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Activation of Hypoxia-Inducible Factor-1A Is Necessary for
Lysophosphatidic Acid^ InducedVascular Endothelial
Growth Factor Expression
JangsoonLee,1SoonYoungPark,1EunKyungLee,2ChangGyoPark,1HyunCheolChung,3 SunYoungRha,3

Yong Kee Kim,4 Gyu-Un Bae,5 Bum Kyeong Kim,1Jeung-Whan Han,2 and HoiYoung Lee1

Abstract Purpose: Lysophosphatidic acid (LPA) plays an important role in mediating cell proliferation,
survival, and tumor invasion and angiogenesis. This bioactive phospholipid at the concentration
in ascitic fluid stimulates the growth of malignant ovarian tumors by increasing the expression of
vascular endothelial growth factor (VEGF). In the present study, we investigated whether LPA
activates hypoxia inducible factor-1 (HIF-1), a key transcriptional complex in tumor progression
and metastasis, thereby increasing the expression ofVEGF.
Experimental Design: Immunoblotting, reverse transcription-PCR, ELISA, immunofluores-
cence, and chromatin immunoprecipitation assay were used to examine the expression of VEGF
and HIF-1a in various cancer cells. Specific HIF-1a small interfering RNA was transfected to
various cancer cells to determine the role of HIF-1a in LPA-inducedVEGF expression.
Results: LPA induced expressions of VEGF and HIF-1a in OVCAR-3, CAOV-3, PC-3, and
SK-Hep1cells but not in SKOV-3 and Hep-3B cells. In OVCAR-3 and PC-3 cells, the phospho-
inositide 3-kinase/Akt/mammalian target of rapamycin/p70S6K and p42/p44mitogen-activated
protein kinase pathways were required for LPA-induced HIF-1aandVEGF expressions, whereas
only the phosphoinositide 3-kinase/mammalian target of rapamycin/p70S6K pathway was
important in SK-Hep1 cells. Immunofluorescence microscopy assay showed translocation
of HIF-1a to nucleus by LPA, and chromatin immunoprecipitation assay revealed the binding of
HIF-1a to the promoter of VEGF by LPA. Importantly, we found that small interfering RNA ^
induced reduction of HIF-1aexpression significantly attenuatedVEGF expression by LPA.
Conclusions: Our results show for the first time that LPA induces VEGF via HIF-1a activation
and reveal a critical role of HIF-1a in LPA-induced cancer cell proliferation and angiogenesis.

Lysophosphatidic acid (1-acyl-LPA or 2-acyl-LPA) is a lipid
mediator that is involved in multiple cellular events of almost
every mammalian cell type (1). The estimated concentrations
of active, albumin-bound LPA in serum are in the range of 1 to
5 Amol/L (2). Upon binding to G protein–coupled receptors

Edg2/LPA1 (3), Edg4/LPA2 (4), and Edg7/LPA3 (5), LPA exerts
diverse biological effects, including cell proliferation/survival,
induction of neurite retraction, inhibition of gap junctional
communication, and cell motility (6, 7). In ovary cancer, LPA
contributes to the development, progression, and metastasis
and is increased in both plasma and ascites of ovary cancer
patients, reaching 80 Amol/L concentration (8–10). Ovary
cancer cells also produce LPA, thereby maintaining an LPA-rich
microenvironment (8, 11). Elevated LPA levels have been
detected in 98% of ovary cancer patients, including 90% of
patients with stage I disease, suggesting that LPA promotes early
events in ovary carcinoma dissemination.
The hypoxia-inducible factor-1 (HIF-1) plays a central role in

