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Autotaxin (ATX) is a secreted lysophospholipase D that gen-
erates the bioactive lipidmediator lysophosphatidic acid (LPA).
We and others have reported that ATX binds to integrins, but
the function of ATX-integrin interactions is unknown. The
recently reported crystal structure ofATX suggests a role for the
solvent-exposed surface of the N-terminal tandem somato-
medin B-like domains in binding to platelet integrin �IIb�3.
The opposite face of the somatomedin B-like domain interacts
with the catalytic phosphodiesterase (PDE) domain to form a
hydrophobic channel through which lysophospholipid sub-
strates enter and leave the active site. Based on this structure, we
hypothesize that integrin-bound ATX can access cell surface
substrates and deliver LPA to cell surface receptors. To test this
hypothesis, we investigated the integrin selectivity and signaling
pathways that promoteATXbinding toplatelets.We report that
both platelet �1 and �3 integrins interact in an activation-de-
pendent manner with ATX via the SMB2 domain. ATX
increases thrombin-stimulated LPA production by washed
platelets �10-fold. When incubated under conditions to pro-
mote integrin activation, ATX generates LPA from CHO cells
primed with bee venom phospholipase A2, and ATX-mediated
LPAproduction is enhancedmore than2-fold byCHOcell over-
expression of integrin �3. The effects of ATX on platelet and
cell-associatedLPAproduction, but not hydrolysis of smallmol-
ecule or detergent-solubilized substrates, are attenuated by
point mutations in the SMB2 that impair integrin binding.
Integrin binding therefore localizes ATX activity to the cell sur-
face, providing a mechanism to generate LPA in the vicinity of
its receptors.

Lysophosphatidic acid (1-acyl 2-hydroxylglycerol 3-phos-
phate (LPA))3 is a bioactive lipid that binds to cell surface
G-protein-coupled receptors to regulate cell growth, differen-

tiation, apoptosis, and development (1). In the cardiovascular
system, LPA alters endothelial barrier function (2–4), modu-
lates the phenotype of vascular smoothmuscle cells (5), and is a
weak platelet agonist (4, 6). Genetic and pharmacological
approaches identify a role for LPA signaling in experimental
models of vascular injury and atherosclerosis and suggest that
responses of vascular cells to LPA observed in vitro are impor-
tant in vivo (7–9). LPA, predominantly bound to serum albu-
min, is present in plasma at 0.5–1.0 �M (10, 11). Plasma LPA is
generated by hydrolysis of circulating lysophosphatidylcholine
(LPC) catalyzed by the secreted lysophospholipaseD, autotaxin
(ATX) (12). ATX activity is required to sustain plasma LPA
levels in the face of rapid elimination of this lipid from the
circulation (13, 14). ATX potently stimulates the growth and
migration of many cell types and is required for vascular devel-
opment inmice. These functions clearly involve the production
and actions of LPA; however, mechanisms regulating ATX
activity to produce localized or cell-specific signaling responses
are not well understood.
ATX belongs to a family of enzymes with ectonucleotide

pyrophosphatase/phosphodiesterase activity (15). Among
these ectonucleotide pyrophosphatase/phosphodiesterase
activities, ATX (designated ENPP2) is unique in that it
retains the characteristic activity of this class of enzymes
against water-soluble nucleotide substrates but is also a lyso-
phospholipase D (12, 16). ATX is a multidomain protein with
tandem N-terminal somatomedin B-like (SMB1,2) domains, a
catalytic phosphodiesterase domain (PDE), and a nuclease-like
domain (15). The recently reported crystal structure of ATX
reveals tight and extensive interactions between the PDE and
nuclease-like domains and weaker interactions between the
two SMB domains and the PDE domain. An extended hydro-
phobic substrate binding channel leading to the active site is
formed in large part by the interface between the SMB and PDE
domains. This channel appears to have arisen by deletion of
sequences that are present in other ectonucleotide pyrophos-
phatase/phosphodiesterase activity proteins and, based on
mutational studies and co-crystal structures, accounts for the
unique selectivity of ATX for lipid versus small molecule sub-
strates (17, 18). The introduction ofmutations that block access
to the channel reduces the ability of ATX to promote cell
migration. These observations led to a proposed model in
which the channel provides a conduit for cell surface localized
generation of LPA and possibly also delivery of ATX-generated
LPA to its G-protein-coupled receptors (18, 19).
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Several lines of evidence implicate platelets as important par-
ticipants in LPA production in the circulation in some settings.
LPA levels in serum prepared from platelet-rich plasma are
�5–10-fold higher than in platelet-poor plasma (20–22),
which suggests that activated platelets play an active role in
LPA production during clotting. Experimental induction of
thrombocytopenia in rats, using an anti-platelet antibody,
decreases the production of LPA in serum by almost 50% (20).
Similarly, treatment of mice with a small molecule inhibitor of
the platelet fibrinogen receptor, integrin �IIb�3, that causes
thrombocytopenia significantly decreases circulating LPA (23).
Although platelets themselves are clearly not a major source of
ATX in the plasma, these observations raise the possibility that
activated platelets or perhaps microparticles formed by acti-
vated platelets are a source of LPC substrate for ATX. Recent
work identified acyl-protein thioesterase 1 (APT1) as being
released during thrombin activation of platelets and is essential
for platelet LPA production. The PLA1 activity of APT1 gener-
ates sn-2 LPC on the outer surface of the membrane bilayer,
which is proposed to undergo acyl migration to sn-1 LPC, and
serves as a substrate for ATX (24). This process would necessi-
tate that ATX localizes to the platelet surface. However, the
mechanisms involved in cell localization of ATX and their
importance forATX-catalyzed production of LPAare presently
unclear.
Activated integrins have previously been suggested to inter-

