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Abstract
Tumor cell migration, invasion, and angiogenesis are important determinants of tumor
aggressiveness and these traits have been associated with the motility stimulating protein autotaxin
(ATX). This protein is a member of the ecto-nucleotide pyrophosphatase and phosphodiesterase
family of enzymes but unlike other members of this group, ATX possesses lysophospholipase D
activity. This enzymatic activity hydrolyzes lysophosphatidylcholine (LPC) to generate the potent
tumor growth factor and motogen, lysophosphatidic acid (LPA). In the current study, we demonstrate
a link between ATX expression, LPA, and vascular endothelial growth factor (VEGF) signaling in
ovarian cancer cell lines. Exogenous addition of VEGF-A to cultured cells induces ATX expression
and secretion, resulting in increased extracellular LPA production. This elevated LPA, acting through
LPA4, modulates VEGF responsiveness by inducing VEGFR2 expression. Down-regulation of ATX
secretion in SKOV3 cells using antisense morpholino oligomers significantly attenuates cell motility
responses to VEGF, ATX, LPA, and LPC. These effects are accompanied by decreased LPA4 and
VEGFR2 expression as well as by increased release of soluble VEGFR1. Since LPA was previously
shown to increase VEGF expression in ovarian cancer, our data suggest a positive feedback loop
involving VEGF, ATX, and its product LPA that could affect tumor progression in ovarian cancer
cells.

Introduction
Vascular endothelial growth factor-A (VEGF) is a potent stimulator of angiogenesis associated
with physiological processes such as wound healing and the female reproductive cycle. In
addition, its expression can be increased under pathological circumstances including ischemic
diseases and tumor growth. Originally identified as an inducer of vascular permeability in
endothelial cells, VEGF now has established roles in endothelial cell migration, proliferation,
and survival. In cancer, VEGF exhibits autocrine activities that serve to protect tumor cells
from stressors such as hypoxia, chemotherapy, or radiotherapy. Anti-VEGF treatments to limit
these effects are in clinical use as well as in ongoing clinical trials (1,2).

VEGF signaling is mediated by two tyrosine kinase receptors, VEGFR1 (Flt-1) and VEGFR2
(KDR/Flk-1), both of which are crucial for VEGF-stimulated angiogenesis and are implicated
in tumor progression. VEGF gene expression can be stimulated by low glucose levels, by
growth factors such as fibroblast growth factor-2 (FGF2) or platelet-derived growth factor
(PDGF), and in tumor cells, by alterations in oncogenic or tumor suppressor genes. However,
the strongest inducer of VEGF expression is hypoxia, a common feature of the tumor
microenvironment. In ovarian cancer, VEGF contributes to malignant ascites formation by
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increasing peritoneal micro-vessel permeability (3) and, interestingly, lysophosphatidic acid
(LPA) in concentrations reported in malignant ascites has been found to induce VEGF
expression (4,5). The bioactive lysophospholipid LPA stimulates cell proliferation, migration,
and survival and has been implicated in tumor progression (6). Signaling of LPA is mediated
through classic G protein-coupled receptors belonging to the endothelial differentiation gene
(EDG) family (LPA1/EDG-2, LPA2/EDG-4, and LPA3/EDG-7), and is linked to G proteins:
Gq/11, Gi/o and G12/13. LPA4 (GPR23/p2y9) is more closely related to purinergic P2Y than to
EDG receptors and has distinct G protein-linked signaling: Gs, Gq, Gi, and G12/13 (7,8). Under
physiological circumstances, LPA concentrations in serum are approximately 1–10 µM.
Although plasma concentrations are much lower (9), they can become elevated in cancer
patients, particularly in ovarian cancer (10,11). The major source of serum and plasma LPA
appears to be the lysophospholipase D activity of autotaxin (ATX, NPP2) (12,13).

ATX is a member of the ecto-nucleotide pyrophosphatase and phosphodiesterase family of
enzymes and is synthesized as a secreted protein (14). In contrast to other members of this
group, ATX possesses lysophospholipase D activity and can catalyze hydrolysis of
lysophosphatidylcholine (LPC) into LPA and sphingosylphosphorylcholine into
sphingosine-1-phosphate (15–17). ATX was initially purified as a potent chemotactic factor
(18) and has been found to augment invasiveness and metastatic potential in transformed cells
(19). These motogenic and invasive properties require its lysophospholipase D activity (19,
20). In addition, ATX stimulates angiogenesis (21) although the mechanisms for this action
have not yet been elucidated.

In the present study we have focused on regulation of ATX expression in ovarian cancer cells
and on the mechanisms by which it can contribute to ovarian cancer progression. Ovarian
cancer ascites contains a number of bioactive molecules including VEGF, LPA, LPC, and
sphingosylphosphorylcholine (22) and has elevated lysophospholipase D activity (23). We
now present evidence that VEGF via VEGFR2 stimulates ATX expression in the ovarian
cancer cell lines CaOV3 and SKOV3. In metastatic SKOV3 cells, treatment with a VEGF
blocking antibody significantly decreases ATX mRNA levels, implying that the high level of
ATX detected in this cell line is due to an autocrine action of VEGF. ATX knockdown via
antisense morpholino oligomers (MO) results in reduced migration to VEGF, ATX, LPA and
LPC. In addition, reduced ATX expression results in decreased LPA4 and VEGFR2 signaling
and release of the inhibitory soluble form of VEGFR1 (sVEGFR1), all of which may contribute
to the decreased chemotactic response. These data indicate a regulatory role for VEGF in ATX
synthesis as well as a role for ATX in controlling VEGF responsiveness. Since the ATX product
LPA has been previously shown to increase VEGF expression (4,5), our data suggest a
pathological positive feedback loop between ATX, LPA, and VEGF in ovarian carcinoma.

