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ABSTRACT 

 
 One of the essential aspects of the pathological nature of ovarian cancer is the 

activity of lysophosphatidic acid (LPA), a constitutively produced lipid mediator that is a 

potent agonist of signaling cascades that promote tumor growth and survival, including 

the PI3K/ Akt, MAPK/ ERK, and NF-κB pathways. We found that these signaling 

cascades are increased in SKOV3 ovarian carcinoma cells when stimulated with LPA. 

Furthermore, each of these pathways is positively regulated by reactive oxygen species 

(ROS), which are becoming increasingly recognized as having signaling capabilities. We 

observed that LPA causes increased ROS production in SKOV3 cancer cells, which led us 

to question if ROS served as second messengers in the aforementioned survival signaling 

pathways. We challenged SKOV3 cells with antioxidant treatments in the presence of 

LPA to examine their effects on cell proliferation and Akt, ERK, and NF-κB activation. 

Two antioxidants, N-acetyl-cysteine (NAC), curcumin, and EUK-134 each considerably 

reduced cell proliferation, as well as NF-κB activity. EUK-134 also diminished LPA-

stimulated Akt and ERK activation. We observed that these signaling pathways were 

similarly abolished by diphenyleneiodonium chloride (DPI), a compound that is known to 

inhibit NADPH oxidase, a primary source of ROS in non-phagocytic cells. Finally, we 
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found that DPI decreased LPA stimulated ROS production in our model ovarian cancer 

cell line.  

Our findings revealed that ROS is a necessary signaling component in the survival 

response of SKOV3 cells to LPA activation. Likewise, we demonstrated that NADPH 

oxidase is likely a primary source of ROS generation for intermediate signaling in this 

model system. From this study, we concluded that antioxidant therapies may prove useful 

in combination with current treatment regimens to successfully reduce the severity of 

ovarian cancer.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
INTRODUCTION 

 
Ovarian cancer is the fifth leading cause of death in women because of the lack of 

early detection and frequent development of resistance to chemotherapy. Moreover, 

because early stages of the disease are asymptomatic, more than two thirds of patients 

with ovarian cancer present with advanced and essentially unmanageable metastatic 

disease (98). Such patients are commonly characterized by symptoms involving the 

peritoneum, bowel and omentum, the most significant being accumulation of ascites fluid 

in the patients’ abdominal cavities. This fluid stimulates ovarian cancer cell proliferation 

in vitro as well as in vivo (98), which is related to the increased amounts of 

lysophosphatidic acid (LPA) in the fluid (91, 93, 96) (1 – 80 µM) (43). LPA in ascites 

fluid is produced by the ovarian tumors, and ovarian cancer cells in culture constitutively 

produce and release this lysophospholipid (51).  

Alkyl and acyl LPAs stimulate ovarian cancer cell proliferation, survival, 

invasiveness, and resistance to chemotherapeutic treatment (5, 89, 98). They elicit these 

responses through G protein-coupled receptors (96) belonging to the endothelial-cell-

differentiation gene family (Edg/ now referred to as LPA receptors). LPA receptors are 

aberrantly expressed in ovarian cancer (5, 96) and many other cancers (10, 61). LPA 

receptors variably activate heterotrimeric G proteins Gαi Gαq Gα12/13 to initiate a variety 

of cell signaling pathways, in turn regulating the expression of multiple genes, including 

early response genes (c-fos, c-myc, and Egr-1, and COX-2) (87) that induce the 

production of diverse growth factors and cytokines (e.g. interleukin-6 and interleukin-8). 

Expression of such genes is associated with a poor initial response to chemotherapy and a 

poor prognosis in ovarian cancer. These clinical findings are associated with the function 
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of LPA receptor-regulated genes in promoting cell motility and migration (62), 

chemotaxis, vascular remodeling, angiogenesis, proliferation, survival, and metastasis 

(31, 51).  

LPA also induces proliferative signaling through the generation of second 

messengers. Recently reactive oxygen species (ROS) have become recognized as 

intermediate signaling molecules in the proliferation of non-phagocytic cells. Previous 

findings demonstrated that superoxide is able to stimulate proliferation in a range of 

human cell lines, including smooth muscle cells (25) and leukemic cells (84). Low 

concentrations of hydrogen peroxide were also mitogenic (14). Furthermore, human 

tumor lines have even been found to produce increased amounts of ROS (90), suggesting 

that these molecules contribute to the promotion of cancer phenotypes. ROS promote cell 

survival through the reversible activation or inhibition of pro-proliferative and regulatory 

signaling proteins (73).  

The sources of the reactive species in non-phagocytic cells are NADPH oxidases 

(NOXs), multimeric complexes that produce superoxide through the movement of 

electrons from NADPH to oxygen molecules (40). Roles are known for NOX isoforms in 

agonist-induced signaling, and overexpression of certain NOX isoforms is linked to 

increased basal and stimulus-induced activation of proliferative signaling pathways that 

are frequently altered in progression of carcinogenesis (4). Importantly, NOX expression 

is critical for the aggressiveness of prostate cancer cells. Chemical inhibition of NOX 

proteins in several prostate cancer cell lines inhibits their ROS generation, proliferation, 

and invasiveness (39). In addition, inhibition of NOX5 expression induces apoptosis in 
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DU145 prostate cancer cells, indicating the necessity of NADPH oxidase generated 

reactive oxygen species for survival of various cancers (11).  

One particularly important downstream effector stimulated by both LPA receptor 

activation and ROS activity is the serine/ threonine kinase, Akt. Stimulation of LPA 

receptors activate PI3-kinase, generating phosphatidylinositol - 3,4,5 - triphosphate 

(PIP3), a critical lipid for Akt activation (96).   Following phosphorylation by 3-

phosphoinositide-dependent kinases 1 and 2 (PDK 1,2), activated Akt  targets proteins 

involved in cell survival (NF-κB activation (17, 76, 85), Bad inhibition, caspase 9 

inhibition, p53 degradation) (96) and cell growth and proliferation (mTOR activation (32, 

96), cyclin D1 accumulation (29,83), Ras/ MAP kinase pathway activation (83)). PTEN 

counters these events, regulating PI3K/ Akt signaling by dephosphorylating 

phosphoinositol lipids, thereby controlling proliferation and cell survival. (66) Deletion 

of the PTEN gene or loss of function mutations occurs in many human malignancies, but 

most particularly ovarian cancer. (99) Redox activation of the PI3K/ Akt pathway can 

occur through H2O2-induced active site oxidation (42, 43) or S-nitrosylation of the PTEN 

phosphatase (49), both of which are reversible inhibition reactions. Additionally, Akt can 

undergo direct oxidation (reviewed in 44).  

