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Abstract

Purpose—Lysophosphatidic acid (LPA), which is present in ascites of ovarian cancer patients, 

stimulates expression of vascular endothelial growth factor (VEGF). VEGF is essential for the 

development and abdominal dissemination of ovarian cancer. We examined how LPA drives 

VEGF expression to gain a better understanding of tumor angiogenesis under normoxic 

conditions.

Experimental Design—ELISA, Northern blotting, immunoblotting, quantitative PCR, and 

promoter reporter analysis in combination with small interfering RNA and pharmacologic 

inhibitors were used to examine LPA-induced VEGF expression and the underlying mechanisms.

Results—LPA stimulated expression of multiple VEGF variants. A 123-bp fragment proximal to 

the transcriptional initiation site was identified to be functional promoter region responsible for the 

response to LPA. The fragment harbors consensus sites for several transcription factors including 

c-Myc and Sp-1 but not hypoxia-inducible factor-1. Blockade of Rho, ROCK, or c-Myc reduced 

LPA-dependent VEGF production and promoter activation, suggesting that the G12/13-Rho-

ROCK-c-Myc cascade partially contributes to VEGF induction by LPA. More significantly, the 

multiple Sp-1 sites within the responsive region of the VEGF promoter were essential for LPA-

mediated transcription. LPA induced Sp-1 phosphorylation and DNA-binding and transcriptional 

activities. The silencing of Sp-1 expression with small interfering RNA or inhibition of Sp-1 with 

pharmacologic inhibitors blocked VEGF production induced by LPA.

Conclusions—LPA stimulates hypoxia-inducible factor-1-independent VEGF expression to 

promote tumor angiogenesis through activation of the c-Myc and Sp-1 transcription factors.
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Lysophosphatidic acid (LPA), a naturally occurring phospholipid, affects many biological 

processes including neurogenesis, angiogenesis, would healing, immunity, and 

carcinogenesis (1, 2). LPA is a ligand of several G protein-coupled receptors LPA1/Edg-2, 

LPA2/Edg-4, LPA3/Edg-7, LPA4/GPR23/p2y9, LPA5/GPR92, LPA6/GPR87, and LPA7/

p2y5. The LPA1, LPA2, and LPA3 receptors are members of the endothelial cell 

differentiation gene (Edg) family, sharing 50% to 57% homology in their amino acid 

sequences (3–5). LPA4, a member of the purinergic receptor family, and the related LPA5, 

LPA6, and LPA7 were structurally distant from the Edg LPA1 to LPA3 receptors (6–9). These 

LPA receptors couple to multiple G proteins, G12/13, Gi, Gq, and probably Gs, which, in 

turn, activate diverse pathways including Gq-mediated stimulation of phospholipase C, Gi-

mediated activation of the Ras-mitogen-activated protein kinases and phosphatidylinositol-3-

kinase, and G12/13-mediated activation of RhoA. Activation of these signaling events 

downstream of LPA receptors culminates in cytoskeleton remodeling, cell proliferation, 

survival, and migration (1, 2, 10).

In addition to these well-established biological functions, LPA is a potent modulator of gene 

expression, especially in cancer cells. LPA target genes include those involved in the 

inflammation, angiogenesis, and cancer progression such as interleukin (IL)-6 (11), IL-8 

(11), growth-regulated oncogene α (12), cyclooxygenase-2 (13, 14), vascular endothelial 

growth factor (VEGF; refs. 15–17), and urokinase plasminogen activator (18). Although 

post-transcriptional protection of mRNA stability may be partially responsible for the 

sustained induction of some of these genes by LPA (14), the major input of induction is 

driven by transcriptional activation (11, 12, 14, 15). LPA may contribute to cancer 

development and progression through regulating expression of its target genes, resulting in a 

more angiogenic and metastatic microenvironment for tumor cells.

Angiogenesis is necessary for tumor growth and metastasis (19, 20). The development of 

new blood vessels depends on angiogenic factors released from tumor cells and/or cells in 

the tumor microenvironment. VEGF, also known as vascular permeability factor, is one of 

the most potent angiogenic factors involved in tumor angiogenesis (21, 22). VEGF mRNA 

and protein are extensively expressed in various human malignancies including ovarian 

cancer (21–23). Through increasing vascular permeability, VEGF also plays a pivotal role in 

the formation of ascites in ovarian cancer (23, 24). In addition, overexpression of VEGF is 

linked to tumor progression and poor prognosis of various tumors (23, 25).

A major trigger of VEGF expression in advanced tumors is hypoxia, a condition caused by 

an imbalance in oxygen supply and consumption. The hypoxia-induced up-regulation of 

VEGF is considered to be primarily mediated through hypoxiainducible factors (HIF; refs. 

26, 27). HIF-1 is a heterodimeric basic helix-loop-helix transcription factor composed of two 

subunits, HIF-1α and HIF-1β. HIF-1α is the key regulatory component, which is rapidly 

degraded in normoxic conditions but stabilized and activated in hypoxia (26, 27). The HIF 

complex recognizes a consensus hypoxia response element in the promoter of VEGF and a 

broad range of other HIF target genes (26, 27). However, recent evidence suggests that 

HIF-1α deficient or silenced cells still showed a significant, albeit reduced, induction of 

VEGF in response to hypoxia (28, 29). The VEGF promoter can be activated by hypoxia 

when canonical hypoxia response elements are mutated or deleted in human cancer cell lines 
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(30, 31). Furthermore, HIF-1 does not seem to play a major role in regulation of VEGF 

expression in normoxic conditions. These findings underscore the complexity of 

transcriptional regulation of VEGF.