act with ATX. ATX associates with activated platelets and
accumulates in arterial thrombi through interactions with
platelet integrin �IIb �3 (11), and evidence for binding of ATX
to additional integrin receptors on lymphocytes (25) and oligo-
dendrocytes (26) has also been presented. Integrin activation
could therefore serve as a mechanism to localize the recruit-
ment ATX and spatially and temporally regulate LPA produc-
tion. In this study we investigate integrin selectivity of ATX
binding to platelets and mammalian cells and the regulation of
this process by cell signaling pathways. Using antibody and
small molecule inhibitors of the ATX integrin interaction and
newly developed ATXmutants with impaired integrin binding,
we demonstrate that recruitment of ATX to the surface of
platelets andmammalian cells is amechanism for localized LPA
production.

EXPERIMENTAL PROCEDURES

Isolation of Recombinant ATX and ATX-derived Fragments—
cDNAs encoding wild type ATX, catalytically inactive ATX-
T210A, an N-terminal ATX fragment containing amino acids
53–143, and various site-directed mutants were generated
using standard methods inserted into a variant of pSecTag
(Invitrogen) that was engineered for compatibility with the
Gateway cloning system. Proteins were expressed by liposome-
mediated transfection of these constructs in suspension cul-
tures of Chinese hamster ovary (CHO) cells. Recombinant pro-
teins were purified from filtration-concentrated CHO cell
culture medium by nickel chelation chromatography as
described previously (11).
Preparation of Platelets—Platelets were prepared using

minormodifications of previously describedmethods (11). Cit-
rated human bloodwas centrifuged at 450� g for 5min to yield

platelet-rich plasma, to which 134 nM prostaglandin I2 was
added. Platelets were separated from plasma by filtration of
platelet-rich plasma, using a column of Sepharose 2B (Sigma)
equilibrated in HEPES-buffered modified Tyrode’s buffer (138
mM NaCl, 5.6 mM dextrose, 2.7 mM KCl, 10 mM HEPES, 12 mM

NaHCO3, 0.36 mM NaH2PO4, pH 7.35) with 0.35% fatty acid-
free bovine serum albumin (BSA; US Biological). For adhesion
assays, platelet-rich plasma was incubated with 7 �M calcein
AM for 30 min at 37 °C prior to gel filtration. Unless otherwise
indicated, gel-filtered platelets were diluted to 200,000/�l in
Tyrode’s buffer containing fatty acid-free (ethanol and char-
coal-extracted) BSA (Sigma).
Static Platelet/Cell Adhesion Assay—Recombinant wild type

ATX, ATX variants, or fibrinogen (American Diagnostica)
diluted in Tris buffer (50 mM Tris, 100 mM NaCl, pH 7.4) were
incubated in wells of a black polystyrene 96-well plate (Nunc)
overnight at 4 °C.Thewellswere subsequently incubated for 1 h
at room temperature with Tyrode’s buffer containing BSA to
block nonspecific binding sites. Calcein-labeled platelets or
CHO cells (see above) were incubated for 1 h at 37 °C; nonad-
herent platelets were removed by washing Tyrode’s containing
BSA and 2 mM Ca2� and 1 mM Mg2�, or Mn2�, as indicated.
The number of adherent platelets was determined by mea-
suring fluorescence (excitation and emission � 494/517 nm)
and reference to a standard curve generated by fluorescence
measurements, using independently quantitated numbers of
platelets. For analysis of platelet spreading and morphology,
platelets were diluted to 20,000/�l, and adhesion was per-
formed on LabTek2 coverslips. Adherent platelets were fixed
with 4% paraformaldehyde, permeabilized, and stained with
TRITC-phalloidin.
Radioiodination of ATX—ATX was radiolabeled using

