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Abstract

Epithelial ovarian carcinoma tissues express high levels of tumor necrosis factor-alpha (TNF-α) 

and other inflammatory cytokines. The underlying mechanism leading to the abnormal TNF-α 
expression in ovarian cancer remains poorly understood. In the current study, we demonstrated 

that lysophosphatidic acid (LPA), a lipid mediator present in ascites of ovarian cancer patients, 

induced expression of TNF-α mRNA and release of TNF-α protein in ovarian cancer cells. LPA 

also induced expression of interleukin-1β (IL-1β) mRNA but no significant increase in IL-1β 
protein was detected. LPA enhanced TNF-α mRNA through NF-κB-mediated transcriptional 

activation. Inactivation of ADAM17, a disintegrin and metalloproteinase, with a specific inhibitor 

TMI-1 or by shRNA knockdown prevented ovarian cancer cells from releasing TNF-α protein in 

response to LPA, indicating that LPA-mediated TNF-α production relies on both transcriptional 

upregulation of the TNF-α gene and the activity of ADAM17, the membrane-associated TNF-α-

converting enzyme. Like many other biological responses to LPA, induction of TNF-α by LPA 

also depended on transactivation of epidermal growth factor receptor (EGFR). Interestingly, our 

results revealed that ADAM17 was also the shedding protease responsible for the transactivation 

of EGFR by LPA in ovarian cancer cells. To explore the biological outcomes of LPA-induced 

TNF-α, we examined the effects of a TNF-α neutralizing antibody and recombinant TNF-α 
soluble receptor on LPA-stimulated expression of pro-tumorigenic cytokines and chemokines 

overexpressed in ovarian cancer. Blockade of TNF-α signaling significantly reduced the 
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production of IL-8, IL-6, and CXCL1, suggesting a hierarchy of mechanisms contributing to the 

robust expression of the inflammatory mediators in response to LPA in ovarian cancer cells. In 

contrast, TNF-α inhibition did not affect LPA-dependent cell proliferation. Taken together, our 

results establish that the bioactive lipid LPA drives expression of TNF-α to regulate an 

inflammatory network in ovarian cancer.
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INTRODUCTION

Previous mRNA expression array studies from independent groups have shown that the 

proinflammatory cytokine TNF-α mRNA was overexpressed in epithelial ovarian 

carcinomas compared to normal ovarian tissues [1–3]. Most of these array studies of 

homogenized tumor tissues could not exclude a potential contribution from tumor-

infiltrating immune cells such as macrophages, the primary cell type to express TNF-α. 

More critical analyses have used RNA in-situ hybridization technique to confirm the 

location of increased mRNA of TNF-α within ovarian tumor cells [4–6]. As further evidence 

for tumor cell-associated expression of TNF-α, primary ovarian tumor cells freshly isolated 

from ascites expressed TNF-α protein constitutively or exhibited TNF-α inducibility [1]. 

TNF-α and other inflammatory mediators were detected at elevated levels in the serum and 

ascites of ovarian cancer patients [7–10]. It is now well established that, in addition to host 

immune cells, ovarian tumor cells are a clinically relevant source of these elevated 

inflammatory cytokines in vivo.

Cancer cell-derived TNF-α plays pleiotropic roles in cancer development and progression 

[11–14]. It contributes to the chronic or sustained inflammation in the tumor milieu [15]. It 

is also implicated in tumor/stromal communication and tumor angiogenesis [14, 16]. Low 

endogenous levels of TNF-α acts as a mitogen towards cancer cells [13, 17, 18]. In contrast 

to these well-known biological actions of TNF-α, the mechanism driving TNF-α 
overexpression and the inflammatory phenotype in cancer remains poorly understood. 

Lysophosphatidic acid (LPA), a lysophospholipid mediator, is present in elevated 

concentrations in ascites of ovarian cancer patients [19–21]. LPA through its cognate G 

protein-coupled receptors (GPCRs) regulates many oncogenic processes in cancer cells [22–

25]. We and others have demonstrated that LPA induced activation of various transcription 

factors, reprogramming expression of many target genes involved in cell proliferation, 

survival, migration and invasion, angiogenesis, glycolytic and lipogenic metabolism and 

inflammation [26–33]. The most prominent target genes of LPA identified by gene arrays 

were cytokines and chemokines such as interleukin-8 (IL-8), interleukin-6 (IL-6), and C-X-

C motif chemokine ligand 1 (CXCL1) [28, 30, 34, 35]. LPA has been also shown to induce 

the lipid inflammatory molecules prostaglandins via upregulation of COX-2 in a subset of 

ovarian cancer cell lines [29, 31]. These prior observations highlight the potential of LPA as 

a promoter of the inflammatory phenotype of ovarian cancer. However, no study has 

connected LPA to cancer cell expression of TNF-α, the master regulator of systemic 
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inflammation and expression of other cytokines and chemokines. One previous study found 

that the LPA1 receptor signaling was required for lipopolysaccharide (LPS)-induced TNF-α 
expression in rodent microglial cells [36]. In another report, LPA administration decreased 

serum TNF-α levels in both control mice and those treated with acetaminophen, hinting at 

inhibition of TNF-α production by LPA in liver cells [37].

