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Key Points

• ATX stored in a-granules of
resting platelets is secreted
upon tumor cell-induced
aggregation leading to
prometastatic LPA production.

• Nontumoral ATX promotes
early bone colonization by
breast cancer cells and
contributes to the progression
of skeletal metastases.

Autotaxin (ATX), through its lysophospholipase D activity controls physiological levels

of lysophosphatidic acid (LPA) in blood. ATX is overexpressed in multiple types of

cancers, and together with LPA generated during platelet activation promotes skeletal

metastasis of breast cancer. However, the pathophysiological sequelae of regulated

interactions between circulating LPA, ATX, and platelets remain undefined in cancer. In

this study, we show that ATX is stored in a-granules of resting human platelets and

released upon tumor cell-induced platelet aggregation, leading to the production of LPA.

Our in vitro and in vivo experiments using human breast cancer cells that do not express

ATX (MDA-MB-231 and MDA-B02) demonstrate that nontumoral ATX controls the early

stage of bone colonization by tumor cells. Moreover, expression of a dominant negative

integrin avb3-D744 or treatment with the anti-human avb3 monoclonal antibody LM609,

completely abolished binding of ATX to tumor cells, demonstrating the requirement of

a fully active integrinavb3 in thisprocess. Thepresent results establishanewmechanism

for platelet contribution to LPA-dependent metastasis of breast cancer cells, and

demonstrate the therapeutic potential of disrupting the binding of nontumor-derived ATX with the tumor cells for the prevention of

metastasis. (Blood. 2014;124(20):3141-3150)

Introduction

Blood platelets play an essential role in cancer metastasis.1-4 Me-
tastatic breast cancer cells activate platelet aggregation and the
production of the prometastatic bioactive lipid mediator, lysophos-
phatidic acid (LPA).5 LPA exhibits growth factor-like activities via
the promotion of cell proliferation, motility, invasion, and survival
of both normal and neoplastic cells.6 LPA activates a series of
six G-protein–coupled receptors (LPA1 to LPA6) that mediate the
pleiotropic actions of LPA and its effect on cancer progression and
metastasis.7 We have previously shown that LPA generated in the
course of platelet activation controlled bone metastasis of breast
cancer cells by stimulating tumor cell proliferation and secretion
of pro-osteoclastic cytokines via LPA1.

8 However, the molecular
mechanisms of how tumor cells induce the production of LPA by
platelets are not defined yet.

Autotaxin (ATX, ENPP2) is a unique member of the nucleotide
pyrophosphate-pyrophosphatases family with lysophospholipase D
activity catalyzing the production of LPA from lysophospholipid
precursors, including lysophosphatidylcholine (LPC). ATX is
physiologically present in blood, and Enpp2 deficiency in mice
leads to embryonic lethality due to vascular developmental defects.

Heterozygous Enpp2WT/2 knockout mice are healthy, but contain
half the concentration of LPA in plasma compared with wild-type
(WT) animals, demonstrating that ATX activity is the main source
of LPA in the blood. However, the pathophysiological functions of
circulating ATX and LPA remain elusive.

ATX was originally identified as an autocrine motility factor
secreted by humanA2058melanoma cells.9 Expression of ATXmes-
senger RNA (mRNA) is consistently increased in primary tumors of
multiple cancers compared with normal tissues, suggesting the in-
volvement of ATX in oncogenesis and tumor progression.10 Ad-
ditionally, ATX expression has been shown to confer resistance to
cancer chemotherapy and radiotherapy.11 In the context of breast
cancer, transgenic mice overexpressing ATX in the mammary gland
develop spontaneous breast tumors and distant metastases, fur-
ther supporting a role of ATX in tumorigenesis, invasion, and
metastasis.12 In animal models, we have shown that overexpression
of ATX in breast cancer cells increased the rate of spontaneous lung
and micromedullary bone marrow metastasis formation compared
with ATX nonexpressing tumor cells.13 Moreover, we have dem-
onstrated that high ATX expression confers a selective advantage
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in the progression of osteolytic bone lesions.13 However, ATX
mRNA expression level in biopsies of human primary breast
tumors does not predict metastasis recurrence or overall survival.13

This observation suggests that expression of ATX at the primary
tumor sites is not a suitable predictive biomarker of breast cancer
metastasis.

Our present study demonstrates that ATX is taken up and stored
in platelet a-granules and released upon tumor cell-induced platelet
activation, leading to the production of LPA, and reveals for the first
time, that nontumoral ATX (NT-ATX) controls the early stage of
bone colonization by tumor cells.

Materials and methods

Cell culture and reagents

CHO-dhfr1, CHOb3WT, and CHOb3-D744 cells and culture conditions
were described previously.14,15 Human cell lines from breast cancer (MDA-
MB-231, MCF-7, ZR7-51, BT474, SKBr3, Hs578T, and T47D), prostate
cancer (PC-3 and DU145), and osteosarcoma (MG63) were obtained from
and cultured as recommended by American Type Culture Collection
(Gaithersburg, MD). Characterization of MDA-MB-231/B02 (MDA-B02)
and MDA-B02/luc breast cancer cells and culture conditions were described
previously.16,17 Human umbilical vein endothelial cells (HUVEC) were pur-
chased from VEC Technologies (Rensselaer, NY). Construction and puri-
fication of recombinant ATX, as well as details for chemicals, reagents, and
antibodies used are described in supplemental Materials and methods, avail-
able on the BloodWeb site.