Results
Differential expression of VEGF and ATX in ovarian cancer cells

VEGF and LPA are major components of malignant ascites and their levels are associated with
progression of ovarian carcinoma (24,25). Since ATX can generate extracellular LPA, which
stimulates VEGF production in ovarian cancer cells, we looked for a correlation between ATX
and VEGF expression in two ovarian cancer cell lines. SKOV3 cells were derived from an
ovarian cancer malignant ascites, and CaOV3 were derived from a primary adenocarcinoma.
Both are tumorigenic in mice, and SKOV3 have often been used in rodents to model malignant
ascites formation (26).

Quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) was used to establish
baseline mRNA expression of ATX and VEGF in these cell lines. SKOV3 cells expressed
ATX mRNA at levels 80-fold and VEGF mRNA at levels 40-fold higher than CaOV3 cells
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(Fig. 1A). Both cell lines expressed similar levels of VEGFR1, VEGFR2, and the basal
transcription component TAF9 (Fig. 1A). Thus, the two ovarian cancer cell lines differed in
their basal expression of ATX and VEGF mRNA but expressed similar levels of VEGF
receptors.

Consistent with the steady state mRNA levels, ATX protein could be easily detected by
Western blot analysis in SKOV3 supernatants, but was near the limit of detection in CaOV3
cells (Fig. 1B, upper panel). However, when medium was analyzed from a greater number of
cells, secreted ATX could also be detected in CaOV3 cells (Fig. 1B, lower panel). VEGF
protein levels in conditioned media from each ovarian cancer cell line were determined by
ELISA. Equal numbers of cells were seeded into 6 well dishes, and the culture media were
harvested at 6, 12 and 24 h. Steady-state VEGF protein levels in SKOV3 were 10-fold higher
than in CaOV3 cells (compare Fig. 1C and D, respectively). These data correlated with the
higher VEGF mRNA levels detected in SKOV3 cells (Fig. 1A). Thus, under identical culture
conditions, SKOV3 cells synthesized and secreted significantly more VEGF and ATX than
CaOV3 cells.

Because LPA has been shown to stimulate VEGF expression in some ovarian cancer cells
(4), both cell lines were treated with 20 µM LPA, and VEGF protein secreted into supernatants
was assessed at 6, 12 and 24h. LPA treatment increased VEGF secretion in both cell lines (Fig.
1C and D). This increase was statistically significant only at the 12 h time point for SKOV3
cells (Fig.1C), possibly due to higher basal VEGF secretion in this cell line. In CaOV3 cells,
significant induction of VEGF protein cells occurred at 12 and 24 h (Fig.1D). These data
confirmed that extracellular LPA stimulates VEGF protein expression in these cells.

Migration responses of ovarian cancer cells
ATX-stimulated cellular motility requires hydrolysis of an appropriate substrate such as LPC
to generate the chemotactic lysophospholipid LPA (20). To determine whether the differential
ATX expression and secretion in these two ovarian cancer cell lines affected their motility
responses, both cell lines were assayed side by side under identical conditions with 3 h
incubations. This short time interval was chosen because it resulted in negligible background
(random) migration (see Fig. 2, control values). Both cell lines displayed similar dose-
dependent migration to recombinant VEGF165 when compared to background (Fig. 2A).
However, CaOV3 cells achieved maximal migration with 100 ng/ml VEGF while maximal
migration of SKOV3 was shifted to a higher VEGF concentration (Fig. 2A). On the other hand,
SKOV3 cells migrated better to ATX, its product LPA, and its substrate LPC (Fig. 2B, C, and
D). There was no difference in migration to the enzymatically inactive ATX mutant, T210A-
ATX, although migration was significantly above background for both cell lines (Fig. 2B).

VEGF stimulates ATX expression and secretion in ovarian cancer cells via VEGFR2
By generating exogenous LPA, ATX could contribute to the induction of VEGF in ovarian
cancer cells (4). To determine whether VEGF also regulates ATX expression, cells were treated
with recombinant VEGF165 at concentrations that were previously established to induce a
maximal migratory response (Fig.2A). After 16h incubation with VEGF, ATX mRNA levels
were found to be increased up to 8-fold in SKOV3 cells (Fig. 3A) and up to 10-fold in CaOV3
cells (Fig. 3B). This increase was accompanied by a concomitant increase in secreted ATX
protein as shown by immunoblot analysis of concentrated conditioned media from SKOV3
and CaOV3 cells (Fig. 3A and B,respectively). Therefore, despite the differential regulation
of basal ATX expression in these two cell lines, ATX transcription in both could be further
increased in response to exogenous VEGF.
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If the higher basal VEGF level in SKOV3 cells was acting as an autocrine stimulus of ATX
expression, then decreased VEGF could result in reduced ATX transcription. To address this
question, SKOV3 cells were treated for 10 h with a monoclonal anti-VEGF antibody to
neutralize endogenously secreted VEGF and ATX mRNA levels were then quantified. This
treatment resulted in a dose-dependent decrease in ATX mRNA levels indicating an autocrine
effect of secreted VEGF in this cell line (Fig. 3C). To determine whether signaling through
VEGFR2 was required for this effect, SKOV3 cells were co-treated with VEGF and 25 nM of
the VEGFR2 inhibitor V (ZM323881). This compound is specific for VEGFR2 (IC50 < 2 nM)
compared to VEGFR1 (IC50 > 50µM) (27) and has been shown to inhibit signaling through
MAPK, ERK and p38 when stimulated through VEGFR2, but not through receptors for
epidermal growth factor (EGF), PDGF, or hepatocyte growth factor (28). In this experiment,
VEGF treatment stimulated ATX mRNA expression approximately 3-fold over that in
untreated cells, but ATX mRNA decreased about 5-fold when cells were co-treated with
VEGFR2 inhibitor and VEGF (Fig. 3D).