LPA induces VEGF expression in ovarian and other cancer cell lines (15, 16). Because 

ascites of ovarian cancer patients is a LPA-enriched environment (32), the ability of LPA to 

up-regulate VEGF expression implies an in vivo function of LPA in regulation of VEGF 

expression in cancer patients. A recent observation suggests that LPA triggers VEGF 

expression in ovarian cancer cells via induction and activation of HIF-1α (16). Another 

study suggests the synergism between hypoxia and LPA in modulation of gene expression 

and other cellular responses (33). To elucidate the underlying mechanism for the effect of 

LPA on VEGF expression, we analyzed the human VEGF promoter and roles of potential 

transcription factors involved in LPA induction of VEGF in ovarian cancer cells. Our results 

indicate that Sp-1 and c-Myc mediate HIF-1α-independent induction of VEGF by LPA in 

ovarian cancer cells.

Materials and Methods

Materials

1-Oleoly (18:1) LPA was obtained from Avanti Polar Lipids. Before use, LPA was dissolved 

in PBS containing 0.5% fatty acid-free bovine serum albumin (BSA). BSA and protease 

inhibitor cocktail tablets were purchased from Roche. 32P and [α-32P]dCTP were purchased 

from Perkin-Elmer and Amersham Biosciences, respectively. Plasmid DNA was purified 

using the endo-free purification kit (Qiagen). Luciferase assay reagents were obtained from 

Promega. Pharmacologic inhibitors of ROCK (Y-27632), c-Myc (10058-F4), Sp-1 

(mithramycin), and anti-tubulin α antibody were obtained from Calbiochem. Another Sp-1 

inhibitor betulinic acid and anti-Sp-1 monoclonal antibody for the supershift assay were 

obtained from Sigma. All oligonucleotides and primers were synthesized by Operon 

Biotechnologies. Anti-HIF-1α monoclonal antibody was obtained from BD Transduction 

Laboratories. Anti-HIF-2α antibody was purchased from Abcam. The antibodies against 

Sp-1 and Rho for Western blotting were purchased from Santa Cruz Biotechnology. Trizol 

and cell culture reagents were obtained from Invitrogen. Bovine fetal serum was from 

Biomeda.

Cell culture

The sources of ovarian cancer cell lines used in the study were described previously (11, 12). 

These cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 100 

units/mL penicillin, and 100 μg/mL streptomycin. All cell lines were frozen at early 

passages and used for <10 weeks in continuous culture.

Quantification of VEGF in culture supernatants

Ovarian cancer cell lines were plated in 6-well plates and grown to 70% confluence in 

complete medium. The cells were then starved for 24 h before stimulation with LPA or 

vehicle for the specified periods. The levels of VEGF present in culture supernatants were 

quantified using a VEGF ELISA kit (R&D Systems).
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Northern blotting

Total cellular RNA was extracted from cell lines using the Trizol reagent following 

instructions of the supplier (Invitrogen). RNA samples were electrophoresed on agarose gel 

containing formaldehyde, stained with ethidium bromide, and transferred to N+ hybrid 

nylon. RNA was immobilized with UV cross-linking, prehybridized, and hybridized to 32P-

labeled cDNA probes at 65°C overnight in a hybridization buffer (1% BSA, 0.5 mol/L 

NaH2PO4, 1 mmol/L EDTA, 7% SDS, and 10 μg/mL salmon sperm DNA). The cDNA of 

the human VEGF gene (gift of Dr. R. Jaffe, University of California-San Francisco) was 

used as a probe for hybridization. The 32P-deoxy-CTP-labeled DNA probe was prepared 

using the High Prime labeling system (Roche). Equal loading of RNA samples was 

confirmed by rehybridization to the cDNA of 18S rRNA (American Type Culture 

Collection).

Western blotting

Cells were lysed in SDS sample buffer or in ice-cold X-100 lysis buffer [1% Triton X-100, 

50 mmol/L HEPES (pH 7.4), 150 mmol/L NaCl, 1.5 mmol/L MgCl2, 1 mmol/L EGTA, 10% 

glycerol, 100 mmol/L NaF, 10 mmol/L sodium pyrophosphate, and protease inhibitor 

cocktail]. Total cellular proteins were resolved by SDS-PAGE, transferred to Immun-Blot 

membrane (polyvinylidene difluoride; Bio-Rad), and immunoblotted with antibodies 

following the protocols of manufacturers. Immunocomplexes were visualized with an 

enhanced chemiluminescence detection kit (Amersham) using the horseradish peroxidase-

conjugated secondary antibodies (Cell Signaling).

Quantitative PCR

mRNAs of VEGF variants were quantified by quantitative reverse transcription. cDNA was 

synthesized from total cellular RNA (1 μg, random primers) using the Superscript reverse 

transcription kit (Invitrogen). The TaqMan quantitative PCR kits for each VEGF isoform 

without cross-reaction were synthesized by Applied Biosystems. A common forward primer 

5′-ATCTTCAAGCCATCCTGTGTGC-3′ and fluorescent hybridization probe 5′-

AGTGTGTGCCCACTGAGGAGTCC-3′, both in exon 3, were used. Each splice variant 

was amplified with specific reverse primers spanning the variant specific exon boundaries 

(34): exon 5/8 for VEGF121 (5′-TGCGCTTGTCACATTTTTCTTG-3′), exon 5/7 for 

VEGF165 (5′-CAAGGCCCACAGGGATTTTC-3′), and exon 6/7 for VEGF189 (5′-

CACAGGGAACGCTCCAGGAC-3′).