Preparation of human platelets and LPA quantification

Human blood was collected on acid citrate dextrose from healthy volunteers
after informed consent, in accordance with the Declaration of Helsinki.
Washed platelets were prepared as described previously.5 The methods
used for LPA quantification are described in supplemental Materials and
methods.

Immunodetection assays

The methods used for cell surface detection of integrins, protein detection
by western blotting and immunoprecipitation, and details for immunogold
electron microscopy of ATX are presented in supplemental Materials and
methods.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA extraction and cDNA synthesis were performed as previously
described.13 Expression of LPA G protein-coupled receptor was quantified
by real-time quantitative RT-PCR (qRT-PCR) using gene-specific PCR
primers in conditions detailed in supplemental Materials and methods.

Cell adhesion assays

Cell adhesion assays were done as previously described.15 Plates were coated
with bovine serum albumin (BSA), recombinant ATX, osteopontin (OPN)
(Sigma-Aldrich), or fibronectin (FN) (Invitrogen). Cells were detached
and resuspended in HEPES-Tyrode buffer supplemented with 2 mM
Mn21 (105 cells in 100mL of buffer), rested for 1 hour at 37°C, and seeded on
coated plates for 1 hour. Attached cells were fixed, stained with a solution of
crystal violet, and counted under the microscope. Results were expressed as
the number of attached cells per mm2.

Cell proliferation assay

Cell proliferation assays induced by LPC (1 mM) were carried out as
previously described.18MDA-B02andMDA-MB-231 cell proliferationwere
conducted in presence of ATX (0.3 nM) and increasing concentrations of

BMP22, and quantified by 5-bromo-29-deoxyuridine incorporation. Platelet-
induced tumor cell proliferation was carried out by seeding MDA-B02 cells
(5 3 104 cells per well) in 96-well culture plates in Ham’s F-12K medium
(Life Technologies) containing endogenous Mg21 (2.1 mM) without serum
overnight. Washed human platelets (106/well) were added and incubated in
Ham’s F-12K medium in absence of serum and Mn21 from 2 to 24 hours.
Cells were fixed and stained with a solution of crystal violet, and proliferation
was assessed by densitometry.

Cell invasion and transmigration assays

MDA-MB-231 cell invasion across a Matrigel layer coated onto 24-well
BioCoat FluoroBlok tumor invasion system (8 mm-pore size; BD Bio-
sciences) was performed as previously described.13 Serum-free Dulbecco’s
modifiedEaglemedium/0.1% fatty acid-free–BSAsupplementedwith 0.1nM
recombinant ATX and 1 mMLPC 18:1, in presence or absence of the ATX
inhibitor BMP22,19 was used as chemoattractant. Cells that migrated to
the bottom face of insert membranes were stained with Calcein-AM, and
fluorescence cells were quantified using FlexStation 3 microplate reader
(Molecular Devices, LLC). Transmigration assay through endothelial cell
monolayer was conducted as previously described.20 HUVEC cells (13 105,
passages 4 to 7) in complete MCDB-131 medium were plated on cell culture
inserts (8 mm pore size, polyethylene terephthalate membrane from BD
Biosciences, Pharmingen) coated with 0.1% gelatin and incubated for 24 hours
to form a monolayer. MDA-MB 231 cells were labeled with Calcein-AM
and plated on the HUVEC monolayers. Serum-free MCDB-131/0.1% fatty
acid-free–BSA medium, 0.75 mL/well with or without chemoattractant
consisting of 0.1 nM recombinant ATX, and 1 mM 18:1 LPC was added to
the bottom chamber. After 20 hours at 37°C, the number of MDA-MB-231
cells that invaded the HUVEC monolayer was counted using a fluores-
cence NIKON TiU inverted microscope.

Early bone colonization in breast cancer cell experiments

The animal protocol was reviewed and approved by the Institutional Animal
Care and Use Committee of the Université Claude Bernard Lyon-1 (Lyon,
France). Animals were purchased from Janvier Labs (Le Genest-Saint-Isle,
France) and housed under closed barrier conditions as previously described.13

MDA-B02/luc cells (5 3 105 in 100 mL of phosphate-buffered saline) were
injected IV into the 4-week-old BALB/C nude mice as previously de-
scribed.17 Seven days postinjection, the mice were euthanized by cervical
dislocation and the hind limbs were dissected. Bones were chopped and
treatedwith 0.25mg/mL collagenase for 2 hours at 37°C. The cell suspension
was washed with phosphate-buffered saline and resuspended in complete
media supplemented with 1 mg/mL puromycin. After 2 weeks, the clones
were fixed and stained with a solution of crystal violet and counted.