iodine-125 (125I) monochloride. 400–500 �g of ATXwas incu-
bated with 2 M glycine and 0.231 �mol of iodine monochlo-
ride/mg protein for 5 min on ice. 125I-ATX was dialyzed over-
night at 4 °C against PBS. Ninety five to 99% of the 125I
associated with the ATX was precipitated by trichloroacetic
acid. 125I-ATX was combined with platelets in the absence or
presence of agonists and incubated at room temperature. Plate-
lets were centrifuged at 16,000 � g for 30 s through 30%
sucrose, and the amount of radioactivity associated with the
platelet pellet determined (PerkinElmer Life Sciences, Packard
Cobar II Auto-Gamma).
CHO Cells—CHO cells stably expressing human �3 integrin

or �IIb�3 were a generous gift from Zhenyu Li (University of
Kentucky). For binding experiments, these cells were labeled
with calcein using minor modifications of the method
described for the platelets above. For measurements of LPA
production byATX, CHOcells were incubatedwith bee venom
PLA2 (Sigma) at concentrations of 0–10 �g/ml for up to 60
min.
Determination of lyso-PLD activity was performed using

detergent-solubilized substrates. ATX activity against 18:0 LPC
was determinedusing a spectrophotometric coupled enzymatic
assay with minor adaptations for use in a microplate reader
(12).
Measurement of LPA and LPC—The lyso-PLD activity of

ATX was measured in the absence and presence of platelets,
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stably transfected CHO cells, and purified integrins. We also
measured LPC in some experiments. Lipids were extracted
using acidified organic solvents as described previously. When
measuring changes in endogenous lipids, the unnatural lipids
17:0 LPA or 17:0 LPC were added as an internal standard. In
cases where production of C17 LPA by ATX-catalyzed hydrol-
ysis of C17 LPC was measured, C17 sphingosine 1-phosphate
was substituted as the recovery standard. The organic phase
from these extractions was recovered, evaporated to dryness,
and reconstituted in 100�l of methanol. Lipids (generally 10�l
of each sample) were separated by reverse phase HPLC on an
Agilent Zorbax C8 column and quantified by tandem mass
spectrometry using an ABI 4000 Q-Trap hybrid linear ion trap
triple quadrupole mass spectrometer. The mass spectrometer
was operated in selective reactionmonitoringmode tomeasure
lipid species-specific precursor product ion pairs, with quanti-
fication accomplished by reference to calibration curves gener-
ated using synthetic standards obtained from Avanti Polar lip-
ids that were independently quantitated by phosphorous
analysis as described previously (13).

RESULTS

Synergistic Effect of Platelet Activation and ATX on LPA
Generation—The central role of ATX in production of circu-
lating bioactive LPA has been established by a combination of
genetic and pharmacological approaches. Very little is known
about physiological mechanisms that may be responsible for
regulating LPA production by ATX. Several observations sug-
gest that platelets may serve as a useful model system to study
regulation of ATX activity. Isolated platelets produce LPA after
agonist stimulation in a process that appears to involve platelet
release of APT1 and APT1-catalyzed generation of LPC, which
presumably serves as a substrate for ATX. To confirm the role
of ATX in platelet LPA generation, we tested the effects of a
recently described potent small molecular inhibitor of ATX
(13). A maximally effective dose of thrombin (0.5 units/ml)
increased the LPA content of isolated platelets�6-fold after 30
min. The thrombin-mediated increase in platelet-derived LPA
was completely attenuated in a dose-dependent manner by the
ATX inhibitor HA155 (Fig. 1A). Platelets contain immunolog-
ically detectable ATX (11), so these results indicate that ATX
likely accounts for the previously reported ability of isolated
human platelets to generate LPA in response to agonists (20,
28). Remarkably, thrombin-stimulated LPA generation by iso-
lated platelets was dramatically increased when recombinant
ATXwas added to these incubations. The increase in LPA pro-
duction was dependent on the concentration of added ATX
with a half-maximal effect observed at concentrations of �100
nM (Fig. 1B), which is in the range of the concentration of ATX
reported in human plasma (29). When incubated with a maxi-
mally effective concentration of ATX, LPA generation by plate-
lets was sustained at times up to 20 min (Fig. 1, C and D). The
time course of LPA in the absence of added ATX or in response
to amaximally effective concentration of ATX in the absence of
agonist was biphasic, whichmay reflect the previously reported
ability of platelets to degrade LPA (Fig. 1,C andD) (30). The low
concentration of delipidated BSA in these incubations con-
tained trace levels of lysophospholipids, including LPC, that