Luciferase vectors, deletion, and site-directed mutagenesis

The luciferase vectors containing 2018 to +50 (pGL2-VEGF2018-Luc) or −25 to +50 

(pGL2-VEGF25-Luc; refs. 15, 26, 30) were kindly provided by Dr. R. Jaffe. The Sp-1 

responsive luciferase vector (pGL2-4xSp1-TKLuc) was generated by cloning four repeats of 

the Sp-1 consensus sequence (TCGGGGCGGGGCG) into the NheI and HindIII sites in 

front of the herpes simplex virus thymidine kinase gene promoter (−35 to +50) in the pGL2-

TK-Luc vector. The −708 to +50, −232 to +50, and −123 to +50 fragments were PCR 

amplified from pGL2-VEGF2018-Luc and inserted into the pGL2-basic vector to generate 

pGL2-VEGF708-Luc, pGL2-VEGF232-Luc, and pGL2-VEGF123-Luc. The promoter 
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sequences in these plasmids were verified by automatic sequencing. The Sp-1 and c-Myc 

consensus sites within pGL-VEGF123-Luc were converted into inactive sequences using 

site-directed mutagenesis. The four potential Sp-1 consensus sequences designated Sp-1-I, 

Sp-1-II, Sp-1-III, and Sp-1-IV were mutated from CCCCGCCCCC (Sp-1-I), CGGGGCGG 
GC (Sp-1-II), GGGGGCGG GG (Sp-1-III), and CGGGCGGGGC (Sp-1-IV) to 

CCCCGAACCC, CGGAACGGGC, GGGAACGGGG, and CGGGAAGGGC, respectively. 

The c-Myc-binding site located at −56 was changed from CATGCG to CAAAAG.

For luciferase assays, ovarian cancer cell lines were transfected with luciferase vectors using 

TransIT-TKO (Mirus Bio). About 48 to 60 h after transfection, the cells were starved for 24 

to 48 h before stimulation with LPA or vehicle for 6 h. Cell extracts were prepared and 

assayed for luciferase activity using the luciferase assay kit (Promega).

Rho activation

Activation of Rho was analyzed by GST pull-down assays (35). The cells were grown in 10 

cm dishes to subconfluence, starved overnight, and stimulated with LPA or vehicle for the 

indicated periods. The cells were lysed in magnesium-containing lysis buffer [25 mmol/L 

HEPES (pH 7.5), 150 mmol/L NaCl, 1% NP40, 10% glycerol, 10 mmol/L MgCl2, 1 mmol/L 

EDTA, 1 mmol/L sodium orthovanadate, 10 μg/mL leupeptin, 10 μg/mL aprotinin, and 10 

mmol/L NaF]. Clarified lysates were incubated for 1 h at 4°C with GST-Rhotekin-RBD 

(residues 7-89; ref. 35) produced in Escherichia coli and immobilized on glutathione-

coupled Sepharose beads. Beads were washed in magnesium-containing lysis buffer three 

times, eluted with SDS sample buffer, and analyzed by Western blotting using rabbit anti-

RhoA antibody.

Small interfering RNA

The human c-Myc small interfering RNA (siRNA; sense 5′-

AACAGAAAUGUCCUGAGCAAUTT-3′ and antisense 5′-

AUUGCUCAGGACAUUUCUGUUTT-3′) and nontarget control siRNA were obtained from 

Cell Signaling. The c-Myc siRNA was cotransfected along with the pGL-VEGF123-Luc 

vector using TransIT-TKO according to the manufacturer (Mirus Bio). About 48 h after 

transfection, the cells were starved for 24 h before stimulation with LPA or vehicle for 6 h. 

Cell extracts were prepared and assayed for luciferase activity.

The human Sp-1 and HIF-1α SMARTpool siRNA and the control siRNAs were obtained 

from Dharmacon. The siRNAs (2.25 μg) were transfected into ovarian cancer cell lines 

(1.25-1.5 × 106 cells) with Amaxa Nucleofector II (Kit T, program T32). The transfected 

cells were cultured in 12-well plates in complete medium. After 48 h, the cells were starved 

overnight in serum-free RPMI 1640 and stimulated with LPA for 14 to 16 h before culture 

supernatants were collected for quantification of VEGF. The efficiency of siRNA 

knockdown was confirmed by Western blotting analysis of cell lysates.

Electrophoretic mobility shift assay

The Sp-1 consensus oligonucleotides (sense 5′-GGATTCGATCGGGGCGGGGCGGAG-3′ 

and antisense 5′-GGCTCCGCCCCGCCCCGATCGAAT-3′) and the Sp-1 mutant form 
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(sense 5′-GGATTCGATCGGTTCGGGGCGGAG-3′ and antisense 5′-GGCTCCGCCAA 
GCCCCGATCGAAT-3′) were annealed in 20 mmol/L Tris (pH 7.4), 1 mmol/L DTT, 50 

mmol/L NaCl, and 10 mmol/L MgCl2. Annealed oligonucleotides were labeled at the 3′-

ends with [α-32P]dCTP with Klenow. For the gel shift assay, binding reaction was done by 

incubating 4 μg nuclear proteins in 20 mmol/L HEPES (pH 8.0), 10% glycerol, 1 μg 

poly(dI-dC), and 300 μg/mL BSA in a final volume of 25 μL for 10 min at 25°C. The 

labeled oligonucleotides or cold competitor in the presence or absence of anti-Sp-1 

monoclonal antibody (1 μg) was added to the reaction and incubated for an additional 15 

min at 25°C before electrophoresis on 5% native polyacrylamide gels. The gels were dried 

and subjected to autoradiography using a Phosphorimager.

