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Abstract
Autotaxin (ATX, nucleotide pyrophosphate/phosphodiesterase-2, NPP2) is an autocrine motility
factor initially characterized from A2058 melanoma cell conditioned medium. ATX is known to
contribute to cancer cell survival, growth, and invasion. Recently ATX was shown to be
responsible for the lysophospholipase D activity that generates lysophosphatidic acid (LPA).
Production of LPA is sufficient to explain the effects of ATX on tumor cells. Cyclic phosphatidic
acid (cPA) is a naturally occurring analog of LPA in which the sn-2 hydroxy group forms a 5-
membered ring with the sn-3 phosphate. Cellular responses to cPA generally oppose those of LPA
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despite activation of apparently overlapping receptor populations, suggesting that cPA also
activates cellular targets distinct from LPA receptors. cPA has previously been shown to inhibit
tumor cell invasion in vitro and cancer cell metastasis in vivo. However, the mechanism governing
this effect remains unresolved. Here we show that 3-carba analogs of cPA lack significant agonist
activity at LPA receptors yet are potent inhibitors of ATX activity, LPA production, and A2058
melanoma cell invasion in vitro and B16F10 melanoma cell metastasis in vivo.

INTRODUCTION
Autotaxin (ATX‡, nucleotide pyrophosphate/ phosphodiesterase-2, NPP2) was initially
purified and characterized as an autocrine motility factor from A2058 melanoma cell
conditioned medium nearly 15 years ago (1). ATX has been shown to be an important
mediator in cancer cell survival, growth, migration, invasion, and metastasis (2–6). Until
recently, ATX was merely thought to be a nucleotide phosphodiesterase (7); however, the
apparent central role of ATX in cancer cell biology, owing to its numerous effects on tumor
cells, was difficult to reconcile with this singular activity. In 2002, two independent groups
showed that ATX was responsible for the long elusive lysophospholipase D activity that
generates phosphatidic acid (LPA) (6,8). It is now fully appreciated that ATX is a
multifunctional phosphodiesterase that hydrolyzes both nucleotides and lysophospholipids
(6,8,9) using a single active site (10).

LPA (1-acyl-2-hydroxy-sn-glycero-3-phosphate) is the prototype member of a family of
phospholipid growth factors. LPA elicits numerous biological effects including the
promotion of cellular survival, mitogenesis, angiogenesis, migration, and invasion that are
mediated by cell surface G protein-coupled receptors (GPCR) (11–14) and the intracellular
nuclear hormone receptor PPARγ (15). LPA has long been associated with ovarian and
breast cancers (16) but its production by ATX means it likely plays some role in many, if
not all, metastatic cancers (17). ATX expression positively correlates with the metastatic and
invasive properties of human tumors including melanoma (1,18), breast cancer (19,20), renal
cell cancer (21), lung cancer (22,23), neuroblastoma (24), hepatocellular carcinoma (25),
and glioblastoma multiforme (26). Euer et al. reported compatible results, using Affymetrix
gene chip assays, in which ATX was among the 40 most upregulated genes associated with
highly metastatic cancers (27).

Although many questions were answered when the biology associated with ATX was linked
to the generation of LPA; one significant question remained, namely how are plasma LPA
levels maintained in the low nanomolar range (28)? ATX is a ubiquitous plasma protein
(8,29) and its substrate, lysophosphatidylcholine (LPC), is abundantly present in the 100–
200 µM range in plasma (30,31), a concentration equivalent to the Km for ATX hydrolysis
(9,32). Therefore, why are plasma LPA levels only ~100 nM? van Meeteren and colleagues
recently showed that ATX is subject to feedback inhibition by its hydrolysis products LPA
and sphingosine-1-phosphate (32). This phenomenon is the likely explanation for low
plasma LPA levels and has provided insight into modulation of ATX activity.