LPA and ROS also dually modulate the extracellular signal regulated/ mitogen 

activated protein kinase (ERK/ MAPK) cascade in some cancer models, and is thought to 

be important in the proliferation and survival of ovarian cancers. Stimulation of this 

pathway occurs through the activation of the G-protein Ras, which causes sequential 

activation of the Raf, MEK and ERK kinases. Activated ERK translocates into the cell 

nucleus, where it phosphorylates the transcription factor ELK-1 to initiate the 
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transcription of survival, proliferation, and differentiation genes (38). Studies in a murine 

model indicate the importance of ERK 1/2 signaling in the cellular survival response, as 

knockouts of upstream activators of ERK prove to be fatal (71). Furthermore, alterations 

that result in constitutive activation of the ERK/ MAPK pathway are also associated with 

breast cancer (88) and leukemia (36). ERK signaling is important to chemoresistance in 

cancer, as inhibition of ERK signaling sensitizes ovarian cancer cell lines to cisplatin (28, 

72). Mutations resulting in constitutive ERK activation include inappropriate Ras (26, 65) 

and Raf (15, 60, 81) activity, MEK and ERK overexpression (78, 88), increased number 

of MAPK encoding genes (58, 59), and aberrant activation by proteins in parallel 

signaling cascades (34).  

Another major signaling checkpoint affected by ROS is the pro-survival 

transcription factor NF-κB, a molecule associated with proliferation, angiogenesis, and 

apoptosis suppression (1). NF-κB has been identified as a redox-sensitive transcription 

factor, as it can be activated by hydrogen peroxide (84). Also, decreasing the levels of the 

intracellular antioxidant glutathione causes IκB phosphorylation, leading to NF-κB 

activation (62, 84).  IκB phosphorylation triggers NF-κB activity, as the transcription 

factor is retained in the cytoplasm by this inhibitory protein. Various stimuli trigger 

upstream activation of IKK proteins, serine kinases that induce ubiquitination and 

proteosomal degradation of IκB, allowing NF-κB to translocate to the nucleus for 

transcription of anti-apoptotic genes. Aberrant NF-κB expression and activity have been 

identified with multiple cancers (75), and links have already been established between 

increased NF-κB activity and chemotherapy resistance in some ovarian cancer models 

(55).  ROS are demonstrated to have a role in NF-κB function in ovarian cancer, as 
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treatment with the antioxidant curcumin caused a decline in NF-κB activity in ovarian 

cancer cell lines and subsequent reductions in cell viability and resistance to 

chemotherapy (51). ROS control of NF-κB is thought to occur through direct 

mechanisms, specifically targeting subunits of NF-κB (70) and indirect mechanisms 

through oxidant modification of upstream kinases, such as IKK (33) and Akt, which is an 

activator of IKK (57).  

The relationship of LPA- and reactive oxygen species-mediated signaling has 

been described in other cell types such as HeLa cells (16) and smooth muscle cells (35), 

but this interaction is not well documented in ovarian cancer cells. Akt and ERK 

represent potential signaling junctions between LPA and ROS activation.  This is 

supported by the concept that Akt and ERK pathways are upregulated during oxidative 

insult (23), and that agents that prevent upstream receptor activation also prevent oxidant 

activation of Akt and ERK (79, 98, 37). Because ROS seemingly modulates proliferative 

pathways that are LPA activated in ovarian cancers, we questioned whether the two 

molecules were linked in the promotion of proliferation and survival of ovarian cancer 

cells.  This study examined the role of ROS as intermediates in LPA-induced Akt and 

ERK signaling in SKOV3 ovarian cancer cells. The findings suggest that ROS are 

essential to SKOV3 cell survival and that NADPH oxidase may be a critical source of 

ROS in these cells. The data also implicates NF-κB as an important component in the 

LPA- ROS- survival/ proliferation cascade. 
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MATERIALS AND EXPERIMENTAL PROCEDURES 

  
 Reagents and antibodies – ERK, Akt, phospho-ERK, and phospho-Akt specific 

antibodies were purchased from Cell Signaling Technology. 18:1 lysophosphatidic acid 

(LPA, alkyl and acyl) was from Avanti Polar Lipids, Inc. DMEM, RPMI 1640 medium, 

and Opti-MEM I + Glutamax media were from Invitrogen. Lipofectamine transfection 

reagent was also from Invitrogen. Cell Titer 96 AQueous One solution reagent was 

purchased from Promega Corporation. Ki16425 was from Sigma-Aldrich. N-palmitoyl-L-

serine phosphoric acid and carbamyl- PAF were from Biomol International, LP. 

VPC32183 was purchased from Avanti Polar Lipids, Inc. The pNiFty-SEAP reporter 

construct plasmid was from Invivogen. The Great escAPe SEAP detection kit was 

purchased from Clonetech. Diphenyleneiodonium chloride was from Calbiochem. Euk-

134 was from Cayman Chemical. Curcumin and N-acetyl-cysteine was purchased from 

Sigma-Aldrich. H2DCFDA was from Invitrogen. Sulforhodamine B was from Sigma-

Aldrich.  

  
Cell Culture and Transfection– SKOV3 epithelial ovarian carcinoma cells were 

grown and maintained in RPMI 1640 medium, supplemented with 10% fetal calf serum 

(FCS), L-glutamine, penicillin and streptomycin. CaOV3 epithelial ovarian carcinoma 

cells were grown and maintained in DMEM, supplemented with 10% fetal calf serum 

(FCS), L-glutamine, penicillin and streptomycin. Cells were kept at 37°C incubation with 

5% CO2. SKOV3 cells were transfected with the pNiFty-SEAP reporter construct to 

measure in vitro stimulus-mediated NF-κB activity. Briefly, cells were plated at 60% 

confluency. The following day, 2.4 µg of pNiFty-SEAP plasmid was added to cells using 
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Lipofectamine transfection reagent according to the manufacturer’s instructions. The 

plates were incubated overnight at 37°C, 5% CO2. 

Western Blotting – Cells were plated at 1x106 cells per dish in 60-mm dishes. The 

cells were then incubated in RPMI 1640 medium without serum for 12 – 18 hours prior to 

LPA stimulation. Serum-deprived cells were incubated with 1 μM LPA (in 1% BSA) 0.5 

– 1 hour prior to harvesting. Cells were harvested by washing with cold, Ca2+ free PBS 

and scraping into lysis buffer containing 50 mM Tris-HCl, 100 mM NaCl, 2mM EDTA, 

0.1% SDS, 0.5% sodium deoxycholate, 1mM PMSF, 10 μg/ mL aprotinin, 10 μg/ mL 

leupeptin, 50 mM NaF, and 1mM sodium vanadate. Samples were stored at -20°C 

overnight, then sonicated with 10 x 1 second bursts and centrifuged for 10 minutes at 

16,000 x g. Supernatant protein concentration was measured by the Pierce BCA protein 

assay. Proteins (10 – 60 μg) were loaded onto 10 – 12% SDS polyacrylamide gels, 

resolved by electrophoresis (30 mA/ gel), and transferred to nitrocellulose membranes 

(Schleicher and Schuell). Membranes were blocked with 5% milk in 1X TBS-T buffer. 