Statistics

All numerical data were presented as mean ± SD. The statistical significance of differences 

was analyzed using Student’s t test where P < 0.05 was considered statistically significant.

Results

Stimulation of VEGF expression by LPA in ovarian cancer cells

LPA increased VEGF expression in ovarian cancer cell lines (15, 16). In light of the 

copresence of LPA and ovarian tumor cells in ascites of ovarian cancer patients (32), LPA 

may act as a physiologic stimulus of VEGF expression in vivo. Therefore, a better 

understanding of this action of LPA may yield novel insights into the mechanism of tumor 

angiogenesis in ovarian cancer. We examined VEGF production in ovarian cancer cell lines 

cultured in 6-well plates treated with 10 μmol/L LPA for 16 h. VEGF levels in culture 

supernatants were measured with quantitative ELISA kits. As shown in Fig. 1A, LPA 

significantly stimulated VEGF production in Caov-3, OVCAR-3, and Dov-13 cells. The 

most responsive cell line Caov-3 expresses high levels of the LPA1 and LPA2 receptors (11, 

14). Different from induction of other LPA target genes such as cyclooxygenase-2 and IL-8 

(11, 14), the effect of LPA on VEGF expression seemed to be a delayed response. An 

increase in VEGF mRNA levels was obvious after LPA treatment for 2 h, peaking at 4 to 6 h 

(Fig. 1B), whereas LPA-mediated induction of cyclooxygenase-2 and IL-8 was detectable 

0.5 to 1 h after exposure to LPA (11, 14). The different kinetics suggests involvement of 

distinct mechanisms in LPA induction of VEGF.

VEGF variants induced by LPA

There are many VEGF isoforms of different lengths of amino acids derived from alternative 

splicing from a single gene (34). The three major isoforms of VEGF are those composed of 

121 amino acids (VEGF121), 165 amino acids (VEGF165), and 189 amino acids (VEGF189; 

ref. 34). Due to differential representation of basic residues encoded by exons 6 and 7, these 

VEGF isoforms differ in their heparin-binding properties and membrane association (34). 

VEGF121, which lacks the basic residues of both exons, does not bind heparin-containing 

cell surface proteoglycan (36) and is present in a secretive form. VEGF165 may partially 

bind to the cell surface or the extracellular matrix because cationic residues in exon 7 enable 

it to bind heparin. VEGF189 containing both exons 6 and 7 has the highest affinity for 

heparin and therefore is fully cell associated (34, 36). In addition to the difference in 
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membrane association, there is also evidence that certain VEGF isoforms correlate with 

cancer patient outcomes or disease stages (37). It is therefore important to profile VEGF 

isoforms induced by LPA, which could not be revealed by ELISA quantification of secreted 

VEGF present in culture medium.

We designed TaqMan quantitative PCR specific for VEGF121, VEGF165, or VEGF189 to 

examine expression of their mRNAs. Caov-3 cells were treated with 10 μmol/L LPA or 

vehicle for 4 h and total cellular RNA was analyzed by quantitative PCR. As shown in Fig. 

1C, LPA treatment led to induction of each of the three isoforms of VEGF in Caov-3 and 

OVCAR-3 cells. About 4- to 6-fold increases in VEGF121 and VEGF165 were observed in 

LPA-treated cells. VEGF189 was increased 1- to 3-fold by LPA.

HIF-1α–independent induction of VEGF by LPA

Hypoxia is a major environmental factor to trigger transcriptional activation of VEGF 

primarily through inducing HIF (26, 27). We examined whether LPA-induced VEGF 

expression involves HIF-1α or other HIF isoforms such as HIF-2α. Cobalt, a transition 

metal, mimics hypoxia by stabilizing HIF (38). Therefore, we treated Caov-3 and OVCAR-3 

cells with LPA, CoCl2, or LPA + CoCl2. As shown in Fig. 2A, LPA (10 μmol/L, 16 h) 

stimulated a weak induction of HIF-1α when compared with the extremely strong effect of 

cobalt on HIF-1α. HIF-2α was induced by cobalt but not by LPA in these cell lines (Fig. 

2A).

We further analyzed VEGF levels present in culture supernatants of these cells. Both LPA 

and cobalt induced VEGF production. In Caov-3 cells, LPA elicited a stimulatory effect on 

VEGF comparable with that of cobalt, whereas, in OVCAR-3 cells, cobalt was more potent 

than LPA in increasing VEGF levels. Interestingly, in both cell lines, there was an additive 

effect on VEGF production between LPA and cobalt (Fig. 2B), consistent with utilization of 

disparate signaling processes by LPA and cobalt in promoting VEGF production.