Cyclic phosphatidic acid (1-acyl-sn-glycero-2,3-cyclic-phosphate, cPA) was initially
isolated as a eukaryotic DNA polymerase inhibitor from slime mold (33). cPA is known to
be generated via phospholipase D catalyzed transphosphatidylation of LPC (34) and has
been shown to be present in mammalian plasma bound to albumin (35). cPA partially

‡ABBREVIATIONS
ATX, autotaxin; cPA, 1-acyl-sn-glycero-2,3-cyclic-phosphate; 2ccPA, 2-carba-cyclic phosphatidic acid, 3ccPA 3-carba-cyclic
phosphatidic acid; GPCR, G protein-coupled receptor; LPA, 1-acyl-2-hydroxy-sn-glycero-3-phosphate; LPA1, LPA receptor type 1
(EDG2); LPA2, LPA receptor type 2 (EDG4); LPA3, LPA receptor type 3 (EDG7); LPA4, LPA receptor type 4 (P2Y9).
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desensitizes LPA responses in NIH3T3 cells and Xenopus oocytes, suggesting activation of
at least partially overlapping receptor populations (36,37). Despite this apparent overlap in
receptor targets, cPA and LPA elicit very distinct cellular effects. Unlike LPA, cPA is
antimitogenic (36,38) and prevents cancer cell invasion in vitro (39) and metastasis in vivo
(40,41). Analogs of cPA, in which a methylene (CH2, carba) group replaces either the sn-1
or sn-2 oxygen within the cyclic phosphate have been prepared by total chemical synthesis
(See Figure 1 for structures) (42) and were shown to be more potent than the parent
compounds as inhibitors of tumor cell invasion in vitro (41).

Here we show that carba analogs of cPA are (A) poor activators of LPA GPCR, (B) highly
potent inhibitors of ATX activity and LPA production and (C) inhibitors of ATX-mediated
invasion of melanoma cells in vitro and in vivo.

EXPERIMENTAL PROCEDURES
Materials

1-Oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC 18:1) was obtained from Avanti
Polar Lipids (Alabaster, AL). 1-Palmitoleoyl-sn-glycero-2,3-cyclic-phosphate (cPA 16:1,
Fig.1), 1-oleoyl-sn-glycero-2,3-cyclic-phosphate (cPA 18:1) and stabilized cPA analogs, in
which the phosphate oxygen was replaced with a methylene group at either the sn-2 (2ccPA
16:1 and 2ccPA 18:1) or the sn-3 position (3ccPA 10:0, 12:0, 14:0, 16:0, 16:1 and 18:1)
position were synthesized as described previously (42,43). Bis-(p-nitrophenyl) phosphate
(BPNPP) and FS-3 were purchased from Sigma-Aldrich (St Louis, MO) and Echelon
Biosciences (Salt Lake City, UT) respectively.

Spectrophotometric ATX Inhibition Assay
This assay utilizes BPNPP as substrate and recombinant ATX expressed in conditioned
media isolated from transiently transfected HEK293T cells (32). Briefly, 4 × 106 HEK293
cells were plated in 10-cm dishes and allowed to attach and recover overnight. On day 2, the
cells were transfected with an expression plasmid generated by Clair and colleagues (9)
using Effectene (Qiagen, Valencia, CA) according to the manufacturer’s protocol. After 24
h, the transfection medium was replaced with serum-free DMEM and the cells were cultured
at 37° C and 5% CO2 for an additional 30 h (32). Conditioned medium was collected and
centrifuged at 3000×g for 10 min at 4° C. The clarified medium was stored at −20° C in
aliquots until used. For analysis, 50 µl of conditioned medium was added to 100 µl of
BPNPP, 1 mM final concentration in assay buffer (Tris 50 mM, pH 8.0, NaCl 150 mM, KCl
5mM, CaCl2 1 mM, MgCl2 1 mM) and 50 µl of test compound in assay buffer containing
1:1 bovine serum albumin in 96-well plates. The absorbance at 405 nm was measured at
time zero and after 4 hours of incubation at 37° C using a Molecular Devices Versamax
(Sunnyvale, CA) plate reader. Data were normalized to the corresponding vehicle control
and the mean and standard deviations of triplicate wells were expressed as percent ATX
inhibition.

Spectrofluorometric ATX Inhibition Assay
This assay utilizes FS-3 as substrate and recombinant ATX-HA as enzyme. For analysis, 0.5
µl of purified ATX-HA was added to 75 µl of FS-3, 1 µM final concentration in assay buffer
(Tris 50 mM, pH 8.0, NaCl 150 mM, KCl 5mM, CaCl2 1 mM, MgCl2 1 mM) and 25 µl of test
compound in assay buffer containing 1:1 bovine serum albumin in 96-well plates. The
fluorescence (excitation 485 nm, emission 538 nm) was measured at time zero and after 2
hours of incubation at 37° C using a FLEXstation fluorescence plate reader (Molecular
Devices, Sunnyvale, CA). Data were normalized to the corresponding vehicle control and
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the mean and standard deviations of triplicate wells were expressed as percent ATX activity
(% of control).