were not sufficient to sustain the quantities of LPA being
formed. LPC was present in unactivated platelets (�0.2 nmol/
106 platelets) and, presumably as a result of the recently
described PLA1 activity of APT1 (24), increased �2-fold after
stimulation with thrombin for 30 min in the presence of the
ATX inhibitor. Taken together, our observations of sustained,
amplified LPA production by thrombin-stimulated platelets in
the presence of ATX suggest under these conditions ATX is
acting on platelet-generated LPC,where substrate supply to the
enzyme is not a rate-limiting determinant of LPA production.
Signaling Pathways Regulating Binding of Platelet Integrins to

ATX—The ability of ATX to interact with integrin receptors
could provide a mechanism for localizing the enzyme along the
platelet surface. We therefore characterized ATX-platelet
integrin interactions in more detail. LPA is a weak platelet ago-
nist. To avoid confounding effects of ATX-generated LPA, we
used a catalytically inactive mutant ATX-T210A to investigate
agonist-dependent signaling pathways that regulate binding to
platelets. Our earlier studies demonstrated that an antibody
inhibitor of �3 integrins blocked platelet adhesion to ATX (11).
In agreement, echistatin, anRGD-containing peptide that com-
petitively inhibits ligand binding to �1 and �3 integrins, dose-
dependently reduced platelet adhesion toATX-T210A to levels
observed in unstimulated platelets (Fig. 2A). To investigate the

FIGURE 1. Synthesis of LPA by thrombin-stimulated platelets is ATX-de-
pendent and enhanced by exogenous ATX. A, gel-filtered platelets were
treated with vehicle (E) or 0.5 units/ml thrombin (F) in the presence of the
indicated concentrations of the ATX inhibitor HA155 for 30 min, and LPA was
quantitated as described under “Experimental Procedures.” B, LPA produc-
tion by gel-filtered platelets was determined in the presence of vehicle (E) or
0.5 units/ml thrombin (F) in the presence of the indicated concentrations of
purified ATX and LPA quantitated as described under “Experimental Proce-
dures.” C and D, LPA production by gel-filtered platelets was determined at
the indicated times in incubations containing no added ATX and vehicle (‚)
or 0.5 units/ml thrombin (Œ) or 100 nM ATX and vehicle (E) or 0.5 units/ml
thrombin (F). Data shown are means of duplicate determinations (A, C, and D)
or means � S.E. of triplicate determinations (B) from representative experi-
ments that have been repeated using multiple independent preparations of
platelets.
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possibility that ATX-T210A can bind non-�3 integrins on acti-
vated platelets, we used integrin function-blocking antibodies
and compared responses to that of 7E3, an antibody inhibitor of
�3 integrins that reduced adhesion by 79 � 6% (n � 8). Mono-
clonal antibodies to integrin �IIb�3 (10E5) and to �1 integrins
(P4C10) also reduced adhesion of platelets to ATX-T210A by
65 � 13% (n � 4) and 87 � 6% (n � 2), respectively (Fig. 2B).
The specificity of P4C10 was confirmed by the lack of effect on
fibrinogen binding to platelet �3 integrins. LM609, a function-
blocking�V�3 antibody, had variable effects on the adhesion of
platelets from three different donors to ATX-T210A, ranging
from 1 to 62% inhibition (median inhibition 22%), which may
reflect low and variable levels of platelet �V�3 expression in
platelets from different donors. Binding to ATX-T210A was
substantially, but not completely, impaired in platelets from
mice lacking �3 integrin (Itg�3�/�). Murine platelet adhesion
was inhibited by 1B5, a hamstermonoclonal antibody to�IIb�3
(Fig. 2C). Taken together, our results indicate that the associa-
tion of ATX with platelets requires integrin activation and
occurs through �3 and �1 integrins.

To determine whether �3 integrins were sufficient for sup-
porting cell adhesion to ATX, we examined the effect of
expressing the integrin�3 subunit alone or in combinationwith
�IIb on CHO cell adhesion to ATX-T210A. Although the
parental CHO cell line did not adhere significantly to ATX,
CHO cells expressing �3 integrins acquired the ability to inter-

act with ATX-T210A in the presence of the integrin activator
Mn2� (Fig. 2D). The interaction of CHO cells with ATX-
T210Awas specifically mediated by �3 integrins because it was
completely blocked by 7E3 (Fig. 2D). Because integrin �3 asso-
ciates with the widely expressed vitronectin � subunit CHO
cells (which do not express the platelet-specific �IIb subunit),
these observations also establish that ATX-T210A binds to
�V�3, indicating that association with this integrin may
account for ATX binding to other cell types.
Platelet integrins classically require agonist activation to rec-