Blocked membranes were incubated in primary antibodies per manufacturer’s 

instructions, washed 3 times for 10 minutes in 1X TBS-T, incubated in secondary 

antibodies, washed again, and antibody bound proteins were detected with Supersignal® 

West Pico chemiluminescence reagent. The proteins were visualized by autoradiography.  

 

 96-well plate proliferation assay – Cells were plated at 1.5 x 103 cells per well to 

a final volume of 200 μL media per well. Cells were incubated at 37°C and 5% CO2 

overnight and challenged as indicated. Proliferation was assayed using Cell Titer 96 

AQueous One solution reagent (ProMega Corporation) per the manufacturer’s 
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instructions. Absorbance was measured at 450 nm using a Molecular Devices VersaMax 

tunable microplate reader. 

 

NF-κB Activity Assay- Activity of NF-κB was evaluated by a chemiluminescent 

method using the Great EscAPe SEAP detection kit (BD Biosciences) per manufacturer’s 

instructions. Cells were transfected with the pNiFty-SEAP NF-κB activity reporter 

plasmid, containing the DNA binding sequence coupled to genes encoding a secretable 

form of alkaline phosphatase. Transfected cells were plated at 2 x 105 cells per 35 mm 

plate for each experimental condition. Media samples containing secreated alkaline 

phosphatase were collected in 96 well plates and reacted with a chemiluminescent 

substrate. Chemiluminescence was measured using a MicroLumat Plus LB 96 V 

luminometer; Berthold Technologies, Oak Ridge, TN. 

 

Sulforhodamine B Cell Protein Assay - The sulforhodamine B (SRB) assay was 

used to determine cell proliferation, based on the measurement of cellular protein content. 

SKOV3 cells were plated in 96 well plates at 1.5 x 103 cells per well and incubated 

overnight at 37°C, 5% CO2. The cells were then deprived of serum for 18 hours, and 

treated as indicated in the results section. Cellular reactions were stopped by removing 

the culture media and fixing the cells with 10% (w/v) trichloroacetic acid, followed by 

staining with sulforhodamine B (0.4% w/v in 1% acetic acid) for 10 min. The excess dye 

was removed by washing repeatedly with 1% (vol/vol) acetic acid. The protein-bound 

dye was finally dissolved in 10 mM Tris base solution for OD determination at 564 nm 

using a Molecular Devices VersaMax tunable microplate reader. 
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 ROS Measurement by DCF fluorescence - SKOV3 cells (2.5 x 104) were plated in 

3 ml RPMI supplemented with 10% FBS in 1 well Lab-Tek II Chambered Coverglasses 

and allowed to grow for 24 hours. Cells were incubated overnight in RPMI without 

serum, before adding 50 mM H2DCFDA for 15 minutes.  Cells were washed with media, 

and DCF fluorescence was visualized every 30s for 30-35 minutes using a Zeiss LSM510 

laser scanning confocal microscope. DPI (10 μM) was added 1 minute prior to 

stimulation with 10 nM 18:1 alkyl LPA.  
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RESULTS 

SKOV3 Cells Show Increased Proliferation over CaOV3 cells.  

The proliferation of SKOV3 cells was compared to that of CaOV3 ovarian cancer 

cells under standard culture conditions as described in the methods and materials. Cells 

were plated at 1.5 x 104 cells per well, and using a 96 well MTS assay, we measured the 

proliferation of the two cell types at 24 hour intervals. Relative cell density was measured 

as a function of optical density at a wavelength of 450 nm. The SKOV3 cells proliferated 

to twice the amount of the CaOV3 cells over the course of 96 hours (Figure 1).  

SKOV3 cells survive in the Absence of Serum.  

Many ovarian carcinoma cells synthesize lysophosphatidic acid (LPA), which 

contributes to their capability to survive under conditions where growth factors are 

limited. Eder et al. (20) determined that SKOV3 cells constitutively produce LPA, which 

enhances their proliferation and anti-apoptotic signaling. We determined the capability of 

the SKOV3 cells to proliferate without growth factor supplementation as an indicator as 

to whether their constitutive growth factor production was sufficient to maintain their 

viability.  To determine if the SKOV3 cells were able to maintain proliferation in the 

absence of serum, we compared the proliferation of the cells with or without 10% serum.  

While proliferation decreased in the absence of serum, the SKOV3 cells were still able to 

survive without serum (Figure 2), suggesting that the cells were producing factors that 

promote their survival and proliferation.   
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Figure 1.  Proliferation rate of carcinoma cell lines. SKOV3 and CaOV3  cells were 

plated into 96-well plates at 1.5 x 103 cells per well in RPMI 1640 media or DMEM 

media (CaOV3) supplemented with 10% FCS. Cell proliferation was monitored at 24 

hour intervals for 96 hours using the Promega Cell Titer 96 Aqueous One Solution 

Reagent. Forty microliters of cell titer reagent was added to each well and incubated for 2 

hours at 37 °C. Absorbance was measured at 450 nm and is expressed as an average of 

triplicate measurements.  
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Figure 1 
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Figure 2. SKOV3 cells proliferate in the absence of serum. SKOV3 cells were plated 

into 96 well plates at 1.5 x 103 cells per well in RPMI-1640 media supplemented with 

10% FBS. After 18 hours, the media was removed and replaced with either fresh RPMI 

with 10% FBS (closed squares) or lacking serum (open squares). Cell proliferation was 

monitored at 24 hour intervals for 96 hours using the Promega Cell Titer 96 Aqueous 

One Solution Reagent as previously described. Data are expressed as an average optical 

density at 450 nm + the standard error of two independent experiments in triplicate. 
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Figure 2 
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18:1 Lysophosphatidic Acid stimulates Akt and Erk Phosphorylation in SKOV3 

Ovarian Cancer Cells.  