Purification of Recombinant ATX
ATX-HIS6 (generously provided by Drs. Mary Stracke and Tim Clair, NCI), lacking the 31
N-terminal amino acids of ATX but containing the honeybee melittin secretion sequence at
the N-terminus and a HIS6 epitope tag at the C-terminus, was purified by Con-A and Ni-
NTA chromatography from media conditioned by stably expressing HighFive cells as
previously described (9).

Full-length ATX cDNA possessing a C-terminal HA epitope tag (ATX-HA) was generated
and cloned into pcDNA3.1(+) (Invitrogen, Carlsbad, CA). ATX-HA was immuno-purified
by anti-HA affinity matrix (Covance Research Products, Berkeley, CA) from media
conditioned by stably expressing COS-1 cells. A detailed description of ATX-HA
production and purification will be published elsewhere (Bandle et al., manuscript in
preparation).

Synthesis of fluorescent LPC analog (ADMAN-LPC)
The fluorescent LPC analog 1-(7’-(dimethylamino)-3’-(pentadecanoyl)-1-naphthyl)-2-O-
methyl-sn-glycero-3-phosphocholine (3-acyl-7-dimethylamino-naphthyl-1-LPC (ADMAN-
LPC), for structure see Figure 3) was synthesized in 9 steps using 3-pentadecanoyl-7-
(dimethylamino)-1-naphthol and (S)-3-iodo-2-O-methyl-3-(O-tert-butyldiphenylsilyl)
propane-1,2-diol as the key intermediates. After deprotection of the silyl group from the
resulting coupling product, a phosphocholine moiety was incorporated at the sn-3 position as
described previously (44) to generate the desired reagent. A detailed description of the
synthesis and characterization of ADMAN-LPC will be published elsewhere (Byun et al.,
manuscript in preparation). This compound was readily visualized using long wavelength
UV for detection following TLC as described below.

Fluorescent ATX Inhibition Assay
This method is a modification of that reported by van Meteeren et al. (32). ADMAN-LPC
(2.5 µM) was dried and resuspended by sonication in assay buffer (Tris 50 mM, pH 8.0,
NaCl 150 mM, KCl 5mM, CaCl2 1 mM, MgCl2 1 mM) containing 2 mg/ml BSA in the
presence and absence of the individual cPA analogs (1µM). Recombinant ATX-HA (1 µl)
was added and the reaction was allowed to proceed for 4 h at 37° C. Lipids were extracted
using a modification of the Bligh and Dyer protocol that utilized 3.5 volumes of citrate
phosphate buffer (pH 4) prior to chloroform and methanol addition. Extracted lipids were
dried in vacuo, resuspended in 25 µl of chloroform/methanol (1:1 v/v), and separated by
TLC on silica gel using chloroform/ methanol/ammonium hydroxide (60:35:8 v/v) (45).
Fluorescent LPC and LPA species were visualized by UV trans-illumination.

In vitro Invasion Assay
A-2058 melanoma cells (a generous gift from Dr. Tim Clair, NCI) were maintained in
DMEM + 10% FBS. Invasion of these cells across a Matrigel™-coated membrane was
assessed using Fluoroblok™ 24-well plates (BD Biosciences, Oxford, UK, 8-µm pore size)
according to the manufacturer’s protocol. Briefly, cell suspensions (1×105 cells/ml) were
prepared by trypsinizing and resuspending A2058 cells in DMEM containing 0.1% BSA.
The plate inserts were prepared by rehydrating the matrix coating with PBS for 2 h at 37°C.
The PBS was then carefully removed and 0.75 ml of DMEM/BSA containing
chemoattractant (recombinant ATX-HIS6 + 1 µM LPC 18:1) in the presence or absence of
cPA analogs was added to the lower well, and 0.5 ml of the cell suspension in DMEM +
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0.1% BSA was added to each upper well insert. Plates were incubated for 22 h at 37°C.
Following incubation, the medium was removed from the upper chamber and the entire
insert was transferred to a 24-well plate containing 2 µg calcein AM (Molecular Probes,
Eugene, OR) in 0.5 ml Hank’s balanced salt solution (Na2HPO4 0.34 mM, KH2PO4 0.44
mM, pH 7.4, NaCl 138 mM, KCl 5.3 mM, NaHCO3 4.17 mM, D-glucose 5.56 mM). The
plates were incubated for 1 h at 37°C and bottom read in a FLEXstation fluorescence plate
reader (Molecular Devices, Sunnyvale, CA) at excitation and emission wavelengths of 485
and 530 nm, respectively. Data are presented as the mean and standard deviation of triplicate
wells.