In the present study, we showed that LPA potently induced TNF-α in ovarian cancer cells 

via NF-κB-dependent upregulation of TNF-α transcription and ADAM17-mediated 

processing and maturation of TNF-α protein. LPA induction of TNF-α protein required 

transactivation of EGFR as many other biological functions of LPA. Our analysis revealed 

that ADAM17 also mediated transactivation of EGFR by LPA. Using specific TNF-α-

blocking agents, we showed that the induced TNF-α is functionally significant to contribute 

to LPA-induced production of IL-8, IL-6 and CXCL1 in ovarian cancer cells. Therefore, the 

tumor microenvironmental factor LPA drives expression of TNF-α to regulate the 

inflammatory phenotype in ovarian cancer.

MATERIALS AND METHODS

Reagents

LPA (1-oleoly, 18:1) was obtained in chloroform solvent from Avanti Polar Lipids, Inc. 

(Alabaster, AL). Prior to use, LPA was dried and dissolved in PBS containing 0.5% fatty 

acid-free bovine serum albumin (BSA) from Roche (Indianapolis, IN). The ELISA Max™ 

Deluxe Sets for TNF-α, IL-1β, IL-6 and IL-8 were purchased from BioLegend (San Diego, 

CA). The corresponding ELISA kits were prepared according to the manufacturer. The 

human CXCL1 DuoSet ELISA kit was from R&D Systems, Inc. (Minneapolis, MN). The 

TaqMan Universal PCR Master Mix and qPCR probes for TNF-α, IL-1β and GAPDH were 

obtained from ThermoFisher Scientific (Waltham, MA). The ADAM17 inhibitor TMI-1, 

NF-κB inhibitor (BAY11–7085), EGFR inhibitor AG1478, and anti-ADAM17 antibody 

(ABT94) were obtained from Sigma-Aldrich (St. Louis, MO). Pertussis toxin (PTX) was 

purchased from List biological labs (Campbell, CA). Anti-EGFR antibody and anti-

phospho-EGFR (Y1068) antibody were from Cell Signaling Technology (Danvers, MA). 

Anti-IL6 antibody (SC-7920) and COX-2 antibody (SC-1745) were from Santa Cruz 

(Austin, TX). Anti-TNF-α neutralizing monoclonal antibody (TNF-α Ab) was from 

BioLegend. The soluble form of the TNF-α receptor (TNF-α SR) was obtained from Amgen 

(Thousand Oaks, CA). Plasmid DNAs were purified using the endo-free purification kit 

from Qiagen (Valencia, CA).

Cells

The sources of the ovarian cancer cell lines Caov-3, SKOV-3, and OVCAR-3 were described 

previously [38]. These cells were either from ATCC or from Dr. GB Mills and Dr. RC Bast, 

Jr. (MD Anderson Cancer Center). All cell lines used in this study were authenticated 

routinely by STR DNA fingerprinting at the Characterized Cell Line Core Facility of MD 

Anderson Cancer Center (Houston, TX). The cells were cultured in either RPMI medium 

1640 (SKOV-3 and OVCAR-3) or high glucose DMEM (Caov-3) supplemented with 10% 
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FBS and antibiotics. The cell lines were frozen at early passages and used for less than 1 

month in continuous culture.

Gene knockdown

The shRNA target sequences for ADAM17 (5’-AGATCATCGCTTCTACAGA-3’) or control 

non-targeting sequence (5’-CCTAAGGTTAAGTCGCCCTCG-3’) were cloned into the 

shRNA lentiviral vector pGreenPuro (System Biosciences, Mountain View, CA). The 

recombinant lentivirus was produced in 293TN cells by co-transfection with lentiviral 

vectors and packaging plasmids using lipofectamine 2000 (Life Technologies). The culture 

supernatants were collected 2–2.5 days posttransfection and used for infection of ovarian 

cancer cells in culture. The transduced cells were selected with puromycin to obtain stably 

ADAM17 silenced cells.

The expression of NF-κB RelA/p65 was transiently silenced with SignalSilence® NF-κB 

p65 siRNA from Cell Signaling (#6261, Danvers, MA). The siRNAs for LPA1 (s4450), 

LPA2 (s17525) and LPA3 (s24110) were obtained from Thermo Fisher Scientific. Ovarian 

cancer cell lines in 6-well plates were transfected with 30 pmol gene-specific siRNA or 

control siRNA (#6568, Cell Signaling Technology) and 5 μl Lipofectamine RNAiMAX 

according to the manufacturer (Thermo Fisher Scientific). Two days posttransfection, the 

cells were starved for 24 hours before stimulation with LPA for the indicated durations.