The relationship between VEGF receptor signaling and ATX expression was further examined
in low ATX-expressing CaOV3 cells. These cells were treated with agonistic antibodies to
VEGFR1 and VEGFR2 for 10 h, after which ATX mRNA levels were measured. Treatment
with the VEGFR2 agonist resulted in a significant increase in ATX mRNA levels while
treatment with VEGFR1 agonistic antibody showed a lesser 2-fold increase that was not
statistically significant (Fig. 3E). These results confirmed that VEGF signaling to the ATX
promoter requires the participation of VEGFR2.

To investigate which VEGF receptor is the predominant mediator of the VEGF migratory
response in these cells, SKOV3 cells were treated with antagonistic antibodies to VEGFR1 or
VEGFR2 and VEGF-stimulated migration was then assayed. Addition of the VEGFR1
antagonist did not affect cell migration to VEGF (Fig. 3F); however, treatment with antibodies
antagonistic to VEGFR2 significantly decreased this migration (Fig. 3G). Therefore, both
stimulation of ATX gene expression by VEGF and migration to VEGF protein relied on
VEGFR2 signaling in these ovarian cancer cell lines.

ATX expression in SKOV3 was transiently reduced after MO treatment
To reduce ATX protein expression and examine the effect of ATX levels on ovarian cancer
cells, highly ATX-expressing SKOV3 cells were treated with ATX-specific morpholino
oligomers (ATX-MO). Mismatched oligomers (MM-MO) were used as a specificity control.
MDA-MB-435 (MDA-435) cells, which secrete high levels of ATX (29), served as positive
controls for ATX expression and confirmed the efficacy of the knockdown.

SKOV3 cells were incubated for 24 or 48 h with morpholino oligomers followed by media
replacement and an additional 15 h incubation in serum-free medium. This latter step was
included to minimize contamination with any ATX present in serum. Treatment of SKOV3
cells with 5 – 10 µM ATX-MO decreased ATX expression by approximately 90% at both 24-
and 48 h time points, whereas 10 µM MM-MO treatment had a negligible effect (Fig. 4A,
upper panels). Similar results were seen in MDA-MB-435 cells except that 10 µM ATX-MO
was required for a significant knockdown, consistent with the higher levels of ATX produced
by these cells (Fig. 4A, lower panels). Cells treated with ATX-MO or MM-MO were assessed
for viability by Trypan Blue exclusion and found to be essentially identical with respect to dye
uptake (data not shown). These cells also appeared healthy by microscopic examination (Fig.
4B).

The inhibitory effects on ATX protein levels persisted up to 39 h after ATX-MO removal (Fig.
4C), but expression fully recovered by 63 h (data not shown). Thus, morpholino antisense
oligomers could be used in SKOV3 cells to down-regulate ATX gene expression specifically
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without noticeable effects on cell viability. Since this reduction in ATX expression persisted
for at least 24 h after morpholino removal, the biological assays described below were
performed within this time period.

Reduced ATX expression affected migration to LPC, ATX, LPA, and VEGF but not to
epidermal growth factor (EGF)

ATX has been shown to stimulate cellular motility, invasiveness, angiogenesis, and
experimental metastases in mice (19,21). Its stimulation of motility and invasion has been
correlated to its lysophospholipase D activity (20) implying that reduction of ATX expression
could limit the motility response to LPC. We tested this hypothesis in ATX-MO-treated
SKOV3 cells.

As expected, ATX knockdown by ATX-MO resulted in a decreased motility response to the
ATX substrate LPC. The specific motility responses (i.e., minus background) induced by 50
µM LPC was reduced to about 5% of that of mock-transfected or MM-MO-treated cells (Fig.
5A). At an LPC concentration of 100 µM, ATX-MO-treated cells were partially able to
overcome this effect (Fig. 5A). Migration increased to 41 – 47% of that seen in either control
group, but inhibition remained statistically significant. These data imply that LPC-stimulated
motility in SKOV3 cells is the result of ATX-catalyzed hydrolysis of LPC to LPA rather than
a direct motility response to LPC. These results also confirmed an effective reduction in ATX
expression by ATX-MO.

With LPA as chemoattractant, motility of ATX-MO treated cells was partially restored up to
50% of that seen in MM-MO control cells but remained significantly inhibited (Fig. 5A).
Surprisingly, motility to VEGF was also significantly decreased in 10 h and 4 h migration
assays (Fig. 5A and B). This suggested that the motility response of these cells to VEGF
requires downstream activation or induction of ATX. Unexpectedly, the inhibition of specific
motility in ATX-MO-treated cells was not overcome by adding external ATX (Fig. 5A).

To confirm that ATX knockdown was blocking a specific function of ATX rather than acting
as a general inhibitor of motility, we tested the motility response of ATX-MO-treated SKOV3
cells to 30 ng/ml EGF. This EGF concentration produced maximal response in preliminary 5
h assays (data not shown). As shown in Fig. 5B, the cells retained their capacity to respond to
EGF indicating that decreased ATX expression did not have a general inhibitory effect upon
the locomotory capacity of the cells. Rather, inhibition was specific for the attractants LPA,
LPC, ATX, and VEGF.

Reduction in ATX expression resulted in a significant decrease in LPA4 expression
Increased LPA production by ATX–catalyzed LPC hydrolysis is the established mechanism
for ATX- based motility responses. Accordingly, one explanation for the decreased motility
to ATX, LPA, and LPC seen after ATX-MO treatment could be that ATX knockdown induced
changes in LPA receptor expression.