 Akt and ERK signaling cascades represent two of the most critical survival 

networks in ovarian cancer. The PI3K/ Akt pathway is responsible for the transmission of 

anti-apoptotic signals often observed in tumorigenesis (reviewed in 27).  Akt 

phosphorylates and inhibits pro-apoptotic transcription factors in the Forkhead family 

(13), as well as the cyclin dependent kinase inhibitors p21/Cip1 (46) and p27/ Kip1 (48) 

MAPK/ ERK activation inhibits apoptosis by preventing the release of cytochrome c 

from mitochondria (22). We determined the effect of LPA on Akt and ERK 

phosphorylation in the two ovarian cancer cell lines. CaOV3 and SKOV3 cells stimulated 

with 1 µM LPA showed increased ERK activation over controls, beginning at 10 and 30 

minutes, respectively, with noted stimulation still present at 6 hours (Fig. 3A & B). LPA 

also stimulated Akt phosphorylation in the SKOV3 cells beginning at 30 minutes, but had 

no detectible effect on the phosphorylation of Akt in the CaOV3 cells. PTEN is the major 

regulatory phosphatase of the PI3-K/ Akt pathway, functioning through the 

dephosphorylation of inositol phospholipids (56). Western analysis revealed that PTEN 

levels were moderately high in CaOV3 cells, while in SKOV3 cells the protein levels 

were observed to be considerably lower (Figure 3C). The lack of PTEN likely contributed 

to the enhanced proliferation observed in the SKOV3 cells.   
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Figure 3. LPA induces Akt and ERK activation in SKOV3 cells. SKOV3 and CaOV3 

cells were plated and harvested as described in Experimental Procedures. A) Cell lysates 

were probed with phospho-Akt (p-S473) or phospho-ERK 1/2 (T202, Y204) specific 

antibodies. Cells were treated with 1% BSA (control) or LPA (1μM) for 10, 30, 60, 120, 

240, and 360 minutes. B) Unstimulated SKOV3 and CaOV3 cell lysates were reacted with 

antibodies specific for PTEN. Western analysis is representative of three independent 

experiments.  
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Figure 3 
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B. CaOV3 
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LPA induces NF-κB transcriptional activity in SKOV3 cells. 

 Nuclear factor kappa B (NF-κB) promotes oncogenesis through the transcription 

of genes that support proliferation (reviewed in 8), metastasis (3, 30), and inhibition of 

apoptosis (97).We tested the effect of LPA stimulation on the transcriptional activity of  

NF-κB in the SKOV3 cell line. The cells were transiently transfected with an NF-κB 

reporter construct and incubated under serum-free conditions for 18 hours prior to 

treatment. One micromolar LPA stimulated a time dependent increase in NF-κB activity 

beginning at two hours, with maximal transcription observed at six hours (Figure 4). This 

observation is consistent with previous findings, by which LPA was found to induce the 

translocation and DNA binding of the p65 subunit of NF-κB (17).   

LPA stimulates increased reactive oxygen species (ROS) generation in SKOV3 cells. 

 

 Reactive oxygen species have been previously identified as having signaling 

function in non-phagocytic cells (reviewed in 77 and 19). Interestingly, many of the 

signaling pathways that are influenced by redox changes in the cell are aberrantly altered 

in the promotion of proliferation and survival of ovarian cancer.  We investigated the 

ROS response due to LPA stimulation in the SKOV3 ovarian cell line. Serum starved 

cells were labeled with 50 mM of the oxidation sensitive fluorescent dye H2DCFDA 15 

minutes prior to stimulation with 10 nM alkyl LPA. Differences in fluorescence intensity 

were noticeable by confocal microscopy between the LPA stimulated and control cells as 

early as 10 minutes post stimulation, with maximal fluorescence observed at 30 minutes 

(Figure 5). Our data agree with Chen, Olashaw, and Wu, who previously reported that 

LPA is capable of stimulating ROS generation in HeLa cells (16).  
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Figure 4. LPA-mediated NF-κB activity in SKOV3 cells. SKOV3 cells were plated in 

35 mm plates at 2 x 105 cells per plate in RPMI 1640 containing 10% FBS. The following 

day the cells were transfected with pNiFty-SEAP  NF-κB reporter construct as described 

in the materials and methods. Transfected cells were stimulated with 1% BSA (Control, 

open circles) or 1 μM LPA (closed circles). Media samples were drawn from each plate 

at the indicated times, and NF-κB activity was measured as a function of secreted 

alkaline phosphatase levels by a chemiluminescent method using the Great EscAPe 

SEAP detection kit (BD Biosciences). Values are representative of two individual 

experiments done in triplicate + standard error.  
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Figure 4 
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Figure 5. LPA stimulates increased ROS generation in SKOV3 cells. Cells were 

plated in 3 mL of RPMI-1640 supplemented with 10% FBS at 2.5 x 104 cells per slide in 

1 well Lab-Tek II Chambered Coverglasses and incubated at 37 °C, 5%  CO2. The 

following day, the media was replaced with serum-free media, and the cells were 

incubated again overnight. Cells were incubated with 50 mM H2DCFDA 15 minutes 

prior to stimulation with LPA (10 nM) or control (1% BSA/PBS). DCF fluorescence was 

visualized every 30s for 30-35 minutes using a Zeiss LSM510 laser scanning confocal 

microscope.  
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Figure 5 
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LPA receptor antagonism inhibits SKOV3 cell proliferation. 

 To evaluate the critical nature of endogenous LPA activity on the proliferation 

and survival of ovarian cancer we used VPC32183 and Ki16425, two structurally 

unrelated competitive antagonists for LPA receptors 1 and 3.  SKOV3 cells were serum 

starved for 18 hours before being challenged with the antagonists. Proliferation was 

measured at 24 hour intervals for 96 hours post treatment. We observed a similar 

inhibitory response to both of the agents, with potent inhibition of proliferation achieved 

at 10 μM (Figure 6).  However, the SKOV3 cells appeared to be more sensitive to 

VPC32183, showing a decline in proliferation as early as 24 hours, while Ki16425 only 

caused a minor reduction in proliferation. The potency of these compounds is reflected by 

the composition of LPA receptors in SKOV3 cells.  Chou et al. (17) found by northern 

blot analysis that SKOV3 cells expressed moderate levels of mRNA for LPA receptors 1, 

2, and 3. We next determined the effect of LPA receptor antagonism on SKOV3 cell 

proliferation in the presence of 10% FCS. By MTS assay, we found that increasing doses 

of VPC32183 had minimal effect on the cells’ proliferation. We did, however, observe 

inhibition of proliferation at 30 μM of the compound (Figure 7). This data implies that 

serum prevents LPA receptor antagonist mediated proliferation suppression of the LPA 

dependent SKOV3 cells. We speculated that the observed effect was due to increased 

levels of LPA in serum (a competitive effect) or through the presence of other supporting 

factors that sustain the cells in the absence of LPA activity. 
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Figure 6. LPA receptor antagonism reduces proliferation of SKOV3 cells. SKOV3 

cells (1.5 x 103) were cultured in 96 well plates in the RPMI supplemented with 10% 

serum overnight. The following day, the culture medium was removed and replaced with 

serum free media containing A) 3% BSA (control) or VPC32183; B) 0.1% DMSO 

(control) or Ki16425. The measure of viable cells was determined as a function of light 

absorbance at the indicated time points using the ProMega Cell Titer 96 AQueous One 

solution assay. Absorbance was measured at 450 nm and is expressed as an average of n 

= 4 + standard error.  
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Figure 6 
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Figure 7. The Effect of VPC32183 on SKOV3 Cell Proliferation in the Presence of 

10% Fetal Calf Serum.  SKOV3 cells were cultured at 1.5 x 103 cells per well in 96 well 

plates containing RPMI 1640 supplemented with 10% FBS and incubated overnight. The 

cells were later switched to A) media without serum or B) fresh media containing serum 

and challenged with the indicated amounts of VPC32183. Cell proliferation was 

monitored at 24 hour intervals for 96 hours using the Promega Cell Titer 96 Aqueous 

One Solution Reagent as previously described. Data are expressed as an average optical 

density at 450 nm + the standard error of three independent experiments in triplicate. 
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SKOV3 NF-κB activity is dependent on LPA activity. 