ognize protein ligands. We therefore verified the agonist
requirements for ATX-T210A binding to platelets. Agonists
that act through G-protein-coupled receptors, including ADP,
the PAR1 thrombin receptor-activating peptide (TRAP), and
thrombin, as well as a non-G-protein-coupled receptor path-
way (collagen), all promoted platelet adhesion to ATX-T210A
(Fig. 3A). ADP-promoted platelet adhesion toATX-T210Awas
attenuated by the P2Y12 receptor antagonist cangrelor and the
P2Y1 antagonist MRS-2719 (Fig. 3B). Cangrelor and ADPase
(apyrase) also inhibited adhesion of TRAP-stimulated platelets
to ATX (Fig. 3B), identifying a role for released ADP in PAR1-
stimulated platelet adhesion to ATX-T210A (Fig. 3B). In keep-
ing with known mechanisms of integrin activation, ADP-stim-
ulated platelet adhesion to ATX was inhibited by pretreatment
of plateletswith forskolin to elevate intraplatelet cAMPandwas
partially reduced by inhibitors of protein kinase A (PKI(14–

FIGURE 2. Platelet adhesion to ATX requires �1 and �3 integrins. A, platelet adhesion to microtiter wells with immobilized ATX-T210A without (open bar)
or with 10 �M ADP (F) and the indicated concentrations of echistatin, an RGD-containing disintegrin. B, results obtained with platelets from one donor
incubated with wells containing immobilized ATX (dark bars) or fibrinogen (gray bars; immobilized at 10 �g/ml) in the presence of 10 �M ADP and 20 �g/ml of
a function-blocking integrin �3 antibody (7E3), a function-blocking �IIb�3 antibody (10E5), a function-blocking integrin �1 antibody (P4C10), or a nonfunc-
tion-blocking integrin antibody (23C6). C, platelets were isolated from wild type (Itg��/�) or Itg�3�/� mice and incubated (200,000/�l) with wells containing
immobilized ATX in the presence of 150 �M PAR4-activating peptide. Results are representative of those obtained in three separate experiments. *, p � 0.05
versus Itg��/� platelets, two-way ANOVA; ns � not significant). D, calcein-labeled CHO cells (300 cells/�l) (control) or CHO cells that were stably expressing �3
or �IIb�3 were incubated with immobilized ATX in the presence of 2 mM CaCl2 and 1 mM MgCl2 (open bars), 50 �M Mn2 (black bars), or 50 �M Mn2 and 20 mg/ml
of the function-blocking integrin �3 antibody 7E3 (hatched bars). (*, p � 0.05 versus control CHO cells, ANOVA.) Results are presented as the number of adherent
platelets or CHO cells (mean � S.D.) from triplicate determinations.
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22)), PI3K (LY294002), or Rho kinase (Y27632) (Fig. 3C). In
addition to classic platelet agonists, the direct integrin activator
Mn2� and treatment of platelets with the reducing agent DTT,
which stimulates the adhesive function of several integrins,
resulted in agonist-independent adhesion to ATX (Fig. 3D).
The preceding observations of ATX binding to integrins on

platelets andmammalian cells employedmicrotiter plate assays
with immobilized ATX. We next investigated binding of solu-
ble 125I-labeled ATX to platelets in suspension. When 125I-
ATX and unlabeledATXwere incubated at various ratios while
maintaining the total ATX concentration constant, a linear
relationship was observed between the percent 125I-ATX
bound and the percent added (Fig. 4A), indicating that radiola-
beling of ATX did not affect the protein’s ability to recognize
platelets. Binding of 125I-ATX to activated platelets was time-
dependent and saturable (Fig. 4, B andC). Scatchard analysis of
data obtained using an excess of unlabeled ATX to define non-
specific binding revealed an affinity of �300 nM and a maximal
number of �75,000 ATX-binding sites/platelet. Addition of
excess echistatin partially displaced bound 125I-ATX (Fig. 4B),
suggesting that at least some of theATX remained on the plate-
let surface after 30 min. Inclusion of fibrinogen in the reaction

dose-dependently blocked 125I-ATX binding to platelets with a
KI of 220 nM (Fig. 4D).
lyso-PLD-independent Effects of ATX on Platelet Aggregation