Statistical analysis

Differences between groups were determined by 1-way or 2-way analysis
of variance (ANOVA), followed by a Bonferroni posttest using GraphPad
Prism v5.0c software. Single comparisons were carried out using the
nonparametric Mann-Whitney U test. P , .05 was considered statistically
significant.

Results

ATX is stored in a-granules of resting human platelets

First, we examined whether human platelets could be a source of
ATX. Using qRT-PCR, we were unable to detect the expression
of ATX mRNA in platelets from multiple donors (data not shown).
Searching the Gene Expression Omnibus database,21 we next ex-
amined ATX expression and found no evidence for ATX, fibrinogen
a-chain, and immunoglobulin heavy chain (Figure 1A) in isolated
megakaryocyte (MK) progenitors and inMKs expanded in vitro. The
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quality of mRNAwas confirmed by high expression of transcription
factors GATA1, NFE2, and integrin subunits aIIb, aV, and b3 in our
samples. Similar results were obtained with in vitro expanded
MKs in the presence of thrombopoietin (data not shown), providing
further evidence that MKs do not express ATX.

Platelets endocytose blood proteins independently of their
activation state.22 Because ATX is present in the blood circulation,

we examined the hypothesis that plasma ATX could be taken up into
platelets. ATX was detectable in the protein lysate of nonactivated,
washed, human platelets by western blotting using an anti-lysoPLD

Figure 1. ATX is present in human platelets. (A) Gene expression in MKs. Mean

of fluorescence intensity on Affymetrix MOE430A mouse array for GATA1, NFE2,

integrin aIIb, integrin aV, integrin b3, fibrinogen a-chain, immunoglobulin heavy chain,

and ATX were calculated from GEO dataset accession numbers GSM152271

and GSM152272, as previously established.21 (B) ATX expression in unstimu-

lated human platelet lysate was detected by immunoblotting using anti-LysoPLD

polyclonal antibody. Total CHO-dhfr1/ATX cell lysate and recombinant human ATX

were used as controls. Integrin subunits aIIb and b3 were detected with specific

antibodies. (C) Immunoprecipitation of ATX. Six releasates from aggregated plate-

lets or supernatant from nonaggregated platelets were incubated with anti-LysoPLD

antibody. ATX was immunodetected with the anti-LysoPLD antibody. (D) Image

obtained from transmission electron microscopy of unstimulated human platelets.

The grids were reacted with an anti-LysoPLD polyclonal antibody (top) or with 4F1

monoclonal antibody (bottom). The in situ localization of ATX was identified by gold

particles after an amplification of the primary signal. AP, aggregated platelets; hATX,

human ATX; NAP, nonaggregated platelets.

Figure 2. Tumor cells induced ATX secretion by platelets and the formation of

bioactive LPA. (A) LPA production during passive coculture of breast cancer cells

and human platelets. Adherent MDA-MB-231 (left) and MDA-B02 (right) cells were

incubated for up to 24 hours in the presence of human platelets from 2 different

donors. Data are expressed as mean fluorescence ratio value for each concentra-

tion, normalized to the percentage of LPA 18:1 response (**P , .01; ***P , .001; vs

cancer cells at 0 hours using 1-way ANOVA with a Bonferroni posttest). (B)

Adherent MDA-B02 cells were incubated in the presence (1) or absence (2) of

human platelets in serum-free Ham’s F-12K medium with endogenous Mg21 (2.1 mM).

Cell proliferation was assessed by densitometry analysis after cell staining with crystal

violet (left). Data are expressed as mean density (6 SD) of 6 replicates and are

representative of 3 experiments (right). (***P , .001; vs MDA-BO2 (2) platelets using

2-way ANOVA with a Bonferroni posttest). (C) Platelet aggregation was stimulated

by collagen (10 mg/mL) or by tumor cells (B02) (106 cells) at the time indicated by the

arrow, in presence or absence of peptides. RGDS or RGES (100 mM) were added

prior to the addition of collagen or tumor cells. Platelet aggregation was recorded over

time as the percentage of light transmission. (D) Effects of inhibitors of platelet

aggregation (RGDS, ReoPro, apyrase, and clopidogrel), phospholipase A1/2 activity

(palmostatin B), lysoPLD activity (RG3-39 and PF-8380), and antagonist of LPA1/3

receptor (Ki16425) on platelet-induced MDA-BO2 cell proliferation. MDA-BO2 cells

were incubated for 12 hours in the presence (1) or absence (2) of human platelets.

Culture media were supplemented with the indicated compounds. Data represent

proliferation as the percentage of control (MDA-B021Plat) (6 SEM) of 6 replicates

from 3 independent experiments (*P , .05; **P , .01; ***P , .001; vs MDA-BO2 (1)

platelets using 1-way ANOVA with a Bonferroni posttest). Plat, platelets.
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polyclonal antibody (Figure 1B). Additionally, we detected ATX in
the releasate of type 1 collagen-induced platelet aggregation but not
in the supernatant of nonaggregated platelets by immunoprecip-
itation using an anti-lysoPLD polyclonal antibody (Figure 1C).
Moreover, a polyclonal and a monoclonal anti-ATX antibody for
immunoelectron microscopy readily detected the presence of ATX
in a-granules and sporadically in the open canalicular system of
platelets (Figure 1D).