 We determined the importance of LPA activity on NF-κB transcription in SKOV3 

cells using VPC32183. Figure 8 depicts the effect of the LPA receptor antagonist on the 

induction of NF- κB via LPA stimulation. We observed a dose dependent blocking effect 

of the antagonist, with a three-fold reduction in LPA-mediated NF- κB activity that 

occurred with 10 μM treatment. There was only slightly lower NF- κB inhibition with the 

10 μM concentration. Strikingly, the cells challenged with higher amounts VPC32183 

exhibited reduced NF- κB transcription below the control. This suggested that even basal 

expression of genes under the transcriptional control of NF κB were likely to be mediated 

by endogenous LPA activity.  We also measured the effect of Ki16425 on NF-κB activity 

in SKOV3 cells. At the highest concentration, the LPA receptor antagonist only caused 

approximately a 25% reduction in LPA stimulated NF κB activity, a far weaker effect 

than what was observed in response to challenging SKOV3 cells with the same 

concentration of VPC32183. The effects of the two receptor antagonists on activity of the 

survival gene transcription factor NF κB similarly reflect the variation that we observed 

between the two compounds on cell survival.  This indicates that transcriptional activity 

of NF-κB is important to LPA-mediated survival in SKOV3 cells.  
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Figure 8. LPA receptor antagonism blocks LPA-stimulated NF-κB activity in 

SKOV3 cells. SKOV3 cells (2 x105 cells per plate) were transfected with a reporter 

plasmid containing multiple NF-κB transcription binding sequences coupled to sequences 

encoding a secretable form of the enzyme alkaline phosphatase.  The following day 

transfectants were challenged with either A) control (3% BSA), 1 μM LPA or LPA with 

increasing amounts of VPC32183; B) control (0.01% DMSO),  1 μM LPA, or LPA with 

increasing amounts of Ki16425. NF-κB activity was measured at 6 hours as a function of 

secreted alkaline phosphatase activity on a chemiluminescent substrate. Values are 

expressed as an average of triplicate measurements + standard error. 
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Figure 8 

A.  

 

    B. 

 

LPA                -                       +                       +                       +                       +  
VPC (μM)      0                       0                       5                      10                     15 

LPA                -             -              -               -             +              +              +              +         
Ki  (μM)         0            5             10            15            0             5              10            15 
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LPA receptor antagonism induces SKOV3 cell apoptosis. 

 We previously observed that LPA induced activation of pro survival signaling 

cascades in SKOV3 cells, which we correlated with our findings that the cells were 

capable of proliferation in the absence of serum. In addition, LPA receptor antagonism 

caused a dramatic decline in SKOV3 proliferation. These data taken together 

demonstrated the importance of LPA signaling in this model ovarian cancer cell line. To 

confirm that LPA activity was critical for survival of SKOV3 cells, we measured the 

effect of LPA receptor antagonism on inducing SKOV3 cell apoptosis. Cells were treated 

with increasing concentrations of VPC32183 over the course of 72 hours, and cellular 

protein was harvested as described in the experimental procedures. We assessed 

apoptosis by western blotting, surveying for fragments of degraded PARP. Poly ADP 

Ribose Polymerase (PARP) is a DNA binding molecule that is involved in stress 

activated strand repair (80), and is one of the main substrates for caspase-3, a major 

terminal protease in the apoptotic process.  PARP cleavage is an irreversible process and 

is a functional marker for apoptosis (69). PARP degradation occurred in a dose and time 

dependent manner. We observed cleavage as early as 6 hours post treatment with 15 μM 

VPC32183. By 9 hours post treatment, PARP degradation remained present at the 15 μM 

concentration, but we additionally saw that 10 μM VPC initiated cleavage at this time. 

This trend continued with progressive loss of PARP seen over the course of 72 hours 

post-treatment. These results indicate that LPA is critical for the survival of SKOV3 cells, 

and suggest that ablation of LPA receptor activity is sufficient for triggering apoptosis in 

this cell line.  
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Figure 9 . Blocking LPA receptors induces SKOV3 cell apoptosis. SKOV3 cells were 

cultured at 1 x 106 cells per plate and later switched to media without serum. The cells 

were then challenged for the indicated times with 0, 5, 10, or 15 μM VPC32183 and 

harvested by detergent lysis. Proteins were assayed for the initiation of apoptosis by 

western blotting using antibodies specific for PARP. 
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Reactive Oxygen Species depletion inhibits proliferation of SKOV3 cells. 

  Our previous observation that LPA stimulated increased reactive oxygen species 

generation suggested that the reactive molecules are downstream effectors in LPA- 

mediated signaling in SKOV3 cells. In addition, the same proliferation and survival  

signaling pathways we observed to be upregulated in response to LPA in our model cell 

line have also been described as being turned on in response to oxidation. From this, we 

speculated that reactive oxygen species were important for the ability of SKOV3 cells to 

proliferate in the absence of serum. We investigated this hypothesis by challenging the 

cells with three antioxidants to determine their effect on the cells’ serum-free 

proliferation: Curcumin, the active ingredient from the Turmeric plant (Curcuma longa), 

which is a potent anti-tumor, anti-angiogenic, and antioxidant compound (45, reviewed in 

2 and 86); N-acetyl-cysteine (NAC), an amino acid derivative that is a reactive oxygen 

species scavenger and a precursor of glutathione, an antioxidant that is ubiquitously 

expressed in animal cells (61, 6) and EUK-134, a cytoprotective synthetic                 

salen-manganese complex that has dual function as a superoxide dismutase – catalase 

mimetic. (9, 7)  We first assessed the effect of each of these antioxidant compounds on 

the serum-free proliferation of SKOV3 cells. Cells were plated at 1.5 X 103 cells per well, 

and serum starved 18 hours prior to treatment with increasing doses of the three 

antioxidants. Proliferation was measured by MTS assay at 24 hour increments for 96 

hours. Each antioxidant reduced SKOV3 cell proliferation in a dose dependent manner, 

with curcumin exhibiting the most potency (Figure 10). By 72 hours, 50 μM EUK-134 

caused a remarkable reduction in cell proliferation (36% of control); this effect was 

sustained at 96 hours post treatment. NAC suppressed proliferation of SKOV3 cells at the 
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concentration of 10 mM as early as 24 hours post treatment, but the cells were able to 

rebound from the initial challenge. By 96 hours, 10 mM NAC reduced SKOV3 

proliferation to 41% of control. The 20 mM concentration prevented the SKOV3 cells 

from proliferating, and at 96 hours after dosing, we observed a mild decline in the 

amount of viable cells. Curcumin caused a noticeable reduction in SKOV3 proliferation at 

concentrations as low as 5 μM (71% - 50% of control, 24 – 96 hours). 10 μM curcumin 

completely abolished cell proliferation, and with an increase to 20 μM, we observed a 

rapid decline in cell viability as early as 24 hours after treatment. Our observations that 

antioxidants reduced SKOV3 cell proliferation demonstrate that ROS are essential for the 

maintenance of serum-free proliferation of this ovarian cancer cell line. Taken together 

with our previous observation that LPA stimulated the increased generation of ROS in 

SKOV3 cells, these data suggest that these cells may maintain chronically increased 

levels of ROS as a response to persistent LPA production and activity, which confers a 

proliferation advantage in the absence of exogenous nutrients and growth factors. 