and Adhesion—ATX is a monomeric protein in solution (16)
and would not be expected to support platelet aggregation,
which requires cross-linking of at least two binding sites on
adjacent platelets. Under conditions where ADP-induced
aggregation of washed platelets was enhanced by addition of
exogenous fibrinogen, inclusion of soluble ATX-T210Adid not
further enhance platelet aggregation (Fig. 5A). In fact, the max-
imal extent of aggregation of platelets was moderately lower in
the presence of ATX-T210A (Fig. 5, A and B, left panel). The
ability of ATX-T210A to reduce platelet aggregation varied
between platelet preparations from different donors (Fig. 5B,
right panel), but the extent of aggregation was consistently
lower in the presence of ATX-T210A. Together, these observa-
tions and the fact that fibrinogen competes for soluble ATX
binding (Fig. 3D) are consistentwith amodel inwhichATXand
fibrinogen interact with amutually accessible binding site(s) on
platelets but only fibrinogen supports platelet aggregation.
ATX exerts a counter-adhesive effect on oligodendrocytes

that is consistent with inhibition of integrin-dependent adhe-
sion and signaling (26). ATXmay also be capable of hydrolyzing
nucleotides along the platelet surface and thereby impact sig-
naling events. The inhibitory effects of ATX on platelet aggre-
gation were independent of catalytic activity because inactive
ATX-T210A also inhibited aggregation. Nonetheless, we
sought to determine whether ATX has direct inhibitory effects
on platelet function by determining whether ATX would alter
adhesion to fibrinogen immobilized at submaximal concentra-

FIGURE 3. Platelet binding to ATX requires agonist activation of integrins.
A, gel-filtered calcein-labeled platelets (200,000/�l in Tyrode’s buffer with 2
mM CaCl2 and 1 mM MgCl2) were incubated with microtiter wells containing
ATX-T210A (immobilized at 5 �g/ml) in the absence of agonist (open bar) or in
the presence of 10 �M ADP, 15 �M TRAP, 0.5 units/ml thrombin, or 10 �g/ml
collagen for 1 h at 37 °C. After washing the wells three times, platelet adhe-
sion was quantitated by determining fluorescence associated with the wells.
B, platelets were incubated in microtiter wells containing immobilized ATX in
the absence of agonist (open bar) or presence of ADP (closed bars) or TRAP
(hatched bars). Where indicated, 0.5 �M cangrelor (P2Y12 antagonist), 10 �M

MRS-2179 (P2Y1 antagonist), or 1 units/ml apyrase (ADPase) was included in
the assay. *, p � 0.05 versus ADP/vehicle, ANOVA; **, p � 0.05 versus TRAP/
vehicle, ANOVA. C, platelets were incubated with wells with immobilized ATX
in the absence of agonist or presence of ADP and with either 100 �M forskolin,
20 �M LY294002 (PI3K inhibitor), or 2.5 �M Y27632 (Rho kinase inhibitor). *,
p � 0.05 versus vehicle, ANOVA. D, platelets (in Tyrode’s buffer with the indi-
cated divalent cations) were incubated in microtiter wells containing ATX
with vehicle (no agonist), 15 �M TRAP, 2.5 �M DTT, or 50 �M Mn2�. Results are
presented as the number of adherent platelets (mean � S.D.) from at least
three independent experiments performed in triplicate.

FIGURE 4. Affinity and stoichiometry of 125I-ATX binding to activated
platelets. A, 15 �M TRAP-activated platelets (200,000/�l) were incubated
with a total of 73 nM ATX, composed of varying amounts of 125I-labeled ATX
and unlabeled ATX, and platelet-bound ATX was determined as described
under “Experimental Procedures.” B, TRAP-activated platelets were incu-
bated with 125I-ATX for the indicated times. At 30 min, echistatin (20 �g/ml)
was added, and incubations were continued for an additional 30 min to deter-
mine reversibility. C, TRAP-activated platelets (F) or resting platelets (E) were
incubated with the indicated concentrations of ATX for 30 min. D, TRAP-
activated platelets were incubated with 125I-ATX in the presence of the
indicated concentrations of fibrinogen (Fg). Data are means of duplicate
determinations.
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tions (lowdensity; 1�g/ml). In the absence of agonists, platelets
adhere to low density fibrinogen, and the adhesion triggers
platelet activation (31, 32). In agreement with our aggregation
studies, soluble ATX blocked platelet adhesion to immobilized
fibrinogen by 70% (from 9.6 � 2.0 to 2.8 � platelets/high pow-
ered field). However, more platelets adhered to surfaces con-
taining both immobilized fibrinogen and ATX than to surfaces
containing fibrinogen alone (20 � 5 versus 9.6 � 2 platelets
platelets/high powered field; Fig. 5C, left). In addition, more
platelets spread on surfaces with immobilized fibrinogen and
ATX than spread on surfaces containing immobilized fibrino-
gen alone (Fig. 5C, left). These results suggest that fibrinogen
binding may promote “outside-in” signaling necessary for
platelets to recognize ATX.When fibrinogen was immobilized
at higher density concentrations (5 �g/ml) that are known to
promote maximal platelet activation and adhesion (31, 32), the
inclusion of immobilized ATX did not inhibit adhesion or
spreading (Fig. 5C, right). Thus, rather than negatively affecting
the adhesive function of platelet integrins, as has been observed
in experiments with oligodendrocytes, ATX moderately facili-
tates platelet adhesion to fibrinogen.
Tandem SMB Domains Are the Sole ATX–binding Sites for