tumor progression and angiogenesis. This protein is a hetero-
dimeric transcription factor, which regulates hypoxia-activated
genes, and consist of a constitutively expressed HIF-1h subunit
and a highly regulated HIF-1a (12–14). Upon binding to the
hypoxia-responsive element within target gene, HIF-1 activates
transcription of various hypoxia-inducible genes like angio-
genic factors [vascular endothelial growth factor (VEGF)] as well
as proliferation/survival factors [insulin-like growth factor-2
(IGF2), NOS2, WAF-1, and transforming growth factor-a] and
extracellular matrix metabolism (urokinase-type plasmi-
nogen activator receptor and matrix metalloproteinase 2;
ref. 13). The amount of HIF-1a is mainly regulated by either
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oxygen-dependent or oxygen-independent ways. In the presence
of oxygen, HIF-1a is rapidly degraded by von Hippel-Lindau
(VHL)–mediated ubiquitination and subsequent degradation
by the proteasome (15). However, in hypoxia, HIF-1a is stab-
ilized by binding with HIF-1h in the nucleus. Hypoxia-inde-
pendent regulation of HIF-1a has also been shown to occur by a
variety of growth factors and cytokines, including insulin, IGF-1,

IGF-2, transforming growth factor, platelet-derived growth
factor, epidermal growth factor, and interleukin-1 (16–22). In
addition, oncogenic activation (such as Ha-ras, myc , or src) or
loss of tumor suppressor function (such as p53, PTEN, or VHL)
is also associated with HIF-1-mediated tumor progression (23).
VEGF is a dimeric glycoprotein that is critically important

in both normal and tumor-associated angiogenesis (24).

Fig. 1. LPA inducesVEGF and HIF-1a expressions. A, the cells (5� 105) were serum starved and incubated with LPA or CoCl2 for the indicated time periods.VEGF protein
level in the conditioned medium of tested cells was determined by ELISA. B, effects of LPA onVEGFmRNA.The cells were serum starved and exposed to LPA or CoCl2
(250 Amol/L) for 24 hours.Total RNAwas isolated, and RT-PCR was done with specificVEGF primers.
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Overexpression of VEGF has been associated with tumor
progression and poor prognosis in several tumors, including
ovarian carcinoma (25) and hepatoma (26). The VEGF
promoter has two transcriptional regulatory sites (SP1 and
HRE), and they are located at �90 to �50 and �985 to �939
upstream of the transcription start site of VEGF, respectively
(27). Each transcriptional regulatory site is important for the
expression of VEGF in nonhypoxic cells. Although HER-2 and
IGF-1 induce transcriptional activation of the VEGF gene by
HIF-1 (28, 29), HGF increases VEGF expression through an SP1
transcription factor binding site (30).
LPA has been reported to induce the expression of VEGF in

ovary (31, 32) and colon cancer (33). However, the detailed
intracellular mechanisms of LPA-induced VEGF expression in
cancer cells are not known. In the present study, we provide the
evidence that HIF-1a is the key regulator for LPA-induced VEGF
expression in cancer cells.

Materials andMethods

Reagents and antibodies. LPA was purchased from Avanti Polar
Lipids (Alabaster, AL). LY294002, PD98059, and rapamycin were

from Calbiochem (San Diego, CA). HIF-1a polyclonal antibody
(for chromatin immunoprecipitation assay) was obtained from
Chemicon (Temecula, CA); h-actin monoclonal antibody was from
Sigma-Aldrich (St. Louis, MO), and HIF-1a monoclonal antibody
(for Western blotting) was from BD (San Diego, CA). Phospho-
antibodies [AKT, extracellular signal-regulated kinase, p70S6K, and
mammalian target of rapamycin (mTOR)] were obtained from Cell
Signaling (Beverly, CA), and enhanced chemiluminescence reagents
and Sepharose 4B were from Amersham-Pharmacia Biotech (Piscat-
away, NJ). LipofectAMINE 2000 was obtained from Invitrogen
(Carlsbad, CA); chromatin immunoprecipitation assay kit was from
Upstate (Waltham, MA); and cycloheximide was purchased from
Sigma-Aldrich. All other reagents used were of the purest grade
available.
Cell culture. All cancer cells lines (SKOV-3, CAOV-3, OVCAR-3,

PC-3, SK-Hep1, and Hep-3B) were purchased from the American Type
Culture Collection (Manassas, VA). Cells were maintained in DMEM or
RPMI 1640, supplemented with 10 % fetal bovine serum in a
humidified atmosphere containing 5 % CO2 at 37jC. For experimental
purposes, the cells (5 � 105) were plated in six-well culture dishes.
After 1 day, the cells were serum starved overnight before use.
ELISA assay. VEGF production in culture mediums was examined

by using a human VEGF-specific ELISA kit (Pierce Biotechnology,
Rockford, IL) according to the manufacturer’s instructions.