EUK-134 causes partial inhibition of LPA-induced Akt and ERK activation. 

 We used EUK-134 to determine if the reduction in proliferation that we observed 

with ROS depletion reflected changes in SKOV3 survival signaling. By western blotting, 

we surveyed for changes in LPA-stimulated Akt and ERK phosphorylation in response to 

challenging the cells with the SOD/ catalase mimetic. Serum starved SKOV3 cells were 

concurrently challenged with several concentrations of EUK-134 in the presence of 1 μM 

LPA and harvested as previously described. 50 μM EUK-134 noticably inhibited both 

LPA-induced Akt and ERK activation as early as 10 minutes after treatment (Figure 11). 
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Figure 10. Antioxidant treatments decrease cell proliferation. SKOV3 cells were 

cultured at 1.5 x 103 cells per well in 96 well plates containing RPMI 1640 supplemented 

with 10% FBS and incubated overnight. The cells were later switched to media without 

serum and challenged with EUK-134, N-acetyl cysteine, or curcumin. Cell proliferation 

was monitored at 24 hour intervals for 96 hours. At each time, media was removed from 

the cells, and cellular proteins were stained with 0.4% sulforhodamine B. Stained 

proteins were solubilized with 10 mM tris.  Data are expressed as an average optical 

density at 564 nm + the standard error of two independent experiments at n=12. 
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Figure 10   
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Figure 11. EUK-134 decreases LPA induced Akt and ERK activation. SKOV3 cells 

were plated as previously described. Cells were changed to serum free media, and treated 

with 0, 50, or 100 μM EUK-134 in the presence of LPA (1μM) for 10, 30, 60, and 120 

minutes. Cells were harvested and lysates were probed with phospho-Akt (p-S473) or 

phospho-ERK 1/2 (p-T202, p-Y204) specific antibodies. Western analysis is 

representative of two independent experiments. 
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This effect was observed over the course of two hours.  Increased concentrations of EUK 

did not cause any further inhibition than was observed at 50 μM concentration.   These 

data imply that ROS are major second messengers in LPA mediated activation of Akt and 

ERK signaling pathways.  

Antioxidants reduce basal and LPA-stimulated NF-κB activity in SKOV3 cells. 

NF-κB is pro survival transcription factor that activated by reactive oxygen 

species (12, 84, 67).  Because we observed that LPA stimulates increased ROS 

generation and NF-κB activity in SKOV3 cells, we investigated the effect of antioxidants 

on inhibiting NF-κB activity in this model ovarian cancer cell line.  Using the NF-κB 

reporter system, we measured the effects of each antioxidant on LPA-stimulated 

transcriptional activity. EUK-134 caused a 25% reduction of LPA stimulated NF-κB 

activity, except for the 100 μM concentration, which caused a 90% reduction in 

transcription (Figure 12a).  NAC exhibited a moderate dose dependent reduction in NF-

κB activity, with 5 mM  causing a 50% loss of  transcription (Figure 12b). Challenging 

SKOV3 cells with 10 mM NAC resulted in a 77% reduction in NF-κB activity, and by 20 

mM transcription was reduced just above detection.  LPA stimulated NF-κB 

transcriptional activity was potently inhibited by curcumin, with a 36% decrease in 

activity observed with concentrations as low as 1 μM (Figure 12c). Higher amounts of 

curcumin caused a substantial (85%) reduction of NF-κB function. These data confirm 

the importance of ROS in the promotion of survival gene transcription in SKOV3 cells. 

Similarly, Liu et al (52) found that ROS were critical for SKOV3 cell survival and drug 

resistance, as challenging the cells with the antioxidant pyrrolidinedithiocarbamate 

(PDTC) sensitized them to the chemotherapeutic drug paclitaxel.  
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Figure 12. The effect of Antioxidant compounds on LPA stimulated NF-κB activity. 

SKOV3 cells (2 x105 cells per plate) were transfected with a reporter gene for NF-κB 

activity and challenged the following day with either 3% BSA (control), 1 μM LPA or 

LPA with the indicated amounts of EUK-134, N-acetyl cysteine, or curcumin in the 

absence of serum. NF-κB activity was measured at 6 hours as a function of secreted 

alkaline phosphatase induced chemiluminescence. Values are expressed as an average of 

triplicate measurements + standard error. 
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Figure 12 

    

 

             

 

 

A. 

B. 

C. 

  LPA                -              -              -              +             +            +             +             +        

  EUK (μM)      0            50          100            0            10          25            50          100 

LPA             -                -                -               +                +               +               +         

NAC (mM)  0               10              20             0                5               10             20 

 

LPA            -               -              -              +              +             +              +             + 

Cur  (μM)   0             10            20            0              1              5              10          20 
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Diphenyliodonium chloride, a NADPH oxidase inhibitor, diminishes the proliferation 

of SKOV3 cells.  

NADPH oxidase (NOX) is classically considered as an important enzyme for 

ROS-mediated host defense in polymorphonuclear leukocytes, but it is likely a prominent 

source of ROS in non-phagocytic cells. While thought to be required for proliferation and 

differentiation in certain cell types, this family of oxidases might also contribute to the 

mitogenic transformation of cells in tumor formation.  Interestingly, various NOX 

isoforms are overexpressed in cancers of the colon (24, 41), prostate (50), as well as 

primary tumors of the breast and ovaries (18). These findings led us to hypothesize that 

NADPH oxidase was the major source of ROS generation in SKOV3 cells. To test this, 

we used diphenyliodonium chloride (DPI), an inhibitor of flavin proteins that is noted as 

a potent inhibitor of NADPH oxdidase (47, 21, 68). We measured serum free SKOV3 cell 

proliferation in response to DPI treatment over the course of 96 hours using the MTS 

assay (methods section). Strikingly, DPI was able to reduce SKOV3 cell proliferation at 

sub-micromolar concentrations (Figure 13). A 30% reduction in proliferation was 

observed with treatment of 25 nM DPI. Increasing concentrations of DPI caused a 

progressive decline in SKOV3 cell proliferation, with complete stasis of proliferation that 

occurred at 250 nM.  The effect was potentiated when the cells were challenged with 500 

nM DPI. These proliferation data not only suggest that NOX function is critical to the 

serum-free proliferation advantage exhibit by SKOV3 cells, but also that targeting ROS 

generation is more effective than its neutralization in inhibiting the proliferation of these 

cancer cells. Kumar et al (39) found DPI to be equally effective at inhibiting prostate 
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cancer cell proliferation, which implies that aberrant NOX activity may be a ubiquitous 

transforming factor for multiple rapidly proliferating cancers.  