LPA GPCR Activation Assay
This method measures real-time, transient increases in intracellular Ca2+ to determine LPA
GPCR activation. The McArtl rat hepatoma (RH7777) cell lines used here stably express
LPA1/2/3 G protein-coupled receptors and have been used extensively to examine the
pharamacology of natural LPA isoforms and synthetic LPA analogs (46–48). CHO cells that
stably express LPA4 were a generous gift of Dr. Takao Shimizu (Tokyo University). The
procedure of cell labeling and monitoring has been described previously (49,50). The mean
± standard deviation of triplicate wells was determined. Curves were fitted and EC50 values
were calculated using KaleidaGraph (Synergy Software, Reading, PA).

In vivo Metastasis Assay
This model utilizes highly metastatic B16F10 melanoma cells to examine the therapeutic
effect of metastasis blockers in vivo. PBS (vehicle control), 3ccPA 16:1 or 3ccPA 18:1 were
delivered as intraperitoneal injections (250 µg/kg, 5 µg per dose) 15 min and 48 h after the
intravenous injection of 5 × 105 melanoma cells per mouse via the tail vein. Three weeks
post inoculation, animals were euthanized, the lungs were washed, fixed with formalin, and
the number of lung metastases was determined. No tumors were noted in tissues other than
the lungs in animals treated with ccPA.

RESULTS
cPA has previously been shown to block the invasion and migration of cancer cells in vitro
(39) and in vivo (40); however, the cellular targets and mechanisms governing this effect
remain unresolved. Recently, van Meeteren et al. showed that ATX is subject to feedback
inhibition by LPA and S1P, the products of ATX-mediated hydrolysis of
lysophosphatidylcholine and sphingosyl-phosphorylcholine, respectively (32). These results
led us to hypothesize that cyclic phosphatidic acids, naturally occurring analogs of LPA,
might achieve their anti-invasive effect through inhibition of ATX-mediated LPA
production. In this study we examined ten cPA analogs (for structures see Figure 1). First,
we examined the effect of these analogs on ATX activity by measuring ATX-mediated
hydrolysis of BPNPP spectrophotometrically (Figure 2A) and FS-3 spectrofluorometrically
(Figure 2B). The cPA analogs containing a natural 2,3-cyclic phosphate group (cPA 16:1
and cPA 18:1) were poor inhibitors of ATX; cPA 16:1 and 18:1 showed maximum ATX
inhibitions of 45% and 22% respectively (Figure 2A). Conversely, stabilized cPA analogs
containing an isosteric replacement of the sn-2 oxygen with a methylene group (2ccPA 16:1
and 2ccPA 18:1) were highly effective ATX inhibitors (Figure 2A). 2ccPA 16:1 blocked
ATX activity by 91% with an IC50 of 140 nM, whereas 2ccPA 18:1 blocked ATX activity
by 90% with an IC50 of 370 nM. Stabilized cPA analogs containing a methylene unit in
place of the sn-3 oxygen (3ccPA 16:1 and 3ccPA 18:1) were intermediately potent inhibitors
of ATX. 3ccPA 18:1 blocked ATX activity by 70% with an IC50 of 294 nM, whereas 3ccPA
16:1 blocked 67% of ATX activity with an IC50 of 620 nM. Analogs of 3ccPA containing
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16 and 18 carbon fatty acyl groups were superior to those containing shorter hydrocarbon
chains (Figure 2B).