Cancer cells induce platelet activation and secretion of

functionally active ATX and phospholipase A

Previous studies have shown that ATX binds platelet integrin aIIbb3

contributing to thrombus formation and localizing LPA produc-
tion.23 Incubation of platelets with breast cancer cells in steering
conditions induces LPA production.5 In this study, we show that
coincubation of platelets from 2 different donors with 2 different
breast cancer cell lines in passive conditions induces a rapid increase
in LPA concentration within 2 hours in the medium (Figure 2A).
After 12 hours and 24 hours of coculture, a significant increase in
MDA-B02 cell proliferation was observed compared with cultures
grown in the absence of platelets (Figure 2B). To elucidate the role
of integrin activation in platelet-induced tumor cell proliferation,
we used selective inhibitors. The Arg-Gly-Asp-Ser (RGDS) peptide
but not the Arg-Gly-Glu-Ser (RGES) control peptide blocked both
collagen and tumor cell induced-platelet aggregation (Figure 2C).
The RGDS peptide and ReoPro but not the RGES control peptide
treatment blocked platelet-induced tumor cell proliferation, suggest-
ing that platelet aggregation and activation of integrin aIIbb3 were
required in this process (Figure 2D). The requirement for platelet
activation in platelet-induced tumor cell proliferation was further
supported by the partial inhibition of tumor cell proliferation with
inhibitors of the adenosine 59-diphosphate activation pathway apy-
rase, and the P2Y12 inhibitor, clopidogrel (Figure 2D). The increase
in platelet-induced cell proliferation was reduced by 80% (P, .001)
with the LPA1/3 receptor antagonist Ki16425, indicating that LPA
produced by platelets in these coculture conditionswasmediating the
proliferative effect. To evaluate whether enzymes of the LPA pro-
duction pathways were involved in platelet-induced tumor cell
proliferation, we applied a nonspecific inhibitor of phospholipase
A1/2 (palmostatin B) and 2 different ATX inhibitors (BMP2219 and
PF-838024). Palmostatin B was as potent as the RGDS peptide
in inhibiting platelet-induced tumor cell proliferation (Figure 2C).
Both BMP22 and PF-8380 significantly inhibited tumor cell pro-
liferation by 41% and 48%, respectively (Figure 2C). Altogether,
these results reveal that interaction of cancer cells with platelets
promotes platelet activation, and generation of LPA requires the
sequential actions of phospholipase A1/2 followed by ATX.

Exogenous ATX controls breast cancer cell proliferation,

invasion, and endothelial cell transmigration

In agreement with recent reports demonstrating that breast and
prostate cancers have the lowest levels of ATX expression among
many other cancer types,25 we found that only the Hs578T breast
carcinoma, MG63 osteosarcoma, and DU145 prostate cancer cells
expressedATXmRNA (Figure 3A). These results were in agreement
with our previous findings showing that MDA-MB-231 and MDA-
BO2 cells do not secrete ATX and are deprived of LPA production
capacity as well.5 Therefore, these cells that express predominantly
LPA1 as judged by real-time PCR analyses (Figure 3B), are
ideal tools for investigating the role of NT-ATX in cancer cell
dissemination. Proliferation of both cell lines was significantly

Figure 3. Exogenous ATX controls LPA-dependent cell proliferation and

endothelial cell transmigration. (A) Real-time PCR analysis of ATX mRNA

expression in osteosarcoma, breast, and prostate cancer cell lines. Values were

normalized to housekeeping L32 gene. Data represent the mean (6 SD) of 2

independent experiments performed in triplicate. (B) Real-time PCR analysis of

LPA receptor (LPA1-6) mRNA expression in MDA-231 and MDA-B02 cell lines.

Values were normalized to housekeeping L32 gene. Data represent the mean

(6 SD) of 2 independent experiments performed in triplicate. (C) Cell pro-

liferation assessed by 5-bromo-29-deoxyuridine incorporation of MDA-MB-231

(left) and MDA-BO2 (right) cells in response to LPC and recombinant ATX in the

presence or absence of BMP22. Results are expressed as the mean (6 SD) of 3

independent experiments performed in 6 replicates (*P , .05; **P , .01;

***P , .001; vs cancer cells in presence of ATX and LPC using 1-way ANOVA

with a Bonferroni posttest). (D) Effects of BMP22 on MDA-MB 231 cell invasion.

Dose-response curves were generated in the presence of ATX and increasing

concentrations of BMP22. Data represent the mean percentage of inhibition (6 SEM)

of 3 independent experiments performed in quadruplicate. (E) Effects of BMP22 on

MDA-MB 231 cell transmigration across a HUVEC monolayer. Data represent the

mean (6 SEM) of 2 experiments performed in quadruplicate (***P , .0001 vs

MDA-231 cells in presence of ATX and LPC using 1-way ANOVA with a Bonferroni

posttest).
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enhanced in the presence of exogenous recombinant ATX and LPC
(1 mM) that was specifically blocked by the ATX inhibitor BMP22
(Figure 3C), indicating the mitogenic action of LPA in these cells.5

In addition, BMP22 inhibited MDA-MB-231 cell invasion across
a Matrigel layer in a dose-dependent manner (Figure 3D) and across
an endothelial cell monolayer in response to exogenous LPC plus
recombinant ATX (Figure 3E). Taken together, these results indicate
that blockade of ATX with BMP22 is highly potent in reducing
LPA-dependent invasion of breast cancer cell lines.