 

LPA stimulated ROS generation in SKOV3 cells is abolished by DPI. 

 ROS are generated in cells primarily as byproducts of oxidative phosphorylation 

in mitochondria or through the activity of NOX enzymes. Because we considered    

NOX-generated ROS to be important for the LPA mediated survival of SKOV3 cells, we 

used DPI to determine its effects on LPA stimulated ROS generation. Cells were serum 

starved 18 hours prior to being labeled with 50 mM H2DCFDA. After 15 minutes, excess 

label was removed and the cells were treated with either a vehicle control (DMSO and 

1% BSA), 10 nM alkyl LPA, or 10 nM LPA and 1 μM DPI. We measured the 

fluorescence intensity of each experimental group over the course of 30 minutes by 

confocal microscopy (Figure 14). LPA stimulated a biphasic increase in ROS generation 

over baseline, with an initially noticeable rise at 10 minutes post treatment and maximally 

stimulated ROS generation that occurred at 30 minutes (Figure 14b). The cells 

concurrently treated with LPA and DPI exhibited a prominent inhibition of ROS 

generation, with measured fluorescence no higher than the basal detection seen in the 

control (Figure 14c). These findings confirmed our assumption that NOX are the major 

source of stimulus (LPA) -induced ROS in SKOV3 cells.  
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Figure 13. DPI inhibits SKOV3 cell proliferation in the absence of serum. SKOV3 

cells were cultured as previously described. The cells were later switched to media 

without serum and challenged with DPI as indicated. Cell proliferation was monitored at 

24 hour intervals for 96 hours using the ProMega Cell Titer 96 AQueous One solution 

assay. Absorbance was measured at 450 nm and is expressed as an average of n = 3 + 

standard error. 
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ERK and Akt activation are suppressed by DPI. 

 We used DPI to determine the effects of NOX inhibition on the LPA-stimulated 

activation of the survival signaling proteins Akt and ERK. Our results indicated that  

10 μM DPI decreased the levels of LPA-induced phosphorylation of Akt and ERK 1/2 as 

early as 10 minutes post treatment; this was also the time where DPI had the most 

noticeable inhibitory effect (Figure 15). Gradually, Akt phosphorylation recovered over 

the course of two hours (Figure 15a). However, ERK phosphorylation was continually  

decreased over the duration of the experiment (Figure 15b). Total Akt and ERK levels 

were unaffected by challenging the SKOV3 cells with DPI.  Of note, lower concentrations 

(1, 5 μM) were unable to cause a detectable reduction in the activation of either of the 

signaling proteins (data not shown). These findings do not correlate with our previous 

observations, where nanomolar concentrations were sufficient to inhibit cellular 

proliferation. However, these results are still relevant to this study, as immediate 

inhibition of NOX-related signaling likely required higher concentrations of DPI, while 

SKOV3 cell proliferation was effectively arrested by long term exposure to lower doses 

of the inhibitor. 
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Figure 14. DPI inhibits LPA induced ROS generation. Cells were plated and 

incubated with 50 nM H2DCFDA as previously described. DCF fluorescence was 

visualized every 30s for 30-35 minutes using a Zeiss LSM510 laser scanning confocal 

microscope. 10 μM DPI was added 1 minute before stimulation with 10 nM LPA. A) 

Control; stimulated with DMSO and 1% BSA/PBS. B) stimulated with DMSO and 10 

nM LPA. C) stimulated with 1 μM DPI and 10 nM LPA.  
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Figure 15. DPI decreases Akt and ERK activation. SKOV3 cells were plated as 

previously described. Cells were changed to serum free media, and treated with 10 μM 

DPI in the presence of LPA (1μM) for 5, 10, 30, 60, and 120 minutes. Cells were 

harvested and lysates were probed with phospho-Akt (p-S473) or phospho-ERK 1/2 (p-

T202, p-Y204) specific antibodies. Western analysis is representative of two independent 

experiments.  
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Figure 15 
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The effect of DPI on the LPA-stimulated NF-κB activity in SKOV3 cells.  

 Because LPA-mediated NF-κB signaling appears to be linked to ROS activity in 

SKOV3 cells, we sought to evaluate the importance of NOX in propagating the 

transcriptional activity stimulated by LPA generated ROS in this ovarian cancer cell line. 

We measured changes in LPA-stimulated NF-κB activity in response to DPI treatment, 

again using the SEAP NF-κB reporter system. Analysis at six hours revealed that DPI 

caused a potent reduction in transcription, with an approximate 50% loss of LPA-induced 

activity occurring with 1 μM treatment (Figure 16). 5 and 10 μM concentrations both 

caused NF-κB activity to be diminished to 36% of the observed response to LPA 

stimulation alone. These data suggest that NOX is a critical intermediate signaling 

mediator in this survival pathway, generating ROS second messenger molecules that 

positively augment the NF-κB response to LPA stimulation.  
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Figure 16. DPI diminishes LPA-stimulated NF-κB activity. SKOV3 cells (2 x105 cells 

per plate) were transfected with a reporter gene for NF-κB activity and challenged the 

following day in the absence of serum with either 3% BSA (control), 1 μM LPA or LPA 

with the indicated amounts of DPI. NF-κB activity was measured at 6 hours as a function 

of secreted alkaline phosphatase induced chemiluminescence. Values are expressed as an 

average of triplicate measurements + standard error. 
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DISCUSSION 

 Once thought to be solely detrimental to cell viability, reactive oxygen species are 

gaining recognition as stimulants for survival and proliferation of normal and malignant 

cells. Importantly, ROS are thought to be controlled in a manner that gives them 

properties as intracellular second messengers (82). The goal of the presented studies was 

to evaluate the role of ROS as second messengers in the LPA-mediated survival signaling 

in ovarian cancer. We first characterized the relative importance of LPA activity and 

signaling in our ovarian cancer model SKOV3 cell line. LPA was an effective stimulus 

for the activation of Akt and ERK 1/2 kinases, two major constituents of the most potent 

survival pathways in ovarian cancer. We also found that LPA was able to positively 

influence the transcription of critical survival and anti-apoptotic genes through enhancing 

the activity of transcription factor NF-κB. Conversely, LPA receptor blockade diminished 