Fig. 1 Continued. C, the serum-starved
cells were incubated with or without LPA
or CoCl2 for the indicated time periods.
HIF-1aprotein level of the cells tested
was determined by immunoblotting with
anti-HIF-1a antibody.The concentrations of
LPA used were10 Amol/L for SK-Hep1,
Hep-3B, and PC-3 cells and 25 Amol/L for
OVCAR-3, SKOV-3, and CAOV-3 cells.
Representative of three experiments with
similar results. Points, mean; bars, SE.
**, P < 0.025; ***, P < 0.001, significantly
different from the LPA-unstimulated cells.
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Reverse transcription-PCR. Total cellular RNA (1 Ag) isolated from
cultured cell lines was used for reverse transcription. The cDNA was
then subjected to PCR amplification with primer sets for HIF-1a, VEGF,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH): HIF-1a
forward, 5¶-TCCATGTGACCATGAGGAAA-3¶; HIF-1a reverse, 5¶-TATC-
CAGGCTGTGTCGACTG-3¶; VEGF forward, 5¶-CTACCTCCACCATGC-
CAAGT-3¶; VEGF reverse, 5¶-ATCTGCATGGTGATGTTGGA-3¶; GAPDH
forward, 5¶-CATCTTCCAGGAGCGAGA-3¶; GAPDH reverse, 5¶-CTGCTT-
CACCACCTTCTTGAT-3¶. Initial denaturation at 94jC for 3 minutes was
done only for the first cycle, and the sequence of PCR amplification
was followed by denaturation at 94jC for 30 seconds, annealing at
60jC for 30 seconds, and extension at 72jC for 30 seconds (32 cycle for
HIF-1a, 28 cycle for GAPDH). The samples were resolved on a 1.2 %
agarose gel and stained with ethidium bromide, and their intensity was
compared using EagleSight Software v. 3.2 (Stratagene, La Jolla, CA).
Immunoblot assay. Quiescent cells were treated with LPA (indicated

concentrations) for the period indicated. The stimulation was
terminated by aspirating the medium and solubilizing the cells in
500 AL of ice-cold radioimmunoprecipitation assay buffer (34). Lysates
were resolved by 10% SDS-PAGE and transferred to polyvinylidene
difluoride membrane. Polyvinylidene difluoride membranes with
proteins were blocked with 5% nonfat dried milk in PBS (pH 7.2)

and incubated overnight at 4jC with the antibodies indicated. The
membranes were washed twice with washing buffer (0.1% Tween 20 in
PBS) and incubated with secondary antibodies (horseradish peroxi-
dase–conjugated antibodies) for 1 hour at room temperature. After
washing twice with washing buffer, the bands were visualized using
enhanced chemiluminescence.
Immunofluorescence microscopy assay. Immunofluorescence was

done as previously described (34). HIF-1a antibody was diluted
1:200, and all secondary antibodies were diluted 1:1,000. Fluorescence
was visualized using a Leica DMR immunofluorescence microscope
with DFC480 digital camera.
Chromatin immunoprecipitation assay. Chromatin immunoprecipi-

tation was done using a kit purchased from Upstate Biotechnology
(Charlottesville, VA) according to the protocol recommended by the
manufacturer. The region of �1386 to �1036 of the VEGF promoter
gene was amplified by PCR from the immunoprecipitated chromatin
using the following primers: sense, 5¶-CAGGTCAGAAACCAGCCAG-3¶;
antisense, 5¶-CGTGATGATTCAAACCTACC-3¶. The 350-bp PCR product
was resolved on a 1.2% agarose gel and visualized by ethidium bromide
staining and UV illumination.
Short interfering RNA. Small interfering RNA (siRNA) correspond-