ATX interaction with tumor cells requires functionally

active integrin

ATX binds to activated aIIbb3 integrin on blood platelets.23

Association of b3 with aV subunits form the integrin aVb3, which
acts as a cell surface receptor for matrix proteins containing the RGD
sequencemotif that includes FNandOPN.26Activated integrinaVb3

is known for its controlling role in cancermetastasis dissemination.26

Hence, we tested the hypothesis that ATX bound to integrin aVb3

expressed by tumor cells could control metastatic dissemination.We
applied the previously established stable clones of CHO-dhfr1 cells
expressing either a functionally inactive (CHO-b3D744) or active
form of human integrin b3 (CHO-b3WT14,15; Figure 4A). Adhesion
of CHO-b3WT cells to ATX was significantly higher than that ob-
served in parental CHO-dhfr1 and CHO-b3D744 cells (Figure 4B).
Binding of CHO-b3WT cells to increasing amounts of ATX became
saturated at 200 ng (Figure 4C) and was completely inhibited when
the cells were preincubated with the LM609 antibody (Figure 4D).
In our experiments, adhesion of CHO-b3WT cells to a series of ATX
mutants harboring a single amino acid substitution or complete
mutation of the RGD sequence was not significantly different from
that seen in WT-ATX (supplemental Figure 1), and is in agreement
with previously reported ATX crystal structure27 and with the in-
terference in cell adhesion of mutations in amino acid E109 and
H117 in the somatomedin B2 domain of ATX.23

Because ATX is a secreted protein,28 we examined its interaction
with integrin aVb3 in vitro. We performed coimmunoprecipitation
studies using the LM609 antibody, with cell lysates obtained from
CHO-b3WT/ATX and CHO-dhfr1/ATX cells, ATX coimmunopre-
cipitated with integrin aVb3 in CHO-b3WT/ATX cells but not in
CHO-dhfr1/ATX cells, which lack integrin aVb3 (Figure 4E),
confirming the physical interaction betweenATX and integrinaVb3.
Moreover, adhesion of CHO-b3WT cells to ATX-coated surfaces
was dose-dependently competed by preincubationwith solubleATX
(Figure 4F-G). Similarly, preincubation of CHO-b3WT cells with
the soluble catalytically-inactive (CI) ATX-T209A mutant inhibited
cell adhesion to ATX (Figure 4G). These results indicate that soluble

Figure 4. Functionally active integrin aVb3 in cancer cells is required for ATX

binding. (A) Flow cytometry detection of cell surface expression of integrin aVb3 in

parental CHO-dhfr1 (dhfr1, left), CHO-b3WT (b3WT, middle), and CHO-b3-D744

(b3-D744, right) cells. Cells were immunostained with the anti-human integrin aVb3

monoclonal antibody, LM609 (dark histograms) or isotype control antibody, MOPC21

(open histograms). (B) CHO cell adhesion on ATX in presence of Mn21 (2 mM).

Optical microscopy observation of cell adhesion on ATX or OPN (scale bar: 200 mm).

(C) Dose-response curves of cell adhesion were generated in the presence of

increasing amounts of coated ATX. Data represent the mean of adherent cell/mm2

(6 SD) of 3 independent experiments performed in triplicate (***P , .001; vs CHO-

dhfr1 using 2-way ANOVA with a Bonferroni posttest). (D) Inhibition of CHO-b3WT

cell adhesion on ATX and FN with LM609 antibody. BSA was used as a negative

control for cell adhesion. Cells were preincubated for 1 hour in the presence of

LM609 or MOPC21 antibodies (10 mg/mL). Data represent the mean of adherent

cell/mm2 (6 SD) of 3 experiments performed in triplicate (***P , .001; vs

CHOb3WT cells treated with MOPC21 antibody using 1-way ANOVA with a

Bonferroni posttest). (E) Coimmunoprecipitation of ATX and integrin b3. Cell lysate

from stable transfectants of CHO-dhfr1/ATX and CHO-b3WT/ATX expressing

mouse ATX were incubated with LM609 antibody. ATX was immunodetected with

the anti-LysoPLD antibody. (F) Soluble ATX inhibits cell adhesion of coated ATX.