�3 Integrins—We next sought to identify the motifs in ATX
responsible for interacting with platelets. ATX contains an
arginine, glycine, aspartic acid (RGD) sequence motif within

the second SMB-like domain (Fig. 6, A and B). Because this
motif confers integrin binding to other proteins, including the
structurally related SMB-like domain of vitronectin, we sur-
mised that it would perform a similar function inATX. Surpris-
ingly, the ATX crystal structure revealed that the RGD motif
amino acids are incompletely solvent-exposed. In agreement,
we found that nonconservative substitutions of the RGD resi-
dues did not abolish integrin binding.4 However, in the course
of these studies, we found that mutation of a charged, surface-
exposed residue at the N terminus of the ATX SMB2 domain
significantly reduced binding ofATX to platelet integrins, iden-
tifying an important role for the SMB2 domain in this process
(17). To determine whether the SMB2 domain is the sole integ-
rin-binding site on ATX and begin to explore interactions of
ATX with integrins on other cells, we compared binding of an
ATX fragment containing the tandem SMB domains to CHO
cells expressing human integrin�3. Binding of these cells to the
SMB domain fragment was promoted by the integrin activator
Mn2� and inhibited by 7E3 in an identical manner to that of
wild type ATX, indicating that the SMB domains (and not the
PDE and nuclease-like domains) account for ATX binding to
�3 integrins (Fig. 6, C and D).

4 A. J. Morris, unpublished observations.

FIGURE 5. Effects of ATX on fibrinogen-dependent platelet aggregation and adhesion. A, gel-filtered platelets (200,000/�l) were stirred in the absence or
presence of 200 �g/ml fibrinogen (�FG) or 50 �g/ml ATX-T210A (�ATX). Platelet aggregation was stimulated by the addition of 15 �M TRAP at the time
indicated by the arrow. B, gel-filtered platelets (200,000/�l) stirred in the presence of 200 �g/ml fibrinogen without ATX (FG � ATX) or with 50 �g/ml ATX
(FG � ATX). 15 �M TRAP was added at the time indicated by the arrow. Left panel, representative light transmission tracing from single donor; right panel,
cumulative maximal percent aggregation from different donors (*, p � 0.05, paired t test). C, platelets (20,000/�l) were incubated with wells precoated with
either 1 or 5 �g/ml fibrinogen in the presence or absence of 5 �g/ml ATX. Adherent platelets were stained with TRITC-phalloidin, and the total number of
platelets/field in 4 –5 fields was counted. Where indicated, the number of platelets adherent in the presence of soluble ATX was also determined. The platelets
in each field were scored as fully spread (defined by the presence of cortical actin reorganization), partially spread (presence of filopodia), or not spread (neither
cortical actin or filopodia). *, p � 0.05, t test.
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ATXBinding to Platelet Integrins Enables Agonist-stimulated
LPA Production—Having established the properties of ATX
binding to�3 integrins, we used platelets andCHOcell systems
to test the hypothesis that integrin-mediated recruitment of
ATX to the outer face of the plasma membrane enables local-
ized LPA production. To investigate this possibility, we mea-
sured the rate of hydrolysis of BSA-boundC17-LPC in the pres-
ence of either the parental CHOcells or the�IIIb�3-expressing
CHO cells using Mn2� as the integrin activator. Under condi-
tionswhere, based on ourmeasurements of the affinity of plate-
let�IIb�3 forATX, all of the addedATXwould be bound to the
integrin, we observed an�2-fold increase inATXactivity in the
presence of integrin-expressing cells (Fig. 7A). These results
suggest that integrin binding increases ATX activity against
exogenous substrates. Our experiments with activated platelets
indicated that integrin-bound ATX could act on endogenously
generated lysophospholipid substrates. Although like resting
platelets, parental, and�IIb�3-expressing CHOcells contained
readily detectable LPC, we did not observe significant produc-
tion of LPA when they were incubated with ATX (data not
shown). However, we found that preincubation of these cells
with bee venom PLA2 increased cell-associated LPC levels
�2-fold (Fig. 7B), which presumably reflects the previously
described ability of this enzyme to promote LPC-dependent
responses when added exogenously to mammalian cells (35).
Under these conditions, ATX elicited concentration-depen-
dent increases in cell-associated LPA, and at lower concentra-
tions of ATX, LPA production was increased �4-fold by over-
expression of �IIb�3 (Fig. 7C). The effect of ATX was