In order to test this hypothesis, we first determined steady state LPA receptor expression levels
in CaOV3 and SKOV3 cells. Quantitative RT-PCR revealed that SKOV3 cells expressed
higher LPA1 and LPA4 than CaOV3 cells (Fig. 5C). We next compared LPA receptor mRNA
levels in MM-MO-treated vs. ATX-MO-treated SKOV3 cells. LPA1 or LPA2 expression did
not change significantly after ATX-MO treatment (Fig. 5D). Although LPA3 expression was
reduced in dose-dependent manner after ATX knockdown this was not a statistically significant
reduction. In contrast, LPA4 expression was significantly reduced approximately 4-fold in a
concentration-dependent manner (Fig. 5D)
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Because the most profound decrease after ATX knockdown was observed in the expression of
LPA4, it seemed possible that ATX and its product, LPA, target this receptor. Therefore, we
next determined whether LPA receptor expression could be regulated by extracellular LPA.
Low ATX-expressing CaOV3 cells were treated with varying concentrations of LPA and the
mRNA levels of all four LPA receptors were quantified. LPA1 and LPA2 expression were
affected only by 10 µM LPA, which induced approximately 2-fold increases in both receptors
(Fig. 5E). However, the mRNA levels of both LPA3 and LPA4 increased more than 10-fold in
a concentration-dependent manner after treatment with 10 µM LPA (Fig. 5E). Taken together,
these results suggest that increased ATX levels can modulate LPA-related cellular effects.
More specifically, the resulting increase in the amount of extracellular LPA can differentially
stimulate LPA3 and LPA4 expression.

Expression of VEGFR2 and sVEGFR1 in ATX knockdown cells
The decreased motility to VEGF in ATX knockdown cells could also be explained by altered
expression of VEGF receptors. We examined this possibility utilizing RT-PCR to measure
receptor mRNA levels in ATX-MO-treated SKOV3 cells. VEGFR2 expression decreased more
than 5-fold after treatment with 10 µM ATX-MO (Fig. 6A). This receptor has been closely
linked to the motility response induced by VEGF (Fig 3F and G) (30). VEGFR1 expression
decreased approximately 2-fold after treatment with 10 µM ATX-MO, which was notably less
than VEGFR2 (Fig. 6A). In contrast, the ATX knockdown had no significant effect on VEGF
mRNA levels as detected by quantitative RT-PCR (Fig. 6A) or on the secreted VEGF protein
levels as detected by ELISA (Fig. 6B).

The PCR primer pair used to detect VEGFR1 expression was specific for the membrane-
anchored form of VEGFR1 rather than its alternatively spliced, soluble variant (sVEGFR1).
Since sVEGFR1 can inhibit signaling through VEGFR2 by sequestering VEGF, we examined
the effect of ATX knockdown on sVEGFR1 protein. Secreted VEGFR1 could be detected in
cell culture supernatants from ATX-MO treated cells but not from controls (Fig. 6C).

Taken together, these data demonstrated that down-regulation of ATX expression limited the
migratory response to VEGF, decreased expression of the major VEGF-responsive receptor
(VEGFR2), and increased the release of VEGF-sequestering sVEGFR1.

VEGFR2 expression in ovarian cancer cells is stimulated by LPA and intracellular cAMP
The above data (Fig. 6) suggests that ATX protein levels modulate VEGF receptor expression.
Several demonstrated effects of ATX are mediated through its product, LPA, including the
ATX effect on LPA receptor expression (Fig. 5E). To determine whether LPA also mediates
the ATX-induced changes in VEGF receptor expression, CaOV3 cells were treated with LPA
at various concentrations then VEGF receptor mRNA levels were determined. VEGFR1
mRNA levels increased slightly, but VEGFR2 levels were more sensitive, increasing more
than 4-fold after treatment with 10 µM LPA (Fig. 7A and B). These data indicate that LPA can
stimulate both VEGF and VEGF receptor expression. Accordingly, an ATX knockdown would
result in decreased extracellular LPA and could lead to changes in both VEGF receptor
expression and VEGF signaling.

The ATX gene knockdown most profoundly affected LPA4 expression, suggesting that the
signaling cascade initiated by activation of this receptor could be involved in VEGF receptor
regulation. LPA4 is unique among the LPA receptors in that it utilizes the Gs pathway that
activates protein kinase A (PKA) through cAMP. Thus, we tested whether VEGFR2 expression
could be increased by the addition of exogenous cAMP. When dibutyryl-cAMP was added to
SKOV3 cells, VEGFR2 mRNA levels increased more than 5-fold. Furthermore, VEGFR2
mRNA levels decreased in a time-dependent manner after treatment with the PKA inhibitor
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Rp-MB-cAMPS (Fig.7C). This inhibitor is cleaved by intracellular esterases to release butyrate
and Rp-cAMPS. The latter is a cAMP analogue that binds to PKA type I and type II, preventing
holoenzyme dissociation and PKA activation. Interestingly, treatment with Rp-cAMPS
resulted in a 4-fold increase in the mRNA levels of sVEGFR1 (Fig. 7D).

Taken together, this data revealed that activation of the LPA4 Gs pathway, which increases
intracellular cAMP and activates PKA, can regulate VEGFR2 expression and can consequently
modulate VEGF signaling in these ovarian cancer cells.

Discussion
In ovarian cancer, VEGF has been shown to act as both an angiogenic factor that stimulates
new blood vessel formation required for tumor survival (31), and as a potent vascular
permeability factor involved in the formation of malignant ascites (3). However, there is
growing evidence that VEGF plays additional roles in tumor progression. In tumor cells that
express both VEGF and its receptors, VEGF acts in an autocrine manner to increase cell
survival (32,33). Here, we report for the first time that VEGF stimulates the expression of ATX,
a potent motility factor that is associated with the acceleration of cancer progression.