Quantitative PCR

Total cellular RNA was extracted with Trizol (Thermo Fisher Scientific) from cells treated 

with or without LPA. Complementary DNA (cDNA) was synthesized using the High-

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). The cDNA 

abundances of TNF-α, IL-1β, IL-8, IL-6, CXCL1, ADAM17, and GAPDH were quantified 

using gene-specific probes, the TaqMan Universal PCR Master Mix, and the BIO-RAD CFX 

Connect™ Real-Time PCR System. The results of TNF-α and IL-1β were normalized to the 

level of GAPDH and presented as LPA-induced fold changes relative to that of untreated 

control cells (defined as 1 fold).

ELISA

The concentrations of TNF-α, IL-1β, IL-6, IL-8, and CXCL1 in culture supernatants were 

determined using the above described ELISA kits according to the manufacturers’ 

instructions. The concentrations of these cytokines were calculated by comparing the 

absorbance of samples to standard curves and normalized to cell numbers. The results were 

presented as pg/5×105 cells/24 hours.

Immunoblotting analysis

Cells were lysed with a lysis buffer containing 40 mM HEPES pH 7.4, 150 mM NaCl, 1% 

Triton X-100, 10 mM NaF, 5 mM Na pyrophosphate, 1 mM β-glycerophosphate, 1 mM 

NaV and the protease/phosphatase inhibitor cocktail from Roche Diagnostics (Indianapolis, 

IN, USA). Protein concentrations were quantified with the Pierce BCA Protein Assay Kit 

(Thermo Fisher Scientific). For analysis of ADAM17, a membrane-associated hydrophobic 

protein, lysate samples were solubilized in 1XSDS and incubated at 65 °C for 10 minutes 
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instead of boiling to prevent heat-induced aggregation of the hydrophobic protein. The 

regular boiling procedure applied to analysis of other proteins. Equal amounts of proteins 

were resolved by SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 

immunoblot membrane (polyvinylidene difluoride) (BIO-RAD, Hercules, CA), and 

immunoblotted with antibodies following the protocols of the manufacturers. 

Immunocomplexes were visualized by an enhanced chemiluminescence detection kit 

(Thermo Fisher Scientific) using horseradish peroxidase-conjugated secondary antibodies 

(Cell Signaling Technology).

Measurement of ADAM17 activity in live cells

ADAM17 activity in live cells were measured as previously described [39]. Briefly, cells in 

24-well plates at around 60% confluence were serum-starved and stimulated in phenol red-

free medium with 10 μM LPA for 30 minutes before addition of the quenched fluorogenic 

TACE substrate (Abz-LAQAVRSSSR-Dpa) (15 μM) (Sigma, #616407). The conversion of 

the substrate to its fluorogenic product was measured in a plate reader for 1 hour at emission 

405 nm and extinction 320 nm. The activity was quantified by calculating the area under 

curve of the fluorescent signal over time, normalized to cell numbers and presented as fold 

changes relative to un-stimulated control cells (defined as 1 fold).

Statistics

All numerical data were presented as mean ± SD of triplicate assays, representative of three 

independent experiments. The statistical significances were analyzed using Student’s t-test 

unless otherwise stated, where p < 0.05 was considered statistically significant. In all 

figures, the statistical significances were indicated with n.s. (not significant) if p>0.05, * if p 
< 0.05 or ** if p < 0.01.

RESULTS

LPA induces expression of TNF-α

As we reported previously, the induction of cytokines and chemokines such as IL-8, IL-6, 

and CXCL1 is one of the most prominent effects of LPA towards cancer cells [28, 30, 34]. 

To explore LPA-TNF-α communications, we examined the effect of LPA on expression of 

TNF-α mRNA in ovarian cancer cell lines. Caov-3, SKOV-3, and OVCAR-3 cells were 

treated with LPA for different durations. LPA-induced TNF-α mRNA expression was 

assessed with RT-qPCR analysis of total cellular RNA from control and LPA-treated cells. 

As shown in Supplementary Fig. S1A, TNF-α mRNA expression was robustly induced by 

LPA in these cell lines. In Caov-3, LPA induction of TNF-α reached maximum at 2–4 hours 

of LPA treatment. More than 20 fold increase in TNF-α mRNA abundance was seen at 4 

hours. In SKOV-3, the maximal induction was detected at 1 hour of treatment. The mRNA 

expression decreased thereafter but remained prominent (>10 fold) at 2 or 4 hours of LPA 

stimulation. Fig. 1A summarized the results of an independent experiment where the cells 

were treated with LPA for 2 hours in Caov-3 and OVCAR-3 or 1 hour in SKOV-3 cells. We 

then determined whether TNF-α mRNA upregulation led to TNF-α protein secretion as 

determined by ELISA. Consistently, TNF-α protein levels were significantly increased in 

culture supernatants of cells treated with 10 μM LPA for 24 hours (Fig. 1A, lower). The 
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maximal response was observed when more than 10 μM LPA was used (Supplementary Fig. 

S1B).