Following initial screening using BPNPP and FS-3 as ATX substrates, we conducted
secondary screening of the effect of 1 µM cPA (16:1 and 18:1 analogs) on ATX-mediated
production of LPA via the hydrolysis of a synthetic LPC substrate (Figure 3). The synthetic,
fluorescent LPC analog ADMAN-LPC was hydrolyzed to a fluorescent analog of LPA by
ATX (compare lanes 1 and 2). Both cPA 16:1 and 18:1 modestly inhibited ATX-mediated
LPC hydrolysis (compare lanes 3 and 6 to lane 2). In contrast, 2ccPA 16:1 was a highly
effective inhibitor of LPA production (compare lanes 4 and 2). 3ccPA 16:1, 2ccPA 18:1 and
3ccPA 18:1 were intermediate in their ability to inhibit ATX-mediated LPA production
(compare lanes 5, 7 and 8 to lane 2). Similar results were obtained when a combination of 1
µM LPC 18:1 and [14C]-LPC 16:0 were used as substrate (data not shown).

We have previously described the pharmacology of natural cPA analogs with respect to
activation of the LPA1, LPA2 and LPA3 receptors (51). Here we expand our understanding
of this structure-activity relationship to include eight 2ccPA and 3ccPA analogs. Knowledge
of the activation profiles of these reagents is critically important given the role of LPA
GPCR in cancer cell migration associated with LPA produced via ATX (5). Table 1
summarizes the results of the pharmacological screening of the ten cPA analogs with respect
to activation of all four known LPA GPCR. cPA 16:1 activates LPA1/2/4 and cPA 18:1
activates LPA1/2/3/4 both with significantly higher (>10-fold) EC50 concentrations than LPA
18:1. The 2ccPA 16:1 analog is a weak agonist (13% and 14% maximal efficacy as
compared to LPA 18:1 on LPA1 and LPA3 respectively). Likewise, the 2ccPA 18:1 analog
is a partial agonist of both LPA1 (54% efficacy, 1.7 µM EC50) and LPA3 (46% efficacy,
0.17 µM EC50). 2ccPA also activated LPA2 (68% efficacy) and LPA4 (90% efficacy) in a
nonsaturable fashion over the concentration range tested. In contrast, all 3ccPA analogs
tested failed to elicit significant activation LPA1/2/3/4. In order to highlight the difference in
LPA GPCR activation between the 2ccPA and 3ccPA analogs, full dose response curves are
shown for the activation of LPA1 by LPA 18:1 (positive control), and the 16:1 and 18:1
analogs of 2ccPA and 3ccPA (Figure 4).

In order to characterize the functional effect of the cPA analogs on an ATX-mediated
cellular endpoint, we examined the invasion of A2058 melanoma cells using a modified
Boyden chamber assay in the presence and absence of the test compounds. ATX, LPC, and
cPA analogs were all applied in the lower chamber, whereas cells in DMEM + 0.1% BSA
were plated in the upper chamber containing a Matrigel-coated membrane bearing 8-µm
pores. First, we examined assay conditions to optimize concentrations of recombinant ATX,
LPC 18:1, and cPA analogs (Supplemental Figure 1). In our hands, purified recombinant
ATX-HIS6 (100-fold dilution), in the presence of 1 µM LPC, elicited a 5.6-fold increase in
the number of invading A2058 cells as compared to cells exposed to LPC in the absence of
ATX. Exposure of cells to ATX without LPC resulted in a modest (1.6-fold) increase in
invading cells. Increasing the dilution of recombinant ATX to 300 fold significantly reduced
the number of invading cells in both the presence and absence of LPC, demonstrating the
importance of ATX activity in this effect. In this assay, invasion of A2058 cells was
significantly attenuated (81%) by co-application of 3 µM 3ccPA 16:1. Next, the effect of the
16:1 and 18:1 cPA analogs was examined using a 100-fold dilution of recombinant ATX-
HIS6, 1 µM exogenous LPC 18:1, and 3 µM of the test compound (Figure 5A). Treatment
with ATX and LPC without the test lipid resulted in an 8-fold increase in the number of
A2058 cells that invaded the lower chamber. Co-administration of 3 µM cPA 16:1 or cPA
18:1 with ATX and LPC resulted in modest 40 and 51% decreases in the number of
invading cells, respectively. In contrast, co-application of 2ccPA 16:1 or 2ccPA 18:1 with
ATX and LPC significantly attenuated the number of invading cells by 84 and 90%,

Baker et al. Page 6

J Biol Chem. Author manuscript; available in PMC 2012 November 25.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



respectively. Co-treatment with 3ccPA 16:1 or 3ccPA 18:1 plus ATX and LPC resulted in
intermediate inhibitions of ~68% each.