ATX generates the bioactive lysophospholipid LPA that regulates cell-cell interactions,
inhibits apoptosis, and stimulates cellular migration and the production and action of
extracellular proteases. Our data, combined with previous evidence that LPA increases VEGF
expression in ovarian cancer cells (4,5), leads us to propose a positive feedback loop involving
ATX, LPA, and VEGF and their cognate receptors (Fig. 8). This model proposes that feedback
between VEGF and ATX occurs at more than one level. VEGF signaling via VEGFR2
stimulates both ATX mRNA expression and protein secretion. An increase in secreted ATX
protein then increases the conversion of LPC to LPA, which in turn feeds back to increase
expression of VEGF and VEGFR2 (Fig. 8). Through the production of this bioactive
lysophospolipid, ATX positively regulates VEGFR2 expression and simultaneously limits the
release of the inhibitory sVEGFR1 (Fig. 6). Thus, in ovarian carcinoma cells, this positive
feedback pathway has the potential to simultaneously regulate tumor growth, angiogenesis,
and metastatic spread.

Several lines of evidence validate this model. First, when the amount of endogenously produced
VEGF available to SKOV3 cells was decreased utilizing an anti-VEGF antibody, ATX
expression decreased in a dose-dependent manner (Fig. 3C). These results are consistent with
an autocrine type signaling mechanism through VEGF receptors. Second, when signaling
through VEGFR2 was blocked using a specific tyrosine kinase inhibitor of VEGFR2, ATX
expression also decreased (Fig. 3D). Third, treatment with VEGFR2 agonistic antibody
resulted in significant increase in ATX mRNA expression (Fig. 3E). Finally, addition of
exogenous LPA could modulate the expression of both LPA and VEGF receptors (Fig. 5E and
Fig. 7A). Taken together, these data indicate that limiting the ability of VEGF to signal through
VEGFR2 limits ATX gene expression in these cells.

ATX gene knockdown experiments revealed another level of regulation involving cellular
motility responses. After ATX reduction, SKOV3 cells exhibited a decrease in their migratory
responses to specific chemotactic stimuli (LPC, LPA, ATX and VEGF), but not to EGF. An
ATX knockdown would be expected to decrease the capacity of ATX to convert its substrate
to its bioactive product, LPA. However, adding back either external ATX or LPA did not fully
restore this reduced motility. Although our data revealed little effect of ATX knockdown on
the expression of LPA1–2, these decreased motility responses might be explained by the
sensitivity of LPA3–4 expression.
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The receptor most profoundly affected by ATX knockdown was LPA4. This receptor has low
homology to the EDG family of LPA receptors and utilizes the Gs pathway to mediate an
increase in intracellular cAMP, Gq/Gi to mediate release of intracellular calcium, and G12/13
to activate Rho (8). We showed that its expression could be induced by LPA (Fig. 5E)
suggesting that a decrease in LPA concentrations after an ATX knockdown explains the
decrease in LPA4 expression and the decrease in signaling through this receptor. Because
cAMP/PKA signaling (Fig. 7B–D) regulates VEGFR2 and sVEGFR1 mRNA levels in these
cells, this pathway could account for the loss of migration to VEGR following ATX
knockdown. Together, these data demonstrate that ATX expression modulates responsiveness
to a specific subset of migratory stimuli, and the mechanisms may involve the ATX enzymatic
product LPA and its associated signaling pathways.

VEGFR1 and VEGFR2 are specific genes that we found to be reduced by an ATX knockdown
(Fig. 6A). VEGFR2 has a 10-fold lower affinity for VEGF though its tyrosine-kinase activity
is 10–fold higher than VEGFR1. Our data indicates that VEGFR2 mediates both VEGF-
stimulated migration and VEGF-induced up-regulation of ATX expression in the human
ovarian cancer cell lines, CaOV3 and SKOV3. Others have found that VEGFR2 is important
for initiation of angiogenesis (34) and migration in endothelial cells (30,35). Yang et al.
demonstrated that activation of VEGFR2 in HUVECs was sufficient for VEGF-induced up-
regulation of multiple genes, including growth factors, cytoskeletal-related proteins,
chemokine receptors, signaling proteins, and transcription factors (36). This provides evidence
that the reduction of VEGFR2 expression in ATX knockdown cells could affect a broad range
of cellular processes.

Apart from the down-regulation of VEGFR2, the ATX gene knockdown also increased the
release of the soluble form of VEGFR1 (sVEGFR1). This is a splice variant of VEGFR1 that
lacks a tyrosine kinase and other domains but retains the high-affinity binding site for VEGF
(37). Soluble VEGFR1 can sequester VEGF to reduce its availability to bind VEGFR2 (38)
and can form an inactive heterodimer with VEGFR2 (39), thus acting as a negative regulator
of VEGFR2 signaling. Therefore, ATX expression can directly or indirectly regulate at least
two components involved in VEGF signal transduction.

Several growth factors, including EGF and FGF2, have been reported to increase ATX
expression, while IL-1β, IL-4, and TGF-β decreased it in thyroid carcinoma cells (40). Another
factor shown to increase ATX expression is α6β4. The α6β4 integrin is a laminin receptor that
is typically associated with hemidesmosomes, which are stable adhesion complexes that
contribute to the maintenance and organization of epithelial structures. However, in cancer
cells, α6β4 can be up-regulated and lose its connection with hemidesmosomes, a change
associated with a highly invasive phenotype (41). In the current manuscript, we have also found
that up-regulation of ATX expression appears to be a component of a more motile phenotype.
Previous work has associated ATX overexpression with increased invasiveness and metastases
(19). Since loss of epithelial structure and induction of an invasive migratory phenotype are
characteristic of metastatic carcinoma (42), it is interesting to speculate whether ATX
expression might be associated with an epithelial-mesenchymal transition.