CHO-b3WT cells were preincubated for 1 hour in the presence of soluble ATX (x-

axis) prior to the adhesion assay. Data represent the mean percentage of adherent

Figure 4 (continued) cells (6 SEM) from 2 independent experiments performed in

triplicate (***P , .001; vs CHOb3WT cells treated with BSA using 1-way ANOVA

with a Bonferroni posttest). (G) Inhibition of CHO-b3WT cell adhesion with soluble

functionally active ATX or soluble lysoPLD-deficient ATX-T209A. Cells were

preincubated for 1 hour in the presence of soluble ATX, soluble ATX-T209A,

or BSA as control (15 mg/mL). Data represent mean percentage of adherent cells

(6 SD) of 2 experiments performed in triplicate (***P , .001; vs CHOb3WT cells

treated with BSA using 1-way ANOVA with a Bonferroni posttest). (H) Cell

proliferation of CHO-b3WT (b3WT) and CHO-b3-D744 (b3-D744) cells in response

to LPC (1 mM) and recombinant ATX (1 nM), in presence or absence of PF8330

(5 nM) or in response to LPA (1 mM) in serum-free Ham’s F-12K medium. Cell

proliferation was assessed by densitometry analysis after cell staining with crystal

violet. Data are expressed as mean density (6 SD) of 6 replicates and are

representative of 3 experiments. (*P , .05; vs CHO-b3WT using 2-way ANOVA

with a Bonferroni posttest).
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WT-ATX and CI-ATX-T209A compete with surface-bound WT-
ATX for binding to integrin aVb3.

To address the functional importance of ATX binding to the cell
surface, via the integrin aVb3, in the effect of platelet-derived ATX,
we carried out proliferation assays using CHO-b3WT and CHO-b3-
D744 cells expressing a functionally active and inactive form of
this integrin, respectively. Proliferations of CHO-b3WT and CHO-
b3D744 cells in presence of LPA were not statistically different
(Figure 4H). Both cell lines did not respond to LPC alone, but had
increased proliferation in presence of both LPC and recombinant
ATX (Figure 4H). Under this condition, CHO-b3WT cells pro-
liferated at a higher rate than CHO-b3D744 cells. This indicates that
expression of a functional integrin aVb3 but not its inactive mutant,
provides a selective advantage for utilization of LPC in an ATX-
mediated mechanism.

We also examined the binding of ATX to integrin aVb3 using
a series of human cancer cell lines frombreast (MDA-BO2, ZR-7-51,
andMCF7), prostate (DU145 and PC3), and osteosarcoma (MG-63).
Expression levels of integrin aVb3 were quantified by flow cytom-
etry using the LM609 antibody (supplemental Figure 2A). High
aVb3-expressing cells (MG-63, DU145, and PC3 cells) had a
significantly higher capacity than low aVb3-expressing cells for
adhering toATX (supplemental Figure 2B-C). Likewise,MDA-BO2
cells, which had the highest levels of aVb3 expression among all the
breast cancer cell lines tested, also had the highest capacity for
adhering to ATX (supplemental Figure 2B-C).

Altogether, these results demonstrate that ATX interacts phys-
ically with integrin aVb3 expressed in cancer cells and that binding
requires a functionally active integrinaVb3, which impacts on tumor
cell behavior.

NT-ATX controls the progression of osteolytic bone metastases

of breast cancer

Although devoid of ATX, MDA-BO2/Luc cells produce extensive
osteolytic bone metastases when injected into BALB/c nude mice.17

At the bone metastatic site, LPA activates tumoral LPA1, thereby
inducing tumor cell proliferation and secretion of pro-osteoclastic
cytokines (IL-6, IL-8, and GM-CSF).8 Extending these earlier
observations, in this study,we show that exogenousATX induces the
expression of IL-6 by MDA-B02/Luc cells only in the presence
of LPC. Furthermore, this response is significantly inhibited by
BMP22, indicating that LPA production is required for IL-6 secre-
tion (supplemental Figure 3A). Next, we examined the effect of sys-
temic BMP22 treatment on the progression of established osteolytic
bone metastases of MDA-B02/Luc-inoculated BALB/C nude mice
(supplemental Figure 3B). Daily treatment of the animals with BMP22
significantly reduced the osteolytic lesion areas by 39% (P , .05;
supplemental Figure 3C). In agreement with a decrease in bone
destruction and as a consequence of diminished secretion of pro-
osteoclastic cytokines, BMP22 also reduced the number of osteo-
clasts at the tumor/bone interface by 22% (P, .05; supplemental
Figure 3D). These results demonstrate that NT-ATX contributes to
the progression of bone metastases through its lysoPLD activity.

NT-ATX controls early bone colonization of breast cancer cells

We next analyzed the role of NT-ATX during the early period of bone
colonization by cancer cells (Figure 5A). Mice were injected with
MDA-BO2/Luc cells, and tumor cells that colonized the bonemarrow
cavity (TCB) were collected 7 days postcell injection and expanded in
vitro for 2 weeks.We found that the number of TCB clones was lower
in the group of animals treated with BMP22 compared with vehicle-
treated controls (94%) (P, .001; Figure 5B-C).