To determine whether the weakly induced HIF-1α plays a role in stimulation of VEGF 

expression by LPA, we down-regulated HIF-1α expression with siRNA. Immunoblotting 

analysis of cell lysates confirmed strong suppression of HIF-1α in both LPA-treated and 

untreated cells (Fig. 2C). Although the knockdown of HIF-1α was associated with an 

appreciable decrease in basal VEGF levels in unstimulated control cells, LPA-induced 

VEGF expression over the basal levels was not significantly affected by siRNA suppression 

of HIF-1α (Fig. 2C), suggesting that other transcriptional pathways are involved in LPA 

induction of VEGF.

Promoter sequences required for LPA-mediated induction of VEGF

To characterize the effect of LPA on VEGF expression, we analyzed the VEGF promoter 

activity in LPA- and vehicle-treated ovarian cancer cell lines transfected with pGL2-

VEGF2018-Luc containing the −2018 to +50 VEGF promoter sequences. The transfected 

cells were starved and then incubated with LPA for 6 h before the cell lysates were prepared 

and assayed for luciferase activity. LPA induced dose-dependent, multi-fold increases in 

luciferase activity in pGL2-VEGF2018-Luc-transfected Caov-3, OVCAR-3, and Dov-13 

cells (Fig. 3A), suggesting transcriptional activation of the VEGF promoter by LPA.
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To define the functional promoter region responsible for LPA stimulation, we made a series 

of deletions to remove the 5′-flanking sequences. LPA-induced luciferase activities in 

Caov-3 cells transfected with the deletion mutants (pGL2-VEGF708-Luc, pGL2-VEGF232-

Luc, pGL2-VEGF123-Luc, and pGL2-VEGF25-Luc) were analyzed and compared as 

shown in Fig. 3B. A full response remained when the promoter sequence was eliminated to 

123 bp upstream of the initiation site. A drastic decrease in LPA-stimulated luciferase 

activity was seen in pGL2-VEGF25-Luc-transfected cells, indicating that the response 

elements lie within the −123 to 25 bp fragment. The results are consistent with our previous 

observation that the regulatory sequences of other LPA target genes are usually close to the 

transcription initiation sites (11, 13). Interestingly, the 123-bp fragment of the VEGF 

promoter does not harbor any potential HIF-1-binding sites. The well-defined HIF-1 

consensus sequence is located at around −975 of the VEGF promoter (26, 28).

Involvement of the Rho-ROCK-c-Myc cascade in LPA-induced VEGF expression

The 123-bp fragment of the VEGF promoter contains consensus sites of several well-defined 

transcription factors that have been implicated in HIF-1α-independent VEGF induction by 

other stimuli or in other cell models. These include the binding sites for c-Myc (location 

−56) and Ap-2 (location −87) and four GC-rich boxes for Sp-1 (Sp-1-I, Sp-1-II, Sp-1-III, 

and Sp-1-IV).

To evaluate the involvement of the c-Myc in up-regulation of VEGF by LPA, we mutated the 

c-Myc site from CATGCG to CAAAAG of pGL2-VEGF123-Luc and compared the LPA-

induced luciferase activity with that of wild-type construct. The results shown in Fig. 4A 

indicated that abrogation of the c-Myc site led to a partial yet significant decrease in the 

promoter activity. Similarly, knockdown of c-Myc expression with siRNA (Fig. 4B) or 

treatment with the c-Myc-specific inhibitor 10058-F4 (Fig. 4C) also reduced the luciferase 

activity induced by LPA. These results establish that c-Myc contributes to induction of 

VEGF by LPA.

To understand the signaling network of c-Myc activation, we assessed the role of the Rho-

ROCK pathway lying upstream of c-Myc that has been linked to c-Myc-mediated VEGF 

induction in other cell systems (29, 39). In Caov-3 cells, LPA stimulated potent and 

sustained increases in Rho-GTPase levels as measured by GST pull-down assays (Fig. 5A). 

Expression of dominant-negative Rho (N19Rho) or botulinum C3 toxin (40) attenuated 

LPA-induced VEGF promoter activation by LPA. Inhibition of ROCK with its specific 

inhibitor Y-27632 also partially decreased luciferase activity from pGL2-VEGF123-Luc. 

These results are consistent with involvement of the Rho-ROCK-c-Myc pathway in LPA-

mediated VEGF expression.

Essential role for Sp-1 in LPA induction of VEGF

In addition to the c-Myc site, there are four Sp-1 and one Ap-2 sites clustered between −123 

and −50 of the VEGF promoter. Mutation of the Ap-2 site did not compromise activation of 

the promoter by LPA (data not shown). The Sp-1 transcription factor has been implicated in 

both basal and stimulated VEGF expression in neoplastic cells (41, 42). To assess the 

possibility of Sp-1 involvement in LPA-dependent VEGF induction, we made single, double, 
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triple, or all mutations of these sites as described in Materials and Methods. Sp-1-II and 

Sp-1-III are two most likely Sp-1-binding sites critical for VEGF expression induced by 

various agents (31, 41–43). Disruption of Sp-1-II or Sp-1-III led to significant decreases in 

both basal and LPA-stimulated transcription from the 123-bp promoter (Fig. 6A). 

Simultaneous mutation of the Sp-1-I and Sp-1-II sites led to more reduction in the promoter 

activity. The triple mutation of the Sp-1-II, Sp-1-III, and the upstream Sp-1-I further reduced 

the basal and LPA-stimulated activities. When the four Sp-1 sites were all mutated (all 

mutant), luciferase activity was essentially undetectable in control or LPA-stimulated cells, 

indicating the loss of the promoter activity by elimination of all potential Sp-1 sites (Fig. 