Since IL-1β is concomitantly induced along with TNF-α in most inflammatory conditions 

[40, 41], we examined the effects of LPA on IL-1β mRNA and protein release. Similarly, 

LPA stimulated multi-fold increases in IL-1β mRNA in ovarian cancer cell lines 

(Supplementary Fig. S2A). However, these cells expressed extremely low levels of IL-1β 
protein. Using ELISA, we did not detect any significant or consistent increase in IL-1β 
protein in culture supernatants of LPA-treated cells (Supplementary Fig. S2B). The 

inflammasome activation is the primary route leading to caspase 1-dependent processing/

cleavage of IL-1β [42]. Immunoblotting analysis of caspase 1 status indicated that LPA 

induced early and slight cleavage of caspase 1 in SKOV-3 but not in Caov-3 or OVCAR-3 

cells (Supplementary Fig. S2C). There was no corresponding decrease in pro-caspase 1, 

suggesting that the cleavage in SKOV-3 was modest in LPA-treated conditions. Furthermore, 

the weak cleavage of caspase 1 in SKOV-3 cells faded after 20 hours of LPA treatment. 

These results indicated that LPA was not capable of inducing a full-scale inflammasome 

activation or IL-1β production in ovarian cancer cells.

LPA induces TNF-α through LPA2 and the PTX-sensitive Gi protein

To identify LPA receptors that mediate TNF-α induction, we utilized gene specific siRNAs 

to knockdown each of the Edg LPA receptors LPA1, LPA2 and LPA3 (Supplementary Fig. 

S3). These LPA receptors are dysregulated in ovarian cancer [22, 23, 28]. In Caov-3 and 

SKOV-3 cells, knockdown of LPA1 or LPA2 partially reduced LPA induction of TNF-α 
mRNA (Fig. 1B). In contrast, LPA3 silencing did not inhibit the effect. We next examined 

the impact of the knockdown on LPA-induced TNF-α protein. As shown in Fig. 1B, ELISA 

analysis showed that only LPA2 knockdown significantly attenuated LPA-induced TNF-α 
protein production (by 55% in Caov-3 and 87% in SKOV-3). Despite its significant 

inhibition of TNF-α mRNA, LPA1 knockdown did not affect TNF-α protein production, 

suggesting that LPA-driven TNF-α release involves mechanisms beyond transcriptional 

regulation of TNF-α mRNA. Intriguingly, knockdown of LPA3 enhanced TNF-α protein 

level in SKOV-3 cells, implying that LPA3 acted as a negative receptor for this particular 

function of LPA. In Caov-3, knockdown of LPA3 did not affect LPA-driven TNF-α release. 

To further confirm the importance of LPA2 and the downstream G proteins in LPA-induced 

TNF-α, we examined the effect of PTX, an inhibitor of Gi protein. Treatment with PTX 

modestly decreased LPA-dependent TNF-α mRNA levels by less than 30% in Caov-3 and in 

SKOV-3 cells. However, PTX strongly attenuated LPA induction of TNF-α protein by 92% 

in Caov-3 and 66% in SKOV-3 (Fig. 1C). These results together establish that LPA2 and the 

Gi signaling cascade are involved in LPA regulation of TNF-α.

LPA stimulates TNF-α transcription in an NF-κB-dependent manner

The NF-κB transcription factor plays a central role in the regulation of TNF-α in response to 

various stimuli such as LPS [43, 44]. It has been reported that LPA induced NF-κB 

activation in different cancer cells [28, 45]. The NF-κB inhibitor BAY11–7085 is an 

irreversible inhibitor of IκBα phosphorylation, preventing its release from the NF-κB 

complex and the subsequent NF-κB activation and nuclear import [46]. We applied this 
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inhibitor to assess the potential involvement of NF-κB in LPA-driven TNF-α transcription. 

As shown in Fig. 2A, LPA-induced increases in TNF-α mRNA were strongly inhibited by 

BAY11–7085 at 10 μM. Higher concentrations such as 25 μM completely eliminated LPA 

induction of TNF-α mRNA.

To further confirm the crucial role of NF-κB in transcriptional activation of TNF-α by LPA, 

we silenced expression of RelA/p65 of the classical NF-κB pathway. In all ovarian cancer 

cell lines tested, the NF-κB p65 siRNA significantly inhibited LPA induction of TNF-α 
mRNA compared to the control, non-targeting siRNA (Fig. 2B). Of note, the transiently 

transfected cells did not respond to LPA as potently as non-transfected cells likely owing to 

the transfection-associated cell stress. Nevertheless, the molecular approach clearly showed 

that the classical NF-κB cascade was essential for LPA induction of TNF-α transcription.