In the present work, we have shown that VEGF stimulates ATX expression, which in turn
modulates VEGF responsiveness via its product LPA. These data imply cross-talk between
these two proteins. VEGF plays a major role in tumor progression and ATX has been shown
to increase invasiveness and metastatic potential (21). Although ATX is not an oncogene per
se, it is an inducible enzyme and its expression can be modulated by external growth factors.
We demonstrate here for the first time that induction of ATX expression by VEGF may be an
important autocrine mechanism that participates in the generation of an aggressive phenotype
in ovarian cancer and accelerates cancer progression. As a secreted protein, ATX may prove
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to be a beneficial target for cancer therapy, one that decreases both LPA production and
signaling and VEGF signaling.

Materials and Methods
Reagents

All chemicals were reagent grade and were obtained from Sigma-Aldrich (St. Louis, MO)
unless otherwise noted. Stock solutions for oleoyl-La-lysophosphatidic acid sodium salt (LPA)
were prepared in distilled, deionized water and for 1-Oleoyl-snglycero-3 phosphocholine
(LPC) were prepared in ethanol. Human recombinant epidermal growth factor (EGF), human
collagen type IV, and VEGFA165 (VEGF) were purchased from Bioscience (Gaithersburg,
MD). VEGFR2 kinase inhibitor V (ZM323881), Adenosine3’,5’-cyclic
Monophosphorothioate,2’-O-Monobutyryl-,Rp- Isomer, Sodium Salt (Rp-cAMPS), and
dibutyryl cAMP were obtained from Calbiochem - EMD Biosciences (Madison, WI). ATX
was isolated from High Five insect cells as described previously (17). Antibodies were used
at the concentrations suggested by the manufacture and concentrations used in these studies
are indicated in figure descriptions. Anti-human VEGFR1 antibody (polyclonal rabbit, catalog
# NB100-527SS) and anti-VEGF antibody (mouse monoclonal, catalog # NB100-564SS) were
from Novus Biologicals Inc. (Littleton, CO). Agonistic antibody of human VEGFR1 (mouse
monoclonal, mv1004m-h), agonistic antibody of human VEGFR2 (mouse monoclonal,
mv1001.3m-h), antagonistic antibody of human VEGFR2 (mouse monoclonal, mv1001.1m-
h), and antagonistic antibody of human VEGFR1 (rabbit polyclonal, pV1004R-h) were
purchased from Angio-Proteomie (Boston, MA). The human VEGF ELISA detection kit was
obtained from (R&D Systems, Minneapolis, MN).

Cell Culture
The human ovarian cancer cell lines SKOV3 (HTB-77) and CaOV3 (HTB-75) were obtained
from ATCC (Manassas, VA), and the human breast cancer cell line MDAMB-435 was
provided by Dr Patricia Steeg (CCR, NIH, Bethesda, MD) These cell lines were maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM from Biofluids, Rockville, MD)
supplemented with 10% v/v heat-inactivated fetal bovine serum (Biosource, Camarillo, CA)
and cultured at 37°C in a 5% CO2 atmosphere.

Gene Knockdown
Knockdown of the ATX gene utilized antisense morpholino phosphorodiamidate oligomers
constructed by GeneTools (Philomath, OR). The ATX-specific morpholino oligomer construct
(ATX-MO) spanned the second splice site junction of the ATX gene (NM_006209, coordinates
406–407) and contained the sequence AGT TTT GAC ACT TAC CTG TAG GAG G. A control
morpholino oligomer containing a 5-base mismatch (MM-MO) had the sequence ACT TTT
CAC ACT TAG CTG TAC GAC G. Transfections were carried out with Endo-Porter
(GeneTools) under conditions optimized according to the protocol suggested by the company.
Cells were seeded into duplicate T - 75 flasks at 106 cells per flask and treated with 5 – 10 µM
ATX-MO for 48 h. Negative controls included cells from the same passage identically
transfected with MM-MO as well as cells treated with Endo-Porter alone (mock control).

For each experiment, removal of the transfection reagents was followed by a brief rinse with
PBS then incubation in fresh DMEM without serum for 12 – 15 h. Cells maintained for 4 – 6
days were cultured with oligomers for 48 h, rinsed and kept in complete medium until changing
to serum-free medium 15 h before the planned time point. Supernatants were collected and
concentrated approximately 40-fold using an Amicon-Ultra-4 Centrifugal Filter Device
(Millipore, Bedford, MA) with 10,000 MWCO. The remaining cells were harvested and
utilized for RNA isolation, motility assays, or protein extraction.
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Protein was extracted from whole cells in 1X ice-cold magnesium lysis buffer (MLB, Upstate,
Charlottesville, VA) using instructions provided by the manufacturer.

Quantitative RT-PCR analysis
Total RNA was isolated utilizing Trizol™ per the manufacturer’s instructions (Invitrogen) and
reverse transcribed using oligo-dT primers with 5 µg total RNA and Superscript III reverse
transcriptase. Quantitative PCR utilized 4.5% of total cDNA product and was amplified using
Platinum SYBR Green qPCR SuperMix UDG (Invitrogen) for 40 cycles. Fluorescent intensity
data were measured on an Opticon I instrument and processed with Opticon I software (Bio-
Rad Laboratories, Hercules, CA). Melting curve analysis was performed for each sample to
insure a single product was produced in each reaction. Oligonucleotide primers were designed
using Fast PCR software (http://www.biocenter.helsinki.fi/bi/Programs/fastpcr.htm): for ATX
(ENPP2, NM_006209): CTTTCGGCCCTGAGGAGAGTA and
AGCAACTGGTCTTTCCTGTCT; for hypoxanthine phosphoribosyltransferase 1 (HPRT1,
NM_000194): ATTGTAATGACCAGTCAACAGGG and
GCATTGTTTTGCCAGTGTCAA; for TATA box binding protein associated factor (TAF9,
NM_003187): ACTCCCACACTAGGCACAC and TGAGAAGTAGGCATCTGTACTGT;
for VEGFR1: TGGCTGCGACTCTCTTCTG, and CAAAGGAACTTCATCTGGGTCC; for
soluble VEGFR1: ACAGCCTTTTTGTTGCAGTGC and TTCAGGCACCTATGCCTGCAC
(designed with FastPCR, http://www.biocenter.helsinki.fi/bi/programs/fastpcr.htm); for
VEGFR2: TGGGGGAGCGTGTCAGAAT and CCGCTTTAATTGTGTGATTGGAC; for
VEGF: GCGGATCAAACCTCACCAAG and GCTTTCGTTTTTGCCCCTTTC. Primers for
LPA receptors have been previously described (43).