6A).

To determine whether LPA activates Sp-1 in ovarian cancer cells, we tested the effect of LPA 

on phosphorylation of Sp-1, a post-translational modification associated with enhancement 

of Sp-1 DNA-binding and transcriptional activities (31, 41–43). Indeed, LPA induced time-

dependent Sp-1 phosphorylation detectable at 1, 3, and 6 h after addition of LPA (Fig. 6B). 

We further analyzed Sp-1 DNA-binding activity in LPA-treated cells by electrophoretic 

mobility shift assay. As shown in Fig. 6B, LPA stimulated Sp-1 DNA binding in a time 

frame similar to that of Sp-1 phosphorylation induced by LPA. The increases in Sp-1 DNA 

binding were not accompanied by any augmentation in Sp-1 protein present in nuclear 

extracts (Fig. 6B), suggesting that Sp-1 was activated by phosphorylation or other post-

translational modifications rather than alterations in protein synthesis or translocation. In 

agreement with increased Sp-1 phosphorylation and DNA binding, LPA also enhanced Sp-1 

transcriptional activity as analyzed with the luciferase reporter pGL2-4xSp1-TK-Luc 

carrying four repeats of the Sp-1 consensus sequence. LPA treatment of Caov-3 cells 

transfected with the Sp-1 responsive reporter showed >10-fold increases in luciferase 

activity (Fig. 6B).

If LPA induces Sp-1 activation leading to up-regulation of VEGF, manipulation of Sp-1 

protein expression or activity could impinge on the action of LPA. To test the possibility, we 

down-regulated Sp-1 expression in Caov-3 cells with siRNA. As shown in Fig. 6C, silencing 

of Sp-1 protein expression was associated with ~70% inhibition of LPA-induced VEGF 

production. Furthermore, mithramycin, an Sp-1 inhibitor that occupies the GC-rich boxes to 

prevent Sp-1 binding (44), blocked LPA-induced VEGF production by >80% (Fig. 6C). 

Another Sp-1 inhibitor, betulinic acid, which causes selective proteasome-dependent 

degradation of Sp-1 (45), also effectively inhibited VEGF production induced by LPA (data 

not shown). Taken together, these results establish a major role of Sp-1 in LPA-mediated 

VEGF expression.

Discussion

LPA is present at high levels in ascites of ovarian cancer patients (32). We showed 

previously that the LPA2 and LPA3 receptor subtypes are overexpressed in significant 

percentages of primary ovarian cancers and in a majority of ovarian cancer cell lines (10). 

Recent studies showed that the LPA2 receptor is overexpressed in many other human 

malignancies such as differentiated thyroid cancer, colon cancer, and mammary ductal 

carcinomas (46). Besides increased expression of specific LPA receptors, there is also 
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evidence for overexpression of Lyso-PLD/autotaxin (ATX), a key enzyme in LPA production 

from lysophosphatidylcholine in many human cancers (47). These results indicate that 

amplification of LPA signaling via specific receptor overexpression or ligand generation is a 

common event associated with human cancers. However, it remains elusive how LPA 

participates in oncogenic processes. One possibility is that LPA modifies expression of 

oncoproteins or factors to create a tumor microenvironment that favors expansion of 

malignant cells. A major group of LPA target genes are indeed those encoding secreted 

factors such as IL-6, IL-8, growth-regulated oncogene a, and VEGF that promote tumor 

angiogenesis or tumor progression (12–17). When LPA2 is transgenically expressed in 

mouse ovaries, higher levels of VEGF and other LPA-induced factors are produced 

compared with nontransgenic ovaries (48), further supporting a role for LPA in tumor 

angiogenesis via up-regulating expression of VEGF and other proangiogenic factors.

In the present study, we used ovarian cancer cells as a model to dissect the signaling 

mechanism for VEGF induction by LPA. Our results establish that LPA induced 

transcriptional activation of VEGF independently of HIF-1α, a transcription factor most 

intimately involved in inducible VEGF expression. This is inconsistent with a recent study in 

which the effect of high concentrations of LPA (25 μmol/L) on VEGF expression involves 

HIF-1α induction and activation (16). In our experiments, LPA induced only weak HIF-1α 

expression compared with cobalt in ovarian cancer cell lines. Down-regulation of HIF-1α 

decreased the basal but not LPA-stimulated VEGF expression. The VEGF promoter 

fragment lacking HIF-1α consensus sites was fully capable of driving the response to LPA. 

These observations suggest that LPA and hypoxia could stimulate VEGF transcription 

cooperatively through distinct cascades. The ascites of ovarian cancer patients is a hypoxic 

environment where a large number of ovarian tumor cells reside (32, 33). LPA and hypoxia 

may thus act in concert to maximize VEGF production that is essential for the abdominal 

dissemination of ovarian tumor cells (23–25).

Through detailed analysis of the VEGF promoter and functional assays for transcription 

factors involved, we identified c-Myc and Sp-1 as major mediators of LPA-induced VEGF 

transcription. The Rho-ROCK-c-Myc pathway has been implicated in HIF-1α-independent 

induction of VEGF in hypoxia. Our results show that inhibition of each component of the 

Rho-ROCK-c-Myc pathway partially reduced the response to LPA. In ovarian cancer cell 

lines, LPA stimulated c-Myc expression and phosphorylation (data not shown), which may 

enhance c-Myc-mediated transcription. In many types of human cancers, the Myc oncogenes 

are amplified or overex-pressed. Accumulating evidence supports a correlation of excessive 

c-Myc with increased VEGF expression and tumor vasculature (49).

