic shift in ovarian cancer cells involve the
generation of ROS.12 Thus, it is more likely that the ROS generated
by TQ promotes glycolytic shift synergizing with LPA in this pro-
cess. Curcumin was used only as a positive control in this study to
demonstrate its ability to inhibit LPA-induced glycolytic shift
(Fig. 2B). In this regard, it is of significance to note that curcumin
effectively inhibits LPA-induced glycolytic shift as opposed to TQ
(Fig. 2B). This finding has significant chemopreventive and thera-
peutic value as it indicates that the anticancer effect(s) of TQ could
be compensated by other phytochemicals that are insensitive to
LPA.

While TQ was not effective in inhibiting LPA-stimulated cell
proliferation and metabolic reprogramming, it potently inhibited
LPA-stimulated invasive cell migration, which is critical for
intraperitoneal metastatic spread of the disease. We have previ-
ously shown that LPA stimulated the migration of ovarian cancer
cells through the stimulation of G-protein coupled LPA-receptors
(LPARs).15,26e28 We have also shown that LPA-LPAR stimulated
cell migration involves the activation of downstream Src and FAK
kinases through the stimulation of G protein Gi2.15,26e28 Our
studies demonstrating the ability of TQ to inhibit invasive cell
migration stimulated by the activated mutant of Gai2 and the
downstream JNK, Src, and FAK, indicate that the signaling nodes
targeted by TQ are downstream of the G-protein Gi2 (Fig. 5). While
the present study does not focus on defining the mechanisms by
which TQ inhibits these kinases, previous studies have shown that
TQ could inhibit the activation of JNK in a context specific manner
through the inhibition of the upstream kinase Apoptosis signal-
regulating kinase 1 or interleukin-1 receptor-associated kinase
1.36,37 Similarly, TQ has also been shown to inhibit the activation of
Src through the induction of Src homology-2 phosphatase with
the resultant inhibition of Src- and downstream FAK-
activities.38e40

As summarized in Fig. 6, TQ exhibits a complex multiplexed
mode of activities in ovarian cancer cells. Its inhibitory or stim-
ulatory effect on cell proliferation appears to be cell-type
dependent with no effect LPA-stimulated proliferative response.
In the case of metabolic reprogramming of ovarian cancer cells,
TQ rather stimulates and synergizes with LPA in promoting
metabolic reprogramming. However, TQ retains its anticancer
activity in ovarian cancer cells by potently inhibiting the basal as
well as LPA-stimulated invasive migration of ovarian cancer cells.
Based on this paradigm, it can be concluded that the anticancer
activity of TQ on LPA-regulated oncogenic responses in ovarian
cancer cells appears to be cellular context- and response-specific.
It is more likely that similar context- and response-specific tumor
microenvironmental cues are involved in mitigating the anti-
cancer efficacy of other phytochemicals in other cancers as



Fig. 6. Schematic Representation of the differential effects of TQ on LPA-stimulated oncogenic pathways in ovarian cancer cells. TQ stimulates and synergizes (þ) with the metabolic
reprogramming induced by LPA via its receptor (LPAR) in ovarian cancer cells. The dotted line represents the potential role of ROS in mediating this effect. TQ had no effect
(OVCA429) or stimulatory effect (HeyA8) on ovarian cancer cells in a context-specific manner (þ/�). TQ potently inhibits (�) both the basal and LPA-induced invasive migration by
down regulating the activities of JNK, Src, and FAK that are downstream of LPA-LPAR-Gai2 signaling in a panel of ovarian cancer cells.
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well. From a clinical point of view, defining the response-specific
anticancer activities of phytochemicals in the presence of the
cancer-specific tumor microenvironmental factors could lead to
the development of effective combination therapy with com-
plementary phytochemicals for cancer prevention and adjuvant
therapy.
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