Immunoblot analysis
Conditioned media were collected and concentrated as described above. Samples were
prepared for immunoblot analysis in LDS Sample Buffer (Invitrogen, Carlsbad, CA) containing
2% β–mercaptoethanol, heated to 95°C for 5 min and stored at −20 °C. Prior to gel loading,
samples of 20 µg total protein were heated to 70°C. Electrophoresis was carried out using 10%
NuPage Gels and NuPage MOPS running buffer and transferred on PVDF membranes (0.45µm
pores) in Transfer Buffer (Invitrogen). ATX was detected using an anti-peptide antibody
generated in rabbits as previously described (17). For VEGFR1 detection, whole cell lysates
were prepared as described above and diluted in LDS sample buffer with 2% β-
mercaptoethanol. Anti-VEGFR1 antibody (1:200) was from Santa Cruz Biotechnology (Santa
Cruz, CA) and anti-sVEGFR1 (1:100) was from Novus Biologicals (Littleton, CT).

Motility assays
Migration was performed in 48-well modified Boyden chambers (Neuroprobe, Cabin John,
MD) as described previously (44) but with the following modifications. Upper and lower
chambers were separated by 8-µm pore size polycarbonate filters (Nucleopore) that had been
pre-coated with human collagen type IV at 50 µg/ml in 0.1 M acetic acid. Cells were incubated
for 3–4 h or as indicated in the figure legend under standard culture conditions after which the
membranes were fixed and stained as described previously (21). Assays were performed in
duplicate and quantified by counting three randomly chosen fields under light microscopy. All
figures are representative of two or more independent experiments.

Treatment with antagonistic human VEGFR1 and VEGFR2 antibodies
Cells were pretreated with antibody for 15 minutes and antibody was present during migration
assays. After 3 h incubation the migration assay was developed as described above and the
number of migrated cells was determined by counting 3 –5 random fields.
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To establish ATX mRNA levels after treatment with antibodies, cells were seeded in 6 well
dishes at 200 000 per well and cultured overnight using basic culture conditions. Then, the
cells were washed and antibody was added at concentrations suggested by the producer. After
10 h incubation, RNA was isolated as described above.

Human VEGF immunoassay (ELISA)
Cells were seeded in 6-well dishes at 200 000 per well and were cultured overnight in normal
cultured conditions, then the medium was removed and cells were starved for an additional 12
h in serum free medium containing 0.01% BSA. This medium was removed and either fresh
serum-free medium or 20 µM of LPA was added to the cells. Supernatant collection was
performed at 6, 12 and 24 h. VEGF-A protein was measured according to the protocol provided
by the company.