We reasoned that if the inhibitory effect of the ccPA analogs on cell migration is due to
selective inhibition of LPA production by ATX, than exogenous LPA added to the bottom of
the invasion chambers should overcome this inhibition. LPA 18:1 alone added to the bottom
chamber, showed a dose-dependent enhancement of A2058 invasion (Figure 5B). Indeed,
3ccPA 16:1 mediated inhibition of cell invasion was dose dependently bypassed by LPA
18:1. The 1 µM LPC substrate without exogenous ATX failed to elicit invasion and 3ccPA
16:1 did not have any detectable effect on this low level of A2058 cell invasion. Taken
together these results provide strong support to the hypothesis that ccPA elicits its inhibitory
effect on cancer cell invasion by targeting ATX and decreasing the production of the LPA.

B16F10 mouse melanoma cells are widely used as a model to assess the therapeutic effect of
anti-metastatic compounds in vivo (52,53). We used this model to examine the therapeutic
effect of 3ccPA 16:1 and 3ccPA 18:1, delivered as intraperitoneal injections (250 µg/kg, 5
µg per dose), 15 min and 48 h after the intravenous injection of 5 × 105 cells per mouse.
Three weeks post inoculation, animals were euthanized and the number of lung metastases
was determined (Figure 6). Treatment with PBS (vehicle control) resulted in animals bearing
57 ± 14 tumors (range 44–80, n = 6). In contrast, animals treated with 3ccPA 16:1 contained
37 ± 10 tumors (range 27–50, n = 5, p < 0.01 ANOVA), whereas those treated with 3ccPA
18:1 had only 24 ± 8 tumors (range 16–40, n = 5, p < 0.01, ANOVA). 3ccPA 18:1 was
significantly more effective at blocking lung metastasis than was 3ccPA 16:1 (p < 0.01).

DISCUSSION
Here we have shown that carba-cPA analogs, in particular the 3ccPA (16:1 and 18:1) forms,
are potent inhibitors of ATX that lack the ability to activate LPA GPCR. This ATX
inhibitory activity was correlated with the inhibition of LPA-dependent invasion of A2058
cells and the inhibition of pulmonary metastasis of B16 melanoma in mice. This is the
second report describing ATX inhibition mediated by naturally occurring lysophospholipids.
van Meeteren et al. first showed that LPA and S1P blocked ATX activity with nanomolar
potency (32). In our hands, LPA and S1P blocked ATX activity with IC50 values of 2.2 µM
and 280 nM, respectively. These concentrations are significantly higher than the previously
reported values (32). The reasons for these differences are not clear but could be the result of
differences in the ATX construct, substrate, or assay conditions used. Nonetheless, under
identical assay conditions, the 2ccPA 16:1 and 2ccPA 18:1 analogs were 15-and 6-fold more
potent inhibitors of ATX than was LPA. We have previously shown that cPA 18:1 is stable
in neutral buffered aqueous medium for up to 24h using LC-MS (51). The modest drop in
cPA concentration over this time frame was not accompanied by a significant increase in
LPA levels (51). This suggests that cPA analogs may be more effective ATX inhibitors in
vivo due to their increased stability. Detailed analysis of the pharmacokinetics of cPA
analogs is currently ongoing. The findings that 3ccPA analogs show a significantly lower
IC50 for ATX inhibition than does LPA, and that cPA analogs are stable under assay
conditions ((51) and Figure 3, lane 1), suggest that ccPA analogs are themselves novel,
potent ATX inhibitors with promising in vivo activity.