LPA-driven TNF-α production relies on the TNF-α-converting enzyme ADAM17

The human TNF-α protein is expressed as a 233 amino acid-long, 27-kDa precursor. It is 

proteolytically cleaved to a 157 amino acid long, 17-kDa mature protein by ADAM17, the 

TNF-α-converting enzyme (TACE) [47, 48]. LPA treatment induced expression of 

ADAM17 in Caov-3 and SKOV-3 but not in OVCAR-3 (Fig. 3A). The LPA-induced 

increase in ADAM17 protein in Caov-3 and SKOV-3 cells was independent of the NF-κB 

transcription factor as LPA did not upregulate ADAM17 mRNA in SKOV-3 or only slightly 

increased ADAM17 mRNA in Caov-3 (~1.5 fold), which was insensitive to the NF-κB 

inhibitor BAY11–7085 (Supplementary Fig. S4). To determine if LPA induced ADAM17 

activation, we measured the activity of ADAM17 in live cells using a fluorogenic TACE 

substrate. As shown in Fig. 3B, treatment with LPA increased the cleavage of the ADAM17 

substrate in all three cell lines, which was prevented by the ADAM17 inhibitor, TMI-1 [49], 

indicating involvement of additional mechanism(s) more than the increase in protein 

abundance for ADAM17 activation.

To determine whether ADAM17 was involved in LPA-mediated TNF-α shedding, we treated 

ovarian cancer cell lines with TMI-1. Intriguingly, TMI-1 treatment led to a quick and 

sustained elevation of ADAM17 protein likely as a compensatory response to TMI-1 

targeting of the enzymatic activity (Fig. 3A). The strong induction of ADAM17 by TMI-1 

was more obvious when lysates from vehicle- and TMI-1-treated cells were run on the same 

gel (Supplementary Fig. S5). Consistent with the effect on its target protein, TMI-1 

effectively prevented LPA-induced accumulation of TNF-α present in culture supernatants 

no matter whether it was added 1 hour before LPA (Fig. 3C) or simultaneously with LPA 

(Supplementary Fig. S6).

To further confirm the specific role of ADAM17 in LPA-dependent production of TNF-α, 

ADAM17 expression was silenced with lentivirally-mediated ADAM17-shRNA in Caov-3 

and SKOV-3 cells. In line with the effect of TMI-1, the downregulation of ADAM17 

significantly decreased TNF-α levels in culture supernatants of LPA-treated cells (Fig. 3D).

LPA transactivation of EGFR is required for TNF-α protein production

Many biological functions of LPA depend on a permissive signal from transactivation of 

EGFR although the mechanism underlying such a requirement is not clear [50]. We next 
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examined whether LPA-induced TNF-α also depended on the trans activity of EGFR. When 

cellular EGFR was repressed by the EGFR inhibitor AG1478 [51], LPA induction of TNF-α 
protein, but not TNF-α mRNA, was dramatically reduced as shown in Fig. 4. In fact, the 

abundances of LPA-induced TNF-α mRNA were modestly but significantly increased in the 

presence of AG1478 for an unknown mechanism (Fig. 4). The results suggested a specific 

role for EGFR transactivation in post-transcriptional regulation of TNF-α protein. The lack 

of an inhibitory effect on TNF-α mRNA was consistent with the primary role of NF-κB in 

transcriptional activation of TNF-α as we previously showed that LPA-induced NF-κB 

activity was independent of EGFR transactivation [52].

ADAM17 mediates LPA transactivation of EGFR

In addition to processing TNF-α, ADAM17 has been also implicated in ectodomain 

shedding of other cytokines and growth factors including the EGFR ligands amphiregulin, 

heparin-binding EGF (HB-EGF) and transforming growth factor α (TGF-α) [53, 54]. We 

thus examined the possibility that ADAM17 might play a dual role in the cleavage of both 

TNF-α and EGFR ligands in LPA-treated cells. As shown in Fig. 5A, LPA induced 

immediate and sustained tyrosine phosphorylation of EGFR at Y1068 (as surrogate of 

EGFR activation) in ovarian cancer cell lines. The phosphorylation was highly sensitive to 

the ADAM17 inhibitor TMI-1 (Fig. 5A). As further molecular evidence for EGFR 

transactivation in an ADAM17-dependent manner, lentivirally-mediated knockdown of 

ADAM17 also attenuated the EGFR tyrosine phosphorylation in response to LPA in Caov-3 

and SKOV-3 cells (Fig. 5B). It should be pointed out that effect of LPA on EGFR 

phosphorylation appeared to be biphasic with an early response at 15 minutes and a delayed 

one peaking between 8–20 hours. The late response was less sensitive to TMI-1 or shRNA 

knockdown. This could be due to incomplete inactivation of ADAM17 or adaptive activation 

of another metalloprotease. Taken together, the results indicated that in LPA-treated 

conditions, ADAM17 exerted dual effects on EGFR transactivation and TNF-α processing, 

which converge to turn on TNF-α protein yield.

TNF-α reinforces LPA-elicited IL-8, IL-6 and CXCL1 production

TNF-α plays a pivotal role in orchestrating the production of a variety of pro-inflammatory 

cytokines including IL-8, IL-6 and IL-1 [55]. Therefore, TNF-α is considered to be a master 

regulator of pro-inflammatory cytokine networks. We and others have reported that LPA 

induced expression of IL-8, IL-6, and CXCL1 in ovarian and other types of cancer cells [28, 

30, 34, 56]. We next assessed whether LPA-induced TNF-α provided a boost to the effects 

of LPA on the production of these cytokines and chemokines in ovarian cancer cell lines. We 

took advantage of two molecular tools to block TNF-α activity: TNF-α neutralizing 

antibody (TNF-α Ab) and recombinant TNF-α soluble receptor (TNF-α SR). Both 

approaches have been approved by the FDA for treatment of arthritis and other TNF-α-

driven medical conditions [57]. Incubation of Caov-3, SKOV-3, and OVCAR-3 cells with 

one of the TNF-α-blocking agents decreased cellular production of IL-8 (Fig. 6A), IL-6 

(Fig. 6B) and CXCL1 (Fig. 6D).