Statistical Analysis
Results of motility assays and quantitative RT-PCR were compared with Prism 4.0 software
(GraphPad Software, San Diego, CA), utilizing one-way ANOVA with Tukey’s post-test.
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Figure 1. ATX and VEGF expression and motility stimulation in ovarian carcinoma cell lines
(A) Quantitative RT-PCR analysis of mRNA expression in SKOV3 and CaOV3 cells. Fold-
expression for each gene set was adjusted to HPRT1 internal control values and then expressed
relative to CaOV3 levels, arbitrarily set to 1.0. CT values for each data point are shown above
each bar. TAF9 expression was included as an additional internal control. (B) Immunoblot
analyses of ATX protein in concentrated supernatants from SKOV3, CaOV3, or MDA-
MB-435 cells are shown after a 12 h incubation with 106 cells (upper blot) or cell number as
indicated (lower blot). (C and D) VEGF protein levels in SKOV3 (C) or CaOV3 (D) cell
supernatants as measured by ELISA after the indicated times in culture with or without 20µM
LPA; NT indicates non-treated controls. Results are shown as average ± SD; statistical
comparisons are: *** for P < 0.001, ** for P < 0.01.
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Figure 2. Migration of Ovarian Cancer Cells to ATX, VEGF, LPC and LPA
SKOV3 and CaOV3 cells were tested side-by-side in a modified Boyden chamber assay.
Migration after a 3 h incubation to (A) VEGFA165 at indicated concentrations, (B)
recombinant wild type ATX and a catalytically inactive form (T210A-ATX) at 2.4 nM, (C)
LPA and (D) LPC at indicated concentrations. Results are shown as the average number of
cells per high power field (HPF) ± SD. Statistical comparisons to the appropriate baseline
motility (no attractant) are shown: *** for P < 0.001; ** for P < 0.01; * for P < 0.05.
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Figure 3. VEGF signaling to the ATX promoter is a VEGFR2-dependent process
(A) SKOV3 (solid black bars) or (B) CaOV3 (gray bars) cells were treated for 16 h with
indicated concentrations of VEGFA165 and assayed for ATX steady-state mRNA levels by
quantitative RT-PCR (graph), or for secreted ATX protein levels by Western analysis (inset).
(C) SKOV3 cells were cultured in the presence or absence of a VEGF-specific blocking
antibody for 10 h at the indicated concentrations, and analyzed for ATX steady-state mRNA
levels by quantitative RT-PCR. (D) SKOV3 cells were concurrently treated with 25 nM
VEGFR2 inhibitor (ZM323881) and 100 ng/ml VEGF for 10 h and analyzed for ATX mRNA
levels as described in (A). (E) CaOV3 cells were treated with VEGF receptor agonist antibodies
specific for VEGFR1 or VEGFR2 (at 25 µg/ml and 5 µg/ml, respectively). ATX transcription
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was measured as described in (A). (F and G) SKOV3 cell motility was measured in modified
Boyden chambers in the presence of VEGFA165 at the indicated concentrations. Cells were
pre-incubated with VEGF receptor antagonist antibodies directed towards VEGFR1 (F) or
VEGFR2 (G) both at 25 µg/ml, and incubation was continued in their presence throughout the
assay. NT indicates non-treated controls. All results are expressed as Average ± SD. Statistical
comparisons to NT are indicated by: *** for P < 0.001, ** for P < 0.01, * for P < 0.05; in (E),
# indicates P < 0.05 compared to R1.
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Figure 4. Transient reduction of ATX expression in SKOV3 cells utilizing morpholino oligomers
SKOV3 and MDA-MB-435 (MDA-435) cells were treated with ATX-specific MO oligomers
(ATX-MO), mismatched MO oligomers (MM-MO), or Endo-Porter transfection reagent alone
(Mock) for 24 h or 48 h, then washed and incubated without morpholinos (indicated as MO
incubation time/washout time). The last 15 h of incubation without morpholinos were carried
out in serum-free medium. (A) ATX immunoblot analysis of treated cells after 24 (left side)
and 48 h (right side). (B) Phase-contrast light microscopy (100X) of SKOV3 cells after 48h
treatment ATX-MO vs. MM-MO (both at 10 µM). (C) ATX immunoblot analysis of SKOV3
cell supernatants treated for 48 h, and then allowed to recover for 24 h in serum-containing
medium and 15 h in serum-free medium before analysis.
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Figure 5. Effects of ATX-MO treatment on cell motility and LPA receptor expression
In (A) and (B) SKOV3 cells were cultured with 10 µM morpholino oligomers that were specific
for ATX (ATX-MO) or mis-matched (MM-MO) or with Endo-Porter alone (Mock) for 48 h
and then transferred to serum-free medium for an additional 15 h. Chemotaxis assays were
incubated for 8h (A) or 5h (B) utilizing attractants at the indicated concentrations. These results
are expressed as Average ± SEM with background motility subtracted out to normalize the
data for treatment groups. Statistical comparisons to mock-treated cells are shown as: ***, P
< 0.001; **, P < 0.01; *, P < 0.05, and comparisons to MM-MO-treated cells: ###, P < 0.001;
##, P < 0.01; #, P < 0.05. In (C) CaOV3 and SKOV3 cells were cultured under standard
conditions and RNA was harvested for quantitative RT-PCR analysis. In (D) SKOV3 cells
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were treated with morpholino oligomers as described for (A) and (B) but the intermediate
concentration of 5 µM ATX-MO is also shown. RNA was harvested and LPA receptor
expression was quantified using RT-PCR. (E) LPA receptor expression was quantified after
CaOV3 cell treatment at the indicated concentrations of LPA with untreated cells arbitrarily
set as 1.0. Results in (C), (D), and (E) are expressed as Average ± SD. In (D) statistical
comparisons relative to MM-MO are shown as * for P < 0.05; in (E) statistical comparisons
relative to the appropriate untreated LPA receptor are shown as: **, P < 0.01 or *, P < 0.05.
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Figure 6. ATX reduction modulates expression of VEGF receptors
(A) Quantitative RT-PCR determination of VEGF, VEGFR1, and VEGFR2 steady-state
mRNA levels in SKOV3 cells are shown for ATX-specific knockdown (5 or 10 µM ATX-
MO) vs. control (10 µM MM-MO). Values were adjusted to TAF9 internal control values and
then expressed as fold difference ± S.D. Statistical comparisons relative to the MM-MO
treatment group are shown as: **, P < 0.01; *, P < 0.05. (B) VEGF protein levels measured by
ELISA in SKOV3 cell culture supernatants after ATX-MO vs. MM-MO treatment. Results are
shown as Average ± SD. (C) Immunoblot analysis for VEGFR1 protein in SKOV3 cells treated
as indicated from total cell lysates and cell culture supernatants. The truncated, alternatively
spliced VEGFR1 product is designated sVEGFR1.
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Figure 7. VEGFR expression is induced by LPA and cAMP
(A) CaOV3 cells were treated with varying concentrations of exogenous LPA and mRNA
levels of VEGFR1 and VEGFR2 were measured by quantitative RT-PCR. In (B–D), SKOV3
cells were incubated in the presence of dibutyryl-cAMP (B) or the PKA inhibitor Rp-cAMPS
(C–D) at the indicated concentrations. VEGFR2 expression (B, D) or sVEGFR1 (C) was
measured by quantitative RT-PCR. Results are expressed as Average ± SD. Statistical
comparisons relative to untreated controls are shown as: **, P < 0.01 or *, P < 0.05.
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Figure 8. Proposed positive feedback loop between ATX, LPA, and VEGF in ovarian cancer cells
VEGF activates ATX transcription and subsequent protein secretion through VEGFR2.
Increased secretion of ATX enables increased extracellular hydrolysis of the ATX substrate
LPC, resulting in increased extracellular LPA. Completing the loop, LPA can stimulate VEGF
and VEGFR2 expression through LPA receptor signaling. Experimentally, decreasing ATX
expression results in decreased extracellular LPA. This reduced availability of LPA results in
decreased expression of LPA4 and thus signaling initiated by this receptor is reduced,
particularly activation of adenylyl cyclase. Decreased intracellular cAMP results in decreased
VEGFR2 expression and increased expression of the soluble form of the VEGFR1 receptor,
sVEGFR1. The net effect of an ATX knockdown is decreased signaling through VEGFR2 and
LPA4.
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