ing to the HIF-1a gene was designed and synthesized by BLOCK-iT RNA

Fig. 2. A, PI3K/Akt/mTOR/p70S6K and p42/p44 MAP kinase pathways are involved in LPA-inducedVEGF and HIF-1aexpressions. Effects of pharmacologic inhibitors
on LPA-induced HIF-1a (bottom channel) andVEGF expressions (top channel). Serum-starved cells were pretreated for 2 hours with vehicle or inhibitors and then exposed
to LPA for 4 hours (for HIF-1a) or 24 hours (forVEGF). HIF-1a protein level of tested cells was determined by immunoblotting with anti-HIF-1a antibody. B, nuclear
translocation of HIF-1a by LPA.The cells seeded in four-chamber slide were serum starved for16 hours and treated for 2 hours with vehicle or inhibitor.The cells were then
activated with LPA or CoCl2 for 4 hours and immunostained with a mouse monoclonal anti-HIF-1a antibody.The concentrations of LPA used were10 Amol/L for SK-Hep1
and PC-3 cells and 25 Amol/L for OVCAR-3 cells.The concentration of CoCl2 used was 250 Amol/L as a positive control.The inhibitors used in these reactions were
10 Amol/L LY294002,100 nmol/L rapamycin, or10 Amol/L PD98059. Representative of three experiments with similar results. Columns, mean; bars, SE. **, P < 0.025;
***, P < 0.001, significantly different from the LPA-stimulated cells.
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interference Express (Invitrogen). The following sequences were used:
(positive sequence) forward, 5¶-AGTTAGTTCAAACTGAGTTAATCCC-3¶;
reverse, 5¶-GGGATTAACTCAGTTTGAACTAACT-3¶; (negative control)
forward, 5¶-GGGAATCTCTGAGTTCAAATATACT-3¶; reverse, 5¶-AGTATA-
TTTGAACTCAGAGATTCCC-3¶. siRNA duplexes were used for transfec-
tion at a final concentration of 40 pmol/L. Cells were plated onto
12-well tissue culture dishes a day before the transfection, and the cells
were transiently transfected with the LipofectAMINE 2000 (Invitrogen)
according to the manufacture’s instruction.
Statistical analysis. Results are expressed as mean F SD, and an

analysis was done by Student’s t test. Ps < 0.05 were considered
statistically significant.

Results

LPA induces VEGF and HIF-1a expressions in cancer cells. To
test whether LPA modulates the levels of VEGF in our system,
ovarian cancer (SKOV-3, OVCAR-3, and CAOV-3), prostate
cancer (PC-3), and hepatoma (SK-Hep1 and Hep-3B) cells were
incubated with LPA or 250 Amol/L CoCl2 for indicated period
of time, and then the conditioned media of each cancer cells
were tested for the VEGF production through ELISA. As shown
in Fig. 1A, there was no change by LPA, if any, in the VEGF
production of SKOV-3 and Hep-3B cells. However, the expres-
sion of VEGF in OVCAR-3, CAOV-3, PC-3, and SK-Hep1 cells
was increased by LPA in a time-dependent manner. As a
positive control of hypoxia, the cells were incubated with
hypoxia-mimicking agent CoCl2. Interestingly, CoCl2 increased
the expression of VEGF in all cells except SKOV-3 cells. To
examine whether LPA-induced VEGF expression occurred
transcriptionally, the cells were incubated with or without
LPA for 24 hours. Consistent to the data of VEGF protein, LPA
increased the level of VEGF mRNA in OVCAR-3, CAOV-3,
PC-3, and SK-Hep1 cells but not in SKOV-3 and Hep-3B cells
(Fig. 1B). To test the involvement of HIF-1a in LPA-induced

VEGF expression, the cancer cells were treated with LPA for
indicated time period, and the expression of HIF-1a was
monitored by immunoblotting with anti-HIF-1a antibody.
LPA increased the expression of HIF-1a in OVCAR-3, CAOV-3,
PC-3, and SK-Hep 1 cells, reaching a maximum level at 4 hours