In general, the inhibitory effect of TNF-α Ab and TNF-α SR on IL-6 production was less 

dramatic than that on IL-8, particularly in Caov-3 cells. This might be related to the 
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overproduction of IL-6 in Caov-3 cells. The LPA-induced IL-6 protein in Caov-3 was 100–

1,000 fold higher than in other cell lines. It was readily detectable in unconcentrated culture 

supernatants or cell lysates with direct immunoblotting (Fig. 6C). We confirmed the 

inhibitory effect of TNF-α SR on LPA-induced IL-6 protein present in both cell lysates and 

culture supernatants (Fig. 6C). These results together revealed a functional role of induced 

TNF-α in boosting LPA-mediated production of IL-8, IL-6 and CXCL1. In contrast to IL-8, 

IL-6 and CXCL1, TNF-α SR did not interfere with LPA-induced expression of COX-2 in 

Caov-3 cells (Fig. 6C).

TNF-α is not involved in LPA-driven cell proliferation

TNF-α inhibits or stimulates cell proliferation depending on doses or the context of the 

target cells. Low concentrations of TNF-α have been shown to promote proliferation while 

high doses could trigger apoptotic cell death in ovarian cancer cells [18, 58]. We examined 

the possibility that LPA-induced TNF-α might promote or inhibit LPA-dependent cell 

proliferation. Ovarian cancer cell lines were treated with LPA for over 30 hours in the 

presence or absence of the TNF-α Ab or TNF-α SR at doses that effectively repressed LPA-

induced IL-8, IL-6 and CXCL1 production. As shown in Supplementary Fig. S7, LPA 

treatment increased cell numbers in Caov-3 and SKOV-3 but not in OVCAR-3 cells. The 

proliferative effect of LPA in these cells was not influenced by the presence of TNF-α Ab or 

TNF-α SR.

DISCUSSION

Epidemiological and clinical studies support a role of chronic inflammation in tumor 

initiation and progression [59, 60]. The concept is particularly relevant to ovarian 

oncogenesis. Ovulation, a known risk factor of ovarian cancer, is an inflammatory process 

involving localized elevations in cytokines and pro-inflammatory eicosanoids, wound 

healing and tissue repairing [61]. Elevated serum levels of TNF-α, IL-6 and C-reactive 

protein (CRP) are predictive of higher risk for development of ovarian cancer [62–67]. Many 

cytokines and chemokines including TNF-α, IL-6, IL-8, and CXCL1 are significantly 

increased in serum, ascites or tumor samples of ovarian cancer patients [7–10, 30]. 

Biological studies have shown that both ovarian tumor cells and tumor-infiltrating immune 

cells contribute to elevated levels of TNF-α and other inflammatory mediators in ovarian 

tumors [1, 2, 6].

As a primary pro-inflammatory factor, TNF-α acts as an endogenous promoter of a variety 

of oncogenic processes such as cellular transformation, survival, proliferation, invasion, 

angiogenesis, and metastasis [1, 11, 12, 14–17]. However, the molecular switch to turn on 

the TNF-α gene in tumor cells remains poorly defined. Few previous investigations have 

explored the communications between LPA and TNF-α, two extracellular mediators co-

present in blood and malignant effusions. The present study is the first to show that LPA is a 

potent driver of the TNF-α gene transcription and protein release in ovarian tumor cells. Our 

study reveals a multitude of mechanisms underlying LPA-driven TNF-α and the biological 

significance of TNF-α induction as summarized in Fig. 7. LPA induces transcriptional 

upregulation of the TNF-α gene via NF-κB and activation of ADAM17 likely through 
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LPA2. ADAM17 mediates the ectodomain shedding of TNF-α protein as well as EGF-

related ligands to transactivate EGFR.

It is well known that LPA elicits transactivation of EGFR and many biological functions of 

LPA depend on transactivated EGFR [54, 68–73] (also see Supplementary Fig. S8). We 

herein demonstrated that LPA-induced TNF-α production also required EGFR 

transactivation, which seemed to promote post-transcriptional generation of TNF-α protein. 

In contrast, EGFR trans activity was not required for induction of TNF-α mRNA that was 

mediated by NF-κB. We have previously shown that LPA-induced NF-κB lies downstream 

of Gq, independent of EFGR trans activity [31]. However, EGFR trans activity was required 

for Gi-elicited cellular response. The differential requirements suggest that a Gi-linked 

signal is necessary for TNF-α protein release. This speculation is also consistent with the 

observation that PTX blocked TNF-α protein production (Figure 2C).