CI ATX-T209A prevents early bone colonization by breast

cancer cells

We showed in Figure 4G that CI-ATX-T209A competed with WT-
ATX for binding to integrin avb3 on the surface of cancer cells in
vitro (Figure 4G).Wehypothesized that administration of exogenous
CI-ATX-T209A might potentially reduce bone colonization medi-
ated by NT-ATX in vivo. To evaluate this hypothesis, we first
generated CHO-dhfr1 cells that stably express either WT-ATX
(CHO/ATX) or CI-ATX (CHO/ATX-T209A). These cell lines
expressed and secreted similar amounts of WT-ATX or CI-ATX-
T209A protein (Figure 6A). Using ATX-Red dye and fluorescent
imaging, we confirmed that high lysoPLD activity was detected only
in the conditioned medium of CHO/ATX cells, which was effec-
tively inhibited in the presence of BMP22 (Figure 6B). Next, BALB/
c nude mice were injected with MDA-BO2/Luc cells and treated
daily for 7 days with conditioned medium collected either from
parental CHO-dhfr1, CHO/ATX, or CHO/ATX-T209A cells. We
found that the number of bone-derived colonies in the group of mice
treated with CHO/ATX conditioned medium was not significantly
lower compared with the group treated with conditioned medium
from the parental CHO cells (Figure 6C). Intriguingly, treatment
of animals with CHO/ATX-T209A cell medium significantly de-
creased by 66% (P, .001), the number of TCB compared with the

Figure 5. NT-ATX/lysoPLD controls early steps of tumor cell bone coloniza-

tion. (A) Mice were injected IV with MDA-B02/luc cells and treated with BMP22

(1 mg/kg/day, i.p.) or vehicle from day 1 to day 8. (B) Bone marrow cells were collected

and cultured for 2 weeks in the presence of puromycin (1mg/mL). Colonies corresponding

to tumor cells that colonized the bone (TCB) were fixed and stained with 20% methanol-

crystal violet (v/v) (scale bar: 1 cm). (C) TCB colonies were counted. Results are

expressed as mean of TCB (6 SEM). Statistical analysis was performed using the

nonparametric Mann-Whitney U test (#P , .05; vs vehicle-treated animals).
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other groups. This result indicates that the administration of ex-
ogenous CI-ATX-T209A interferes with WT NT-ATX during the
early steps of bone colonization by breast cancer cells.

Discussion

ATX gene expression is upregulated in many different types of
cancers.10 However, expression of ATX transcripts in human bi-
opsies of primary breast tumors does not predict metastasis re-
currence or overall patient survival.13 Here, we show that systemic
treatment of mice with the ATX inhibitor BMP22 blocks early bone
colonization of breast cancer cells that lack ATX expression. This
observation provides evidence that NT-ATX controls breast cancer
cell metastasis. Our results broaden the paradigm for the role of ATX
in cancer invasion and metastasis by establishing that, in addition
to the ATX expressed by tumor cells, the ATX generated in the cir-
culation through the interaction of the carcinoma cells with platelets
also plays an equally important role.

ATX present in blood29 is a major factor in generating circulating
LPA.30,31We showed previously that mice depleted of platelets have
diminished levels of plasma LPA, which in turn, prevents the pro-
gression of breast cancer bone metastases.5 We were unable to detect
ATXmRNA in platelets and inMKs. Nevertheless, we detectedATX
protein stored in the a-granules of resting human platelets. Proteins
of non-MKorigin are frequently found ina-granules due to the ability
of platelets to endocytose them. For example, fibrinogen, albumin,
and immunoglobulins have been detected in platelet a-granules.22,32

Proteins of platelet and nonplatelet origin stored in a-granules are
released upon activation, and eventually contribute to thrombus for-
mation. Here, we show that blocking platelet degranulation using
inhibitors of integrin aIIbb3 inhibits the release of stored ATX.

Metastatic cells exhibit a procoagulant activity that is required for
successful metastasis dissemination.1-4 Interaction of tumor cells
with platelets induces the production of multiple tumor-promoting
factors.33-35 We have shown previously that incubation of platelets
with cancer cells in steering conditions induces platelet aggregation
and LPA production.5 In this study, we demonstrate that passive
interaction between platelets and breast cancer cells also results in the
generation of LPA, that in turn promotes tumor cell proliferation. The
antiaggregation interventions we tested, including RGDS peptide,
ReoPro, apyrase, and clopidogrel, and the LPA1/3 receptor antag-
onist Ki16425, efficiently blocked the mitogenic activity of platelet-
derived LPAon tumor cells, indicating that LPA synthesis is coupled
to platelet aggregation. Moreover, 2 unrelated inhibitors of lysoPLD
activity (BMP22 and PF-8380) partially inhibited platelet-induced
tumor cell proliferation, suggesting that ATX secreted fromplatelets,
upon interaction with the tumor cells, is fully active and contributes
to LPA production, albeit not exclusively.