Fig. 3. Effects of LPAonHIF-1aprotein stability. Serum-starved cells were pretreatedwith LPAorCoCl2 (250 Amol/L) for 4 hours, and then cycloheximide (CHX)was added
to a final concentration of100 Amol/L. Cells were harvested at indicated times, and whole-cell lysates were subject to immunoblot assay to assess HIF-1a and h-actin
(as loading control). Densitometry was used to measure the autoradiographic HIF-1asignal. Bottom, results.The concentrations of LPA used were10 Amol/L for SK-Hep1
and PC-3 cells and 25 Amol/L for OVCAR-3 cells. One representative result from three experiments.

Fig. 4. LPA induces the binding of HIF-1a to theVEGF promoter. Chromatin
immunoprecipitation assay with HIF-1aantibody was done as described in
Materials and Methods.The serum-starved cells were pretreated for 2 hours with
vehicle or inhibitors and then exposed to LPA for 4 hours.The immunoprecipitated
DNAwas purified, and the region from�1386 to �1036 bp of the humanVEGF
promoter was amplified by PCR (32 cycles).The concentrations of LPA used were
10 Amol/L for SK-Hep1and PC-3 cells and 25 Amol/L for OVCAR-3 cells.The
inhibitors used in these reactions were10 Amol/L LY294002, 100 nmol/L
rapamycin, or10 Amol/L PD98059. Representative of three experiments with
similar results.
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of incubation (Fig. 1C). However, the expression of HIF-1a in
SKOV-3 and Hep-3B cells was not increased by LPA. Further-
more, CoCl2 did not give any influence to the expression of
HIF-1a in SKOV-3 cells. These results are consistent with the
data of LPA-induced VEGF expression (Fig. 1A), suggesting that
there is a close relationship between the expressions of VEGF
and HIF-1a by LPA in cancer cells tested. To determine the
effect of LPA on transcriptional expression of HIF-1a, we
analyzed the mRNA levels of HIF-1a by reverse transcription-
PCR in cancer cells treated with or without LPA. LPA treatment
did not, if any, change the amount of HIF-1a mRNA of cancer
cells (Supplementary Fig. S1).
Phosphoinositide 3-kinase/Akt/mTOR/p70S6K and p42/p44

mitogen-activated protein kinase pathways are involved in LPA-
induced VEGF and HIF-1a expressions. Because the signifi-
cance of the phosphoinositide 3-kinase (PI3K)/Akt/mTOR/
p70S6K (35, 36) and p42/p44 mitogen-activated protein kinase
(MAPK; ref. 37) pathways has been proposed for VEGF
expression, we analyzed the effects of LPA on the activities of
Akt, mTOR, p70S6K, and p42/p44 MAPK. LPA increased
phosphorylations of Akt, mTOR, p70S6K, and p42/p44 MAPK
in OVCAR-3, PC-3, and SK-Hep1 cells (Supplementary Fig. S2).
Next, to identify the signaling factors involved in LPA-induced
VEGF and HIF-1a expressions, we used pharmacologic inhib-
itors of PI3K (LY294002), mTOR (rapamycin), and p42/p44
MAPK (PD98059). LY294002 and rapamycin markedly
inhibited the LPA-induced HIF-1a and VEGF (Fig. 2A)
expressions in all cells tested. However, the LPA-induced
HIF-1a and VEGF expressions in SK-Hep1 were not inhibited
by PD98059.
Because our data showed that LPA significantly increased

level of the HIF-1a protein (Fig. 1C), we examined by
immunofluorescence analysis whether this bioactive phospho-
lipid molecule promotes the nuclear translocation of HIF-1a
protein independent of hypoxia. As shown in lane 2 of Fig. 2B,
LPA increased the amount of HIF-1a in the nucleus of OVCAR-
3 and PC-3 cells that was abrogated by pretreatment with
LY294002, rapamycin, and PD98059. On the other hand,
however, pretreatment of SK-Hep1 cells with PD98059 did not
show any dramatic inhibition of HIF-1a translocalization
induced by LPA.
LPA does not stabilize HIF-1a protein. We studied the effect