The crosstalk between EGFR and agonists of GPCRs has been a subject of extensive 

research. While some investigations suggest a ligand-independent route involving activation 

of cytoplasmic tyrosine kinases such as Src [68, 74], more studies implicate the release of 

EGFR ligands to activate EGFR through an auto- or paracrine loop [54, 69–73, 75]. Diverse 

EGFR ligands such as amphiregulin, HB-EGF, and TNF-α have been reported to be released 

upon GPCR activation [54, 72]. Several members of the metalloprotease family including 

ADAM10, ADAM15, and ADAM17 are potentially involved in the cleavage of these EGFR 

ligands, depending on the cellular context and nature of GPCR agonists [54].

In LPA-treated squamous cell carcinoma cells, Gschwind et al showed clearly that ADAM17 

mediated the shedding of amphiregulin to transactivate EGFR [70]. In ovarian cancer cells, 

LPA induced amphiregulin mRNA and protein secretion through the Hippo-YAP signaling 

pathway [73]. In another analysis in ovarian cancer cells, LPA was capable of inducing 

ectodomain shedding of ectopically transfected pro-HB-EGF by an unidentified 

metalloprotease [71]. A follow-up study demonstrated correlative overexpression of 

ADAM17 protein and HB-EGF in ovarian carcinoma tissues but not in normal ovarian 

epithelium [76]. Although these observations implied an intermediate role of endogenously 

expressed ADAM17 in shedding of HB-EGF, a direct link has not been established in 

ovarian cancer cells. In the present study, we used both pharmacological and molecular 

approaches to probing the role of ADAM17 in the process. TMI-1 potently and selectively 

inhibited ADAM17 as reflected by the compensatory induction of its target ADAM17. LPA-

induced EGFR transactivation was highly sensitive to pretreatment of ovarian cancer cells 

with TMI-1. Similarly, silencing of ADAM17 with shRNA attenuated EGFR trans activity. 

These results altogether provide definitive evidence for an essential role of ADAM17 in 

LPA-mediated EGFR transactivation in ovarian cancer cells.

Due to the central role of TNF-α in the regulation of other pro-inflammatory cytokines, we 

asked whether LPA-induced TNF-α might reach biologically relevant levels to boost LPA-

initiated production of other cytokines downstream of TNF-α. If so, LPA-induced TNF-α 
could amplify its pro-inflammatory activity by upregulating a cytokine and chemokine 

network. We and others have previously shown that LPA induced expression of IL-8, IL-6 

and CXCL1 in ovarian cancer cells [28, 30, 34, 56]. These effects of LPA were apparently 
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initiated by LPA per se as LPA induced early transcriptional activation of these genes before 

possible accumulation of TNF-α [28, 30, 34, 56]. However, when induced TNF-α reached a 

physiologically functional level, it could provide a second wave of stimulation to boost 

production of these inflammatory mediators. Indeed, our analyses using two specific TNF-

α-blocking agents decreased the contents of IL-8, IL-6, and CXCL1 in culture supernatants 

of LPA-treated cells, confirming a significant contribution from the induced TNF-α to the 

robust and sustained levels of IL-8, IL-6 and CXCL1 in ovarian cancer cells. The results 

were also consistent with the prior observation of very high levels of these cytokines present 

in conditioned medium of LPA-treated cells [28, 30, 56, 77].

In sum, we have shown a novel function of LPA to induce TNF-α in ovarian cancer cells. 

The process relies on both NF-κB-mediated transcriptional activation of TNF-α gene and 

ADAM17-dependent shedding of TNF-α protein. We demonstrate that ADAM17 is also 

responsible for LPA-induced EGFR transactivation, which is involved in the post-

transcriptional regulation of TNF-α. Finally, LPA-induced TNF-α is functionally significant 

as it boosts expression of other cytokines and chemokines to amplify the pro-inflammatory 

activity in ovarian cancer cells and potentially in the tumor milieu.
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Figure 1. LPA induces TNF-α mRNA expression and protein release.
A. Ovarian cancer cell lines were serum starved for 24 hours and treated with 10 μM LPA in 

serum-free medium for 1 hour (SKOV-3) or 4 hours (Caov-3 and OVCAR-3) before total 

cellular RNA was isolated and analyzed by RT and quantitative PCR. The expression levels 

of TNF-α were normalized to GAPDH and presented as fold changes relative to untreated, 

control cells (upper). In the lower panel, Concentrations of secreted TNF-α protein in 

culture supernatants of control and LPA-treated cells in 12-well plates were determined by 

ELISA. The results were presented as pg/5×105 cells/24 hours. B. LPA1, LPA2 or LPA3 

were knocked down by the corresponding subtype-specific siRNA to assess the effects of the 

Edg LPA receptors on LPA induced TNF-α mRNA (upper) and protein release (lower). C. 