Platelet activation is a major source of LPA production in
mammals.36 However, LPA released directly by platelets isolated
from the plasma of noncancerous donors represents only a small
fraction of LPAdetectable in serum, indicating the role of amultistep
enzymatic process leading to LPA accumulation during blood
clotting.37 We have shown that activated platelets secrete a novel
lysophospholipase A1 (LYPLA-I/APT1) that generates a predomi-
nantly polyunsaturated species of LPC, that is in turn converted
to LPA by circulating ATX during blood coagulation.38 Our present
results show that the nonspecific phospholipase A inhibitor
palmostatin B, abolishes platelet-induced tumor cell proliferation,
suggesting that the generation of bioactive LPAby activated platelets

Figure 6. Inhibition of early steps of tumor cell bone colonization by circulating

inactive ATX. (A) Detection of functionally active ATX and lysoPLD-deficient ATX-

T209A expression in cell lysates and in conditioned media (CM) of CHO-dhfr1/

ATX and CHO-dhfr1/ATX-T209A cells by immunoblotting using an anti-lysoPLD

polyclonal antibody. (B) LysoPLD activity was quantified in cell culture CM in the

presence or absence of BMP22 by fluorescence imaging on NightOwl using the

ATX-Red compound (1 mM). Data are expressed as photon per second (Ph/s) over

basal. Ctrl corresponds to parental CHO-dhfr1 cells. (C) BALB/c nude mice were

treated with CM (300 mL/twice daily, i.p.) collected from transfected parental CHO-

dhfr1 cells (Ctrl) or transfectants CHO-dhfr1/ATX (ATX) and CHO-dhfr1/ATX-T209A

(ATX-T209A) cells 1 day before and the next 8 days after MDA-B02/luc cells injection

(scale bar: 1 cm). Bone marrow cells were collected, cultured, and stained as

described in Figure 5B (scale bar: 1 cm). (C) TCB colonies were counted. Results

are expressed as mean of TCB (6 SEM). Statistical analysis was performed using

the nonparametric Mann-Whitney U test (***P , 0.05; vs vehicle-treated animals).
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requires the initial synthesis of sn-1 or sn-2 lysophospholipids, which
are substrates for ATX.37

Binding of ATX to the integrin b3 family members was dis-
covered only recently.23 Activated platelets (but not resting plate-
lets) were shown to bind to ATX, indicating the necessity of integrin
aIIbb3 activation in this process.23 Here, we found that expres-
sion of the dominant inactive integrin avb3-D744 or treatment
of avb3-expressing cells with the anti-human avb3 antibody
LM609 completely abolishes the binding of ATX to cells. There-
fore, a fully active integrin avb3 is also required for tumor cell-
induced LPA production. Moreover, we demonstrated that the
level of integrin avb3 expression in osteosarcoma, prostate, and breast
cancer cells shows direct correlation with ATX binding. Additionally,
the CI-ATX-T209A mutant efficiently inhibited the binding of WT-
ATX to integrin avb3, suggesting that these proteins compete for the
samebinding site in vitro. These results are in agreementwith previous
reports concerning multiple point mutations in the somatomedin B2
domain ofATX that failed to affect the catalytic site but impairedATX
binding to integrins.23 Thus, competition for the integrin binding of
ATX may have potential therapeutic implications in the treatment of
cancer metastasis. A proof-of-concept for such an experimental therapy
is presented in our experiments in which treatment of mice with
CI-ATX-T209A conditioned medium inhibited early bone coloniza-
tion ofMDA-B02/Luc breast cancer cells. Such a dominant negative
action of CI-ATX-T209A was also described previously in the im-
mune system where CI-ATX-T209A prevented the entry of CD41

T-lymphocytes into secondary lymphoid organs.39 A recent report
also demonstrated cooperative action between exogenous ATX and
integrins in directional cell migration, where binding of ATX to in-
tegrin enabled the uptake and subsequent redistribution of ATX to
the leading edge of migrating cells.40 Nonactivated platelets from
Glanzmann’s thrombasthenia patients lacking both integrins aIIbb3

and aVb3 revealed the role of these 2 integrins in importing fibrin-
ogen into a-granules.22 The binding of ATX to integrins aIIbb3

and aVb3 may represent a similar mechanism for the uptake

of ATX from plasma into the a-granules. Fulkerson et al23 showed
that higher LPA production associated with CHO-aIIbb3 cells
incubated with exogenous ATX and LPC than that of parental
CHO cells. Under these conditions, LPA production was dose-
dependently inhibited by the integrin-blocking antibody 7E3,
demonstrating the binding requirement of ATX to integrin aIIbb3

for LPA production. ATX is a secreted protein and quantification
of its lysoPLD activity in biological fluids is well documented.
Thus, data presented in the literature firmly establishes that ATX
can generate LPA regardless of whether they bound to integrins or
in solution. Altogether, these studies suggest that cellular uptake,
storage, and release of integrin-bound ATX may represent
a general mechanism, even in cells that do not express ATX,
providing localized production of LPA in close proximity to its
cell surface receptors.

In conclusion, our results demonstrate that NT-ATX has an
important epigenetic control over breast cancer cell metastasis.
Moreover, NT-ATX stored in a-granules of resting platelets is se-
creted as a biologically active lysoPLD upon tumor cell-induced
platelet aggregation. Our study provides a new framework for the
mechanism by which platelets contribute to the LPA-dependent
metastasis of breast cancer cells (Figure 7), and demonstrates the
therapeutic potential of targeting NT-ATX in the prevention of
metastasis in breast cancer patients.
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