Previous reports on the anti-invasive properties of cPA implicated increased cellular cAMP
levels (39,54) and subsequent RhoA inactivation (39) in this effect. This implicated cell
surface GPCR activation in the response. We have previously shown that natural cPA
isoforms are poor activators of the LPA1, LPA2, and LPA3 receptors (51). In the course of
this study, we have shown that natural cPA analogs are also poor activators of LPA4 (Table
1), a recently identified LPA GPCR that shares sequence homology with the purinergic
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receptor family (50). We have now extended the pharmacological knowledge of this
structural family to include the 16:1 and 18:1 forms of 2ccPA and the 10:0, 12:0, 14:0, 16:0,
16:1 and 18:1 forms of 3ccPA. The 3ccPA analogs were all poor activators of LPA1/2/3/4
(Table 1). On the other hand, 2ccPA 16:1 and 2ccPA 18:1 were partial agonists of this
receptor family (Table 1). Interestingly, whereas dodecyl LPC is the best substrate of ATX,
the longer chain unsaturated ccPA analogs were the more effective inhibitors. This
observation hints that the substrate binding site and the product feedback regulatory site
show different acyl chain preference, hence are likely to be distinct. It is worth noting that
the invasion of PC3 prostate cancer cells was blocked by 2ccPA 16:1, 3ccPA 16:1, and
3ccPA 18:1 but was unaffected by 2ccPA 18:1 (data not shown). This lack of effect by
2ccPA 18:1 in PC3 cells is in stark contrast to the significant inhibition of A2058 cell
invasion (Figure 5). 2ccPA 18:1 is the only ccPA analog that possesses significant agonist
activity, albeit as a significantly less potent, partial agonist as compared with LPA 18:1, at
LPA1 (Table 1). PC3 cells express significant levels of LPA1 (~125 copies/ GAPDH × 103),
whereas A2058 express 10-fold lower levels (~12 copies/GAPDH × 103) (5). These results
suggest that GPCR activation is not likely to explain the anti-invasive properties of cPA
analogs. Likewise, the cPA analogs tested did not antagonize LPA-mediated GPCR
activation (51 and data not shown). Therefore, cPA does not seem to inhibit invasion via
direct LPA GPCR effects. Furthermore, our results indicate that exogenously added LPA
can bypass the inhibitory effect of ccPA on ATX-induced cell invasion, lending strong
support to the hypothesis that ccPA inhibits invasion through ATX. These data also show
the importance of designing/ identifying ATX inhibitors that do not activate LPA GPCR.

Two previous studies reported the anti-metastatic potential of cPA in vivo using injected
B16 melanoma cells (41) and azoxymethane-induced intestinal tumors (40) in mice. In the
first study cPA analogs were delivered as single doses intravenously (4 or 8 µg) mixed with
1×106 tumor cells (41). This protocol resulted in an 88% decrease in B16 derived lung
metastases at the highest concentration (41). The second study delivered cPA analogs (3 and
6 mg/kg) subcutaneously in olive oil every other day for 30 weeks (40). cPA blocked
bombesin-enhanced metastasis by up to 95% in this model (40). Here we show that 3ccPA
16:1 and 3ccPA 18:1 were able to block B16F10 tumor cell-derived lung metastasis by 35
and 57%, respectively, following only two 5 µg doses (250 µg/kg) 15 min and 48 h after
inoculation. This decrease in metastatic potential resulted from intraperitoneal injections
applied during the earliest phase of the metastatic process, suggesting that ccPA acted by
inhibiting the formation of metastatic foci. We are currently working to optimize delivery
and dosing of these reagents in an effort to maximize the anti-metastatic effect.