Caov-3 and SKOV-3 cells were treated with LPA with or without PTX (50 ng/ml). PTX was 
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added at least 3 hours before LPA. In both B and C, LPA-induced TNF-α mRNA and 

protein were assessed and presented as in A. In this and the following figures, the results 

were mean+SD of triplicates, representative of 3 independent experiments.
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Figure 2. LPA stimulates TNF-α transcription via the NF-κB transcription factor.
A. Caov-3, SKOV-3 and OVCAR-3 cells were treated with LPA as in Fig. 1A in the 

presence of the NF-κB inhibitor BAY11–7085. BAY11–7085 was added 30 minutes before 

LPA treatment. The effects of the indicated concentrations BAY11–7085 on LPA-induced 

TNF-α mRNA abundances were analyzed by RT-qPCR and presented as described in Fig. 

1A. B. The RelA/p65 gene of the canonical NF-κB pathway was transiently silenced by 

siRNA to assess the effect of NF-κB p65 on LPA-induced TNF-α mRNA. The NF-κB p65 

knockdown efficiency was confirmed by immunoblotting analysis.
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Figure 3. LPA-driven TNF-α release relies on the activity of ADAM17.
A. Caov-3, SKOV-3 and OVCAR-3 cells were treated with 10 μM LPA for the indicated 

periods of time with or without TMI-1. TMI-1 was added at 2.5, 20 and 5 μM to Caov-3, 

SKOV-3 and OVCAR-3, respectively, 1 hour before LPA treatment. Expression of ADAM17 

was assessed by immunoblotting analysis. B. Ovarian cancer cell lines in 24-well plated 

were serum-starved and treated with LPA (10 μM) with or without MTI-1 (5 μM for Caov-3 

or OVCAR-3 and 20 μM for SKOV-3) for 30 minutes before addition of the quenched 

fluorogenic substrate for measurement at 37 °C for 1 hour as detailed in Materials and 

Methods. The results were presented as fold changes in activity relative to the un-stimulated 

control cells (defined as 1 fold). C. The ovarian cancer cell lines in 12-well plates were 

stimulated with LPA in the presence of indicated concentrations of TMI-1. TNF-α levels in 

culture supernatants were quantified with ELISA and presented as in Fig. 1A. D. ADAM17 

was silenced in Caov-3 and SKOV-3 cells by lentivirally-mediated shRNA to determine the 

effect of ADAM17 deficiency on LPA-induced TNF-α release. ADAM17 knockdown 

efficiency was confirmed by immunoblotting analysis.
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Figure 4. EGFR transactivation is required for LPA induction of TNF-α protein but not TNF-α 
mRNA expression.
A. Caov-3, SKOV-3 and OVCAR-3 cells were treated with LPA as in Fig. 1A in the 

presence or absence of the EGFR inhibitor AG1478 (1 μM). TNF-α mRNA was analyzed by 

RT-qPCR to determine the effects of EGFR blocking on LPA-induced TNF-α mRNA 

expression. B. The effects of AG1478 on LPA-induced TNF-α protein present in culture 

supernatants were assessed and presented as in Fig. 1A.
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Figure 5. ADAM17 is also the metalloproteinase mediating EGFR transactivation in LPA-treated 
cells.
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A. Caov-3, SKOV-3 and OVCAR-3 cells were treated with 10 μM LPA for the indicated 

periods of time in the presence or absence of the ADAM17 inhibitor TMI-1 (5 μM for 

Caov-3 or OVCAR-3, and 20 μM for SKOV-3) as described in Fig. 3C. EGFR tyrosine 

phosphorylation at Y1068, total EGFR and tubulin were examined by immunoblotting. 

Levels of phospho-EGFR (EGFR-p) were quantified by densitometry, normalized to tubulin 

and presented as fold changes relative to control cells. B. The effects of ADAM17-sh RNA 

knockdown on the LPA-induced EGFR phosphorylation were assessed as in A.
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Figure 6. LPA-induced TNF-α is functionally sufficient to reinforce IL-8, IL-6 and CXCL1 
production.
Caov-3, SKOV-3 and OVCAR-3 cells were treated for 24 hours with LPA as in Fig. 1 in the 

presence of vehicle, TNF-α Ab or TNF-α SR at the indicated concentrations. These TNF-α 
blocking agents were added simultaneously with LPA. Concentrations of IL-8 (A), IL-6 (B), 
CXCL1 (D) in culture supernatants were measured with ELISA and the results presented in 

the same way as TNF-α described in Fig. 1A. C. IL-6 protein in culture supernatants of 

Caov-3 cells or in 100X concentrated supernatants of SKOV-3 cells were assessed by 

immunoblotting analysis (upper). The time-dependent induction of intracellular IL-6 in the 

presence or absence of TNF-α SR was examined by immunoblotting analysis of cellular 

lysates (middle). The specificity of TNF-α SR inhibition of IL-6 was verified by lack of an 

inhibitory effect on cellular COX-2, another LPA-induced gene (lower).
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Figure 7. 
Summary of the mechanistic players to induce TNF-α and the connection of TNF-α to other 

pro-inflammatory mediators in LPA-treated ovarian cancer cells.
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