Although Sp-1 mediates VEGF expression in other cellular contexts (31, 41–45), linking 

Sp-1 to LPA-induced VEGF expression is a novel finding. A recent study showed that LPA 

induced telomerase activity in ovarian cancer cells through Sp-1-binding sites within the 

proximal 976- to 378-bp regions of the telomerase promoter (50). However, there was no 

direct evidence that LPA indeed stimulated Sp-1 activity to trigger telomerase up-regulation 

(50). In our study, we have used multiple approaches to validate the role of Sp-1 in LPA up-

regulation of VEGF. The four specific Sp-1-binding sites close to the transcriptional 

initiation seem to be critical to LPA-mediated activation of the VEGF promoter. Further, 
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LPA stimulated Sp-1 phosphorylation, Sp-1 DNA-binding activity, and transactivation 

potential. Because Sp-1 phosphorylation at serine and threonine residues is crucial for its 

binding to target DNA, it is likely that LPA activates Sp-1 through induction of its 

phosphorylation, although alterations in acetylation or in interaction with other proteins may 

also modulate Sp-1 transcriptional activity. Consistent with a critical role of Sp-1 in VEGF 

expression in vivo, previous studies showed that blockade of Sp-1 with pharmacologic 

inhibitors led to suppression of VEGF expression, tumor angiogenesis, and tumor growth 

(41–45). Our results presented herein further highlight the importance of targeting Sp-1 as a 

therapeutic approach to treat ovarian cancer and other malignancies.
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Translational Relevance

The molecular mechanisms governing VEGF expression in normoxic conditions by 

extracellular mediators such as LPA are poorly understood. We showed that LPA induced 

VEGF expression through c-Myc and Sp-1 transcription factors independently of HIF-1α 

in ovarian cancer cells. We further identified the signaling processes upstream of c-Myc 

and Sp-1 that link to LPA-induced activation of these transcription factors and the 

subsequent VEGF expression. The results establish a novel mode of VEGF induction 

through an agonist of G protein-coupled receptors and highlight new strategies to control 

VEGF expression and tumor angiogenesis.
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Fig. 1. 
Induction of multiple isoforms of VEGF by LPA in ovarian cancer cell lines. A, LPA-

stimulated secretion of VEGF. Caov-3, OVCAR-3, and Dov-13 cells were plated in 6-well 

plates, cultured to ~60% confluence, starved for 24 h and then stimulated with LPA (10 

μmol/L) or vehicle (BSA control) for 16 h. VEGF levels (pg/mL) in culture supernatants 

were quantified using VEGF ELISA kits. B, LPA-induced VEGF mRNA expression. Caov-3 

cells were starved and treated with LPA for 6 h at indicated concentrations (left) or treated 

with 10 μmol/L LPA for different periods (h; right). Total cellular RNA was isolated and 

analyzed by Northern blotting using 32P-labeled VEGF cDNA as a probe. The locations of 

28S and 18S RNA were indicated. The membrane was reprobed with GAPDH to confirm 

comparable loading among samples. C, Caov-3 and OVCAR-3 cells were treated with 10 

μmol/L LPA for 4 h before RNA preparation. The mRNA levels of three major VEGF 

variants (VEGF121, VEGF165, and VEGF189) were determined by quantitative PCR using 

quantitative PCR primers specific for each of the VEGF isoform as detailed in Materials and 

Methods. For this and the following illustrations, all numerical data are mean ± SD, 

representative of three independent assays. *, P < 0.05, statistical significant differences.
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Fig. 2. 
HIF-1α-independent induction of VEGF by LPA. Caov-3 and OVCAR-3 cells were starved 

and exposed for 16 h to LPA (10 μmol/L), CoCl2 (150 μmol/L), or LPA (10 μmol/L) + 

CoCl2 (150 μmol/L). Cell lysates were analyzed for HIF-1α and HIF-2α expression by 

immunoblotting (A) and culture supernatants were collected for ELISA quantification of 

VEGF (pg/mL; B). C, Caov-3 cells treated with the HIF-1α siRNA or with nontarget control 

siRNA were starved and stimulated with or without LPA (10 μmol/L) for 14 h before ELISA 

analysis of VEGF in culture supernatants. HIF-1α siRNA efficiency was confirmed by 

immunoblotting analysis of cell lysates.
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Fig. 3. 
Activation of VEGF transcription by LPA. A, LPA-stimulated activation of the VEGF 

promoter. Caov-3, OVCAR-3, or Dov-13 cells were transfected with pGL2-VEGF2018-Luc, 

starved for 1 day, and stimulated with LPA for 6 h at the indicated concentrations. The 

luciferase activities were analyzed with luciferase assay kits (Promega). Results were 

presented as relative light units (RLU). B, VEGF promoter sequences responsible for LPA 

stimulation were mapped to a 123-bp fragment proximal to the initiation site. Caov-3 cells 

were transfected with a series of deletion mutants containing 2018, 708, 232, 123, or 25 bp 

fragments of the VEGF promoter. LPA-stimulated luciferase activity was determined as in 