In this study we have described a novel role of cPA analogs as potent, natural ATX
inhibitors. These are the most potent inhibitors we have identified to date. The 3ccPA 16:1
and 3ccPA 18:1 analogs are attractive lead compounds since they block ATX at nanomolar
levels, yet they fail to significantly activate LPA GPCR at these concentrations. These
compounds blocked cancer cell invasion in vitro (Figure 5) and tumor cell metastasis in vivo
(Figure 6) without evidence of toxicity. Our results further validate ATX activity as a viable
target of future cancer chemotherapeutics. These results also show proof of principle that
compounds can be designed that selectively block LPA affects, via inhibition of LPA
production, without the need for specific subtype selective LPA receptor antagonists.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of the cPA analogs tested.
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Figure 2.
Inhibition of ATX by cPA analogs. (A) Conditioned media from HEK293 cells transiently
transfected with ATX-HIS6 was incubated with 1 mM BPNPP in presence of increasing
amounts of individual cPA analogs complexed 1:1 with BSA. Data were normalized to the
appropriate BSA control and are reported as percent ATX inhibition (n=3 for each data point
(mean ± standard deviation), results are representative of two independent experiments). (B)
Recombinant ATX-HA was incubated with 1 µM FS-3 in the presence of 3ccPA analogs
complexed 1:1 with BSA (n=3 for each bar (mean ± standard deviation), results are
representative of two independent experiments, * p<0.05, T-test).
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Figure 3.
Inhibition of ATX-mediated LPA production by cPA analogs. Purified, recombinant ATX-
HA was incubated with 2.5 µM ADMAN-LPC, a synthetic, fluorescent LPC analog in the
absence or presence of 1 µM individual cPA analogs for 4 h. Lipids were extracted using a
modified Bligh-Dyer protocol, separated by TLC (chloroform/ methanol/ ammonium
hydroxide, 65:30:8 v/v/v), and visualized by UV illumination. (A) Representative TLC
separation (colors are inverted). (B) Quantitative analysis of four independent experiments
(* p<0.05, T-test).
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Figure 4.
The effect of increasing amounts of ccPA analogs on intracellular Ca2+ mobilization was
determined in RH7777 cells stably expressing the LPA1 receptor. 100% represents maximal
Ca2+ mobilization elicited by LPA 18:1. Each data point represents the mean ± standard
deviation of triplicate wells and are representative of at least 3 independent experiments.
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Figure 5.
Panel A. Inhibition of cell invasion by cPA analogs. Optimized conditions were used to
assess the inhibition of individual cPA analogs on A2058 melanoma cell invasion. The data
are means ± standard deviations of triplicate wells and are representative of 3 separate
experiments (* p<0.01, T-test).
Panel B. Exogenously added LPA bypasses the inhibition by 3ccPA 16:1. 1 µM LPC in
0.1% BSA was present in the lower chamber of the invasion chamber and recombinant
purified ATX, LPA 18:1, 3-ccPA 16:1 (3 µM), or their combination was included. LPA 18:1
dose dependently enhanced invasion. In contrast, 3ccPA 16:1 inhibited ATX-induced
migration. Exogenously added LPA 18:1 (30–300 nM) bypassed the inhibitory effect of
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3ccPA 16:1. Vehicle (0.1 % BSA without ATX) did not induce invasion when added with 1
µM LPC, and 3ccPA 16:1 (3 µM) in the absence of ATX had no effect on basal A2058 cell
invasion. The data are means ± standard deviations of triplicate wells and are representative
of 3 separate experiments (* p<0.01, T-test).
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Figure 6.
Inhibition of melanoma cell metastasis in vivo. B16F10 melanoma cells (5 × 105) were
injected in the tail vein of C57BL/6 mice, followed by i.p. injections of PBS (vehicle
control) or 3ccPA 16:1 or 3ccPA 18:1 (250 µg/kg, 5 µg per dose) 15 min and 48 h after
inoculation. Animals were sacrificed 3 weeks later and lungs were washed, fixed in
formalin, and lung nodules were counted. The data are means ± standard deviations from
groups of 6 (PBS) or 5 (3ccPA 16:1 and 3ccPA 18:1) animals (* p < 0.01, ANOVA).
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Table 1

Summary of pharmacological evaluation of cPA analogs in RH7777 cells stably expressing individual LPA
GPCR.

Compound
EC50 [µM] (Efficacy)§

LPA1 LPA2 LPA3 LPA4

LPA 18:1 0.20 ± 0.068
(100%)

0.007 ± 0.001
(100%)

0.26 ± 0.023
(100%)

0.50 ± 0.027
(100%)

cPA 16:1 NS¶
(99%)

0.18 ± 0.04
(121%)

NS
(19%)

NS
(70%)

cPA
18:1

1.7 ± 0.23
(66%)

0.085 ± 0.011
(140%)

1.0 ± 0.62
(61%)

NS
(100%)

2ccPA 16:1 NS
(13%)

NA‖ NS
(14%)

NA

2ccPA 18:1 1.7 ± 0.89
(54%)

NS
(68%)

0.17 ± 0.073
(46%)

NS
(90%)

3ccPA 10:0 NA NA NA NA

3ccPA 12:0 NA NA NA NA

3ccPA 14:0 NA NA NA NA

3ccPA 16:0 NA NA NA NA

3ccPA 16:1 NA NA NA NA

3ccPA 18:1 NA NA NS
(15%)

NA

§
Normalized to the maximum LPA 18:1 effect

¶
onsaturable activation up to the highest concentration tested (10 µM for LPA1/3/4 and 3 µM for LPA2)

‖
No activation up to the highest concentration tested (10 µM for LPA1/3/4 and 3 µM for LPA2)
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