of cycloheximide to investigate whether the increased amount
of HIF-1a by LPA occurred in the process of protein
stabilization. Thus, cancer cells were incubated with LPA or
CoCl2 for 4 hours followed by cycloheximide treatment for an
indicated time period. As shown in Fig. 3, the amount of HIF-
1a was only slightly reduced when the cells were treated with
CoCl2 in the presence of cycloheximide for 80 minutes.
However, the expression of HIF-1a in the LPA-activated cells
profoundly decreased to the basal level by cycloheximide
incubation for 80 minutes, suggesting that LPA does not
stabilize HIF-1 a protein in tested cells.
LPA induces binding of HIF-1a to VEGF promoter. To

elucidate the interaction of HIF-1a at native hypoxia response
elements of the VEGF promoter by LPA, chromatin immuno-
precipitation assay system was used. Fractionated chromatins
from control and LPA-stimulated cells were immunoprecipi-
tated with anti-HIF-1a antibody followed by PCR analysis of
native HIF-1 binding sites from VEGF genes. As shown in Fig. 4,
HIF- 1a bound to the VEGF promoter by LPA was precipitated

with anti-HIF-1a antibody. Controls either lacking the
antibody (lane 1) or using the anti-HIF-1a antibody with
lysate from untreated cells (lane 2) were included to confirm
the specificity of the assay. Pretreatment of the cells (OVCAR-3
and PC-3) with LY294002, rapamycin, and PD98059 pro-
foundly inhibited LPA-induced binding of HIF-1a to the VEGF
promoter. Consistent to our earlier data (Fig. 2A), PD98059 did
not inhibit the binding of HIF-1a to the VEGF promoter in SK-
Hep1 cells.

Fig. 5. Roles of HIF-1ain LPA-inducedVEGF expression.The cells were transfected
with 40 nmol/L HIF-1a-specific siRNA for 24 hours and then serum starved for
24 hours. HIF-1a was detected by immunoblotting with HIF-1a antibody in
whole-cell extract after 4 hours of LPA. A, HIF-1a siRNA reduced LPA-inducible
HIF-1a expression. B, inhibition of LPA-inducedVEGF expression by HIF-1a siRNA.
The concentrations of LPA used were10 Amol/L for SK-Hep1and PC-3 cells and
25 Amol/L for OVCAR-3 cells. Representative of three experiments with similar
results. Columns, mean; bars, SE. **, P < 0.025; ***, P < 0.001, significantly different
from the LPA-stimulated cells.
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HIF-1a siRNA inhibits LPA-induced VEGF expression. To
gain further insight into the functional significance of HIF-1a in
LPA-induced VEGF expression, we determined whether reduced
expression of HIF-1a affected LPA-induced VEGF expression.
Cancer cells were transfected with HIF-1a siRNA for 24 hours
and then stimulated with or without LPA. Treatment of cancer
cells with HIF-1a siRNA significantly reduced LPA-induced
HIF-1a expression, whereas control siRNA had no detectable
effect (Fig. 5A). It is noted that HIF-1a siRNA was specific for
targeting HIF-1a because the expression of h-actin was not
changed. Decreasing HIF-1a expression by its siRNA signifi-
cantly inhibited LPA-induced VEGF expression in cancer cells
(Fig. 5B).

Discussion

In this study, we show the first evidence that LPA induces
VEGF expression by activation of HIF-1a in various cancer cells.
LPA-induced HIF-1a activation seems to be regulated by
translational regulation rather than protein stabilization, which
are governed by different signaling pathway depending on
cancer cell lines. Both PI3K/Akt/mTOR/p70S6K and p42/p44
MAPK pathways are required for LPA-induced HIF-1a activa-
tion in ovarian cancer and prostate cancer, whereas only PI3K/
mTOR/p70S6K pathway is required in hepatoma.
The expression of VEGF can be modulated by either HIF-1a-