SKOV3 cell proliferation, decreased survival gene transcription, and ultimately resulted 

in the induction of apoptosis. Of interest to our study was the functional delineation 

between alkyl and acyl LPA species. In several instances, alkyl 18:1 LPA was used in the 

place of its acyl counterpart. We speculated that these lipid molecules had similar 

activity, and this concept was supported by the literature. Several studies document that 

synthetic alkyl LPAs analogs have agonist function similar the acyl lipid classes at LPA 

receptors 1-3 (102, 74). Importantly, critical analysis of ascites fluid from ovarian cancer 

patients revealed that naturally occurring alkyl LPAs were present, albeit at a 6 fold 

lower concentration than the acyl species. This same study also demonstrated that the 

alkyl lipid species were able to elicit phosphorylation of ERK and Akt similarly to the 

ester linked lysolipids (53). We found that 18:1 alkyl LPA was as potent as the acyl 
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species at stimulating both Akt and ERK phosphorylation in SKOV3 cells (Appendix, 

Figure 18). We also observed that this alkyl lysolipid caused the robust increase in ROS 

generation that we determined to be critical for propagating survival signals required for 

serum-free proliferation. This effect was elicited at a concentration of 10 nM, which is 

100 times less than the concentration of acyl LPA that is typically considered to be 

stimulatory. This effect is likely due to the enhanced stability of the ether linked LPAs. 

Lu et al. (53) compared the stability of alkyl to acyl LPAs in ascities fluid, and found that 

the alkyl lipids were nearly 80 times more stable than the ester linked LPAs. This 

stability is possibly due to the resistance of the alkyl LPAs to degradation by 

phosphatases and lipases that have more activity on acyl LPAs. While alkyl LPA was 

more potent at triggering intracellular ROS release in SKOV3 cells, this is by no means 

limited to this lipid species, as we were able to recapitulate the same results using 1 μM 

acyl LPA in a prostate cancer cell line (PC-3; data not shown).  

The capstone of this study was our finding that LPA stimulation directly 

influenced ROS generation in our model ovarian cancer cell line. Interestingly, we 

noticed that maximal LPA-induced ROS generation occurred approximately at the same 

time we observed maximal phosphorylation of Akt and ERK in the SKOV3 cells.  Each 

of the major pathways that we found to be upregulated by LPA in SKOV3 cells are also 

functionally enhanced by ROS modulation and candidate targets for therapeutics in the 

treatment of multiple cancers. In light of this, we might consider some ROS-induced 

oxidative events as “true transformation” events, potentially triggering modifications in 

protein function that enhance tumorigenicity.  
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The transient nature of these modulatory oxidative reactions caused us to consider 

the source of the ROS produced in our model ovarian cancer cell line.  

We used the flavin protein inhibitor diphenyliodonium chloride to understand the 

relevance of NADPH oxidase derived ROS in SKOV3 cells. We found that DPI was 

potent in inhibiting ROS production, as well as inhibiting survival signaling and cell 

proliferation at nanomolar concentrations. These findings suggest that NOX enzymes 

generate necessary ROS that are used to maintain LPA-activated pathways that promote 

ovarian cancer cell persistence. The data also suggest that NOXs may be useful targets 

for stand alone cancer therapies or as supplements to current chemotherapeutic drugs. We 

are particularly interested in understanding the differential expression of NADPH oxidase 

isoforms in ovarian cancers. Of the several types, NOX1 and 4 have both been described 

as being overexpressed in ovarian tumors (18, 100). Thus, NOX may prove to have 

specificity in ovarian cancer therapy.   

In summary, we provide evidence of a potentially novel link between LPA 

signaling, the most critical pathway for the progression and malignant propagation of 

ovarian cancer, and the more recently identified and poorly understood function of ROS 

as intracellular signaling modulators. The oncogenic characteristics of ROS are becoming 

clearer as new proteins are being identified as having redox regulation potential, along 

with new associations being made between ROS and well known oncogenic pathways. 

Ovarian tumors that constitutively produce and respond to LPA may also have 

chronically elevated levels of ROS, which could confer a proliferative advantage, but 

could also negatively impact their abilities to escape chemotherapy-induced death 

(diagrammed in 17).  
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Figure 17. A schematic of the ROS signaling response to LPA stimulation. More 

aggressive ovarian cancer cell types are able to overcome nutrient depletion through the 

constitutive production of the bioactive lipid mediator lysophosphatidic acid. LPA, likely 

acting in an autocrine manner, triggers increased generation of reactive oxygen species, 

which positively regulate survival pathways (PI3K/Akt, ERK/ MAPK, NF-κB) through 

the oxidation of key proteins in each of the pathways. Oxidation events may occur at 

multiple sites in proliferative signaling cascades with variable effects. Scavenging 

reactive oxygen species or inhibiting NADPH oxidases effectively reduce survival 

signaling and cell proliferation similar to the effect of LPA receptor antagonism. Ovarian 

cell lines that constitutively produce LPA may have chronically increased reactive 

oxygen species, facilitating persistent activation of survival pathways that are frequently 

overexpressed in ovarian malignancies.  
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Because there are multiple technologies specific for eliminating ROS, this novel 

mechanism is appealing as a druggable target for the treatment of ovarian cancer. As it 

stands, NAC is a clinically approved drug, which may be immediately useful as an 

addition to the current regimen for treating ovarian cancer. It would be beneficial to 

engage in clinical studies evaluate the effectiveness of NAC and other antioxidants on 

tumor progression. Potential studies could involve measuring activation of oxidation 

amenable survival signaling proteins pre- and post-antioxidant therapy, as well as directly 

measuring the effect of antioxidant therapies on reducing the morbidity and poor 

prognosis of ovarian cancer patients. Current strategies to treating gynecological 

malignancies will increasingly be supplemented with antioxidant therapy as we are 

gaining more insight into the signaling capabilities of reactive oxygen species. 

Alternatively, increasing ROS in tumors may also induce cell death, by increasing 

instability of critical genes and proteins, thereby making them more sensitive to 

chemotherapy or radiation treatments. As we learn more about the nature of NOX 

function in the tumorigenesis and malignancy of ovarian cancers, new avenues will be 

opened for future therapies with curative potential of this morbid disease.  
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APPENDIX 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18. Alkyl and acyl LPA stimulates survival signaling in SKOV3 cells. SKOV3 

cells were plated as described in the methods section. Cells were changed to serum free 

media, and stimulated with BSA (control) or the indicated concentrations of alkyl or acyl 

18:1 LPA for 30 minutes. Cells were harvested and lysates were probed with phospho-

Akt (p-S473) or phospho-ERK 1/2 (p-T202, p-Y204) specific antibodies.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



71 
 

 
 
 
 

Figure 18 

 

 

C: control, Alk: alkyl LPA, Acyl: acyl LPA 
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