A. Data are presented as relative percentages with the activity of cells transfected with 

pGL2-VEGF2018-Luc defined as 100%. In this and the following figures, luciferase 

activities were normalized to β-galactosidase activity in the cells cotransfected with pCMVβ-

gal.
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Fig. 4. 
Input of c-Myc in transcriptional activation of VEGF. A, mutation of the c-Myc-binding site 

decreased VEGF promoter activity stimulated by LPA. Caov-3 cells were transfected with 

the wild-type reporter vector (pGL2-VEGF123-Luc) or c-Myc mutant vector (pGL2-

VEGF123Mycmu-Luc). The transfected cells were starved and treated with LPA (10 

μmol/L) or vehicle (BSA control) for 6 h and analyzed for luciferase activity. B, down-

regulation of c-Myc expression attenuated VEGF promoter activity induced by LPA. Caov-3 

cells were transfected with pGL2-VEGF123-Luc along with c-Myc-specific siRNA or 

nontarget control siRNA. LPA-stimulated luciferase activity was measured as in A. C, 

blockade of c-Myc with a specific inhibitor reduced the VEGF promoter activity. Caov-3 

cells transfected with pGL2-VEGF123-Luc were stimulated in the absence or presence of 

10058-F4 (2.5 μmol/L) and analyzed for luciferase activity.
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Fig. 5. 
Involvement of the Rho-ROCK signaling in transcriptional activation of the VEGF promoter 

by LPA. A, LPA-stimulated immediate and sustained activation of Rho. Caov-3 cells 

cultured in 100 mm dishes were starved and stimulated with LPA (10 μmol/L) for the 

indicated periods (min). The levels of Rho-GTP were determined by GST-Rhotekin pull-

down assay as described in Materials and Methods. B, inhibition of Rho activity with 

expression of C3 toxin or the dominant-negative N19Rho attenuated LPA-induced activation 

of VEGF promoter. Caov-3 cells were cotransfected with pGL2-VEGF123-Luc along with 

vectors expressing C3 toxin (left) or N19Rho (right) at a molar ratio 1:3. The transfected 

cells were starved and stimulated with 10 μmol/L LPA for 6 h and analyzed for luciferase 

activity as described in Fig. 3. C, inhibition of ROCK with Y-27632 decreased LPA-induced 

activation of the VEGF promoter. Caov-3 cells transfected with pGL2-VEGF123-Luc were 

starved and stimulated with LPA (10 μmol/L, 6 h) in the absence or presence of Y-27632 (10 

μmol/L) and analyzed for luciferase activity.
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Fig. 6. 
Requirement of the Sp-1 transcription factor for activation of the VEGF promoter and VEGF 

production. A, Sp-1 sites were essential for LPA-dependent activation of the VEGF 

promoter. The DNA sequences listed are the VEGF promoter region spanning the four 

potential Sp-1 sites (underlined). Caov-3 cells were transfected with wild-type pGL2-

VEGF123-Luc or Sp-1 mutant vectors. Luciferase activities from wild-type or mutant 

vectors induced by LPA (10 μmol/L, 6 h). B, LPA-stimulated Sp-1 phosphorylation and Sp-1 

DNA-binding and transcriptional activities. Caov-3 cells were starved for 16 h, incubated 

with phosphate-free DMEM for 20 min, and then labeled with 32P in phosphate-free DMEM 

for 3 h before incubation with LPA (10 μmol/L) or vehicle (BSA) for 1, 3, or 6 h. Sp-1 was 

immunoprecipitated from cell lysates, resolved by SDS-PAGE, and transferred to Immun-

Blot membrane for autoradiograph followed by immunoblotting for Sp-1 protein (left, top). 

Sp-1 DNA-binding activity was assessed by electrophoretic mobility shift assay (bottom). 

Nuclear extracts of Caov-3 cells stimulated for the indicated periods with LPA (10 μmol/L) 

were incubated with 32P-labeled Sp-1 consensus oligonucleotides (Wt Sp-1) or the inactive 

mutant form (mutant Sp-1). Reaction mixes were run on 5% native polyacrylamide gels and 

autoradiographed. The Sp-1 protein levels in nuclear extracts were examined by 

immunoblotting (left, bottom).The specificity of binding to the 32P-labeled Sp-1 probe was 

confirmed by inhibition of the binding with the unlabeled oligonucleotide (cold competition; 

left, bottom) and by a supershift assay with a Sp-1-specific antibody (Sp-1 Ab; right, 
bottom). LPA-induced Sp-1 transcriptional activity was analyzed by transfection of Caov-3 
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cells with the Sp-1 reporter pGL2-4×Sp1-TK-Luc. The cells were stimulated with LPA (10 

μmol/L, 6 h) before measuring luciferase activity (right, top). C, Sp-1 was necessary for 

LPA-induced VEGF production. Caov-3 cells treated with the Sp-1 siRNA or nontarget 

control siRNA were starved and stimulated with LPA (10 μmol/L) for 16 h before ELISA 

analysis of VEGF present in culture supernatants. Net increases in VEGF production 

induced by LPA were calculated by subtracting background VEGF levels in unstimulated 

cells from LPA-induced VEGF production (left). Right, Caov-3 cells were starved and 

treated with LPA or vehicle for 16 h in the presence or absence of the Sp-1 inhibitor 

mithramycin (150 nmol/L).
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