dependent or HIF-1a-independent mechanisms. Although
HER-2 and IGF-1 induce transcriptional activation of the
VEGF gene by HIF-1 (28, 29), HGF increases VEGF expression
through an SP1 transcription factor binding site (30).
Furthermore, Hu et al. (31) suggested the involvement of
Fos-Jun and Jun-Sp1 interaction with the VEGF promoter.
However, our data clearly show that LPA induced VEGF
expression was mediated by HIF-1a. This conclusion is based
on four pieces of evidence. First, the induction pattern of VEGF
and HIF-1a in the tested cancer cells by LPA was identical.
Although the expression of HIF-1a was concurrently increased
by LPA with VEGF, it was not induced in SKOV-3 and Hep-3B
cells that did not induce VEGF by LPA. Second, LPA-induced
VEGF expression was inhibited by the same pharmacologic
inhibitors for HIF-1a expression. Third, LPA induced the
binding of HIF-1a to HRE of VEGF. Finally, RNA interference
directed against HIF-1a abolished the induction of VEGF
protein by LPA.
A number of different signaling pathways, including PI3K/

Akt/mTOR/p70S6K or p42/p44 MAPK pathway, are involved in
VEGF induction by way of activation of HIF-1a. Tacchini et al.
(38) claim that HGF activates the DNA binding of HIF-1
through PI3K pathway in HepG2 cell line, and HER-2 and

insulin induce the expressions of HIF-1 and VEGF through PI3K
and AKT signaling pathways in nonhypoxic cells (28).
However, p42/p44 MAPK pathway is also important for
IGF-1-induced HIF-1a activation and VEGF (29). Our results
show that signaling pathways of LPA-induced expressions of
HIF-1a and VEGF are cancer cell type specific. Activation of
both the PI3K/Akt/mTOR/p70S6K and p42/p44 MAPK path-
ways is required for the induction of HIF-1a and VEGF
expression by LPA in ovarian cancer cells; however, p42/p44
MAP kinase pathway seems not to be involved in hepatoma
cells because PD98059 could not block LPA-induced HIF-1a
expression (Fig. 2A). Immunofluorescence data clearly showed
that, unlike in ovarian and prostate cancer cells, PD98059
treatment could not completely block LPA-induced HIF-1a
translocation into the nucleus by LPA in hepatoma cells
(Fig. 2B). We also found in the present study that there was
no direct cross-talk between PI3K/Akt/mTOR/p70S6K and
p42/p44 MAPK pathways in response to stimulation with
LPA because the blockage of either pathway did not affect
the activities of signaling factors in the other pathway
(Supplementary Fig. S2). Because translational regulatory
proteins are substrates of the PI3K/Akt/mTOR/p70S6K cascade,
it is likely that LPA increases HIF-1a translation via this
pathway. However, the mechanism of how the p42/p44 MAPK
activates HIF-1a still remains to be determined. Because HIF-1a
transactivation is a complex process involving multiple
proteins, it is likely that these p42/p44 MAPKs act on HIF-1a
interacting proteins rather than HIF-1a itself to stimulate
transactivation.
Under normoxic conditions, HIF-1a is hydroxylated at

proline residues 402 and 564 by proline hydroxylases,
recognized by pVHL, polyubiquitinated, and degraded by the
proteasomes (39). Therefore, we initially focused our attention
on the question of whether LPA treatment enables HIF-1a to
escape from proteasomal degradation. However, our present
data clearly show that HIF-1a protein stability was not affected
by LPA stimulation. When cancer cells were treated with
cycloheximide, HIF-1a protein was degraded in the presence of
LPA (Fig. 3). Translation of HIF-1a mRNA seems to be
significantly up-regulated by LPA and overcomes the rate of
normoxic degradation. Moreover, LPA did not significantly
induce HIF-1a mRNA (Supplementary Fig. S1).
In conclusion, our data clearly show that LPA stimulates the

expression of HIF-1a to induce VEGF expression, which is the
first evidence of direct linkage of LPA to HIF-1a activation and
VEGF expression. Our results will help to understand the
molecular mechanism for LPA-induced angiogenesis and cell
motility and useful approach for inhibition of angiogenesis in
tumor progression.
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