substantially attenuated when the integrin-blocking antibody
7E3 was included in these incubations (Fig. 7D). Although the
parental CHO cell line failed to bind to ATX appreciably in the
static adhesion assay (Fig. 2), these results suggest that relatively
low levels of integrin binding are sufficient to sustain significant
production of LPA by cell-associated ATX.
The crystal structures reported are of rodent ATX orthologs

(17, 18). We made variants of human ATX with nonconserva-
tive substitutions of charged surface-exposed residues in the
SMB2 domain, includingH117A, which corresponds toH119A
of the rodent sequence and was previously shown to exhibit
decreased binding to platelet �3 integrins (Fig. 8A and also see
Fig. 6 for sequence details) (17). We examined catalytic activity
of these variants against mixed micelles of Triton X-100 and
18:0 LPC. The apparent Km and Vmax values for LPC of these
SMB domain mutants were very similar to that of wild type
ATX, indicating that mutation of the SMB2 domain does not
impair catalytic activity against detergent-solubilized sub-
strates (Fig. 8B). Activity of these variants against the small
molecule substrate bis-paranitrophenol phosphate was also
indistinguishable from wild type ATX (data not shown). We
examined binding of these ATX SMB2 domain variants to �3
integrin-expressing CHO cells. Binding of these cells to ATX
H117A (as expected) and ATX E109A but not ATXR117A was
significantly lower than to wild type ATX (Fig. 8C). We then
compared the ability of wild type ATX and ATX E109A to
increase LPA production when incubated with thrombin-stim-
ulated platelets. Although wild type ATX produced a robust
increase in LPA production, ATX E109A did not, indicating

FIGURE 6. N-terminal tandem SMB domain is the sole ATX integrin-binding site. A, domain structure of ATX and the N-terminal tandem SMB domain
fragment. Nuc, nuclease-like domain B, sequence alignment of the SMB1 and SMB2 domains of human, rat, and mouse ENPP2 (ATX) and human ENPP1 and
ENPP3 with the RGD sequence underlined, cysteine residues boxed in gray, and charged residues targeted for mutation boxed in black. C, analysis of purified
recombinant wild type ATX (wtATX) and the N-terminal tandem SMB domain fragment (SMB1–2) by SDS-PAGE and staining with Coomassie Blue. D, CHO cells
stably expressing the human �3 integrin subunit were incubated with immobilized ATX or the N-terminal SMB1–2 fragment in the presence of 2 mM CaCl2 and
1 mM MgCl2 (open bars), 50 �M MnCl2 (black bars), or 50 �M MnCl2 and 20 �g/ml of the function-blocking integrin �3 antibody 7E3 (hatched bars). Data shown
are means � S.D. of triplicate determinations.
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that association with �3 integrins is important for this process
(Fig. 8D).

DISCUSSION

LPA is produced anddegraded bymultiple pathways and also
serves as an intermediate in the de novo synthesis of phospho-
lipids. In this study, we describe a mechanism by which the
metabolic and signaling functions of LPA can be delimited by
localizing LPA production to the cell surface through recruit-
ment to activated integrin receptors. We used human platelets
as a model system to dissect the regulation and specificity of
integrin binding to ATX. We found that a disparate variety of
platelet agonists promote ATX binding to platelets. The ability
of agonists to stimulate ATX binding appears to be strongly
dependent on ADP signaling through the P2Y12 purinergic
receptor, as evidenced by the ability of cangrelor and apyrase to
inhibit TRAP-induced adhesion to immobilized ATX. The
finding that forskolin treatment abolishes platelet adhesion to
ATX is also consistent with a role for P2Y12 signaling through
G�i to decrease platelet cAMP levels as an important compo-
nent of the signaling pathway response. Stimulation of platelet
adhesion toATXbyMn2� in the absence of agonists implicates

integrins in this process, and studies using integrin-blocking
antibodies and CHO cells expressing recombinant integrins
indicate a role for �3 integrins (�IIb�3 and �V�3) and to a
lesser extent �1 integrins in this process. The involvement of
integrins in platelet binding to ATX is consistent with the den-
sity of ATX-binding sites/platelet observed with radiolabeled
soluble ATX binding experiments. These results raise the pos-
sibility that, because �V�3 and �1 integrins are broadly
expressed, cell surface recruitment of ATX through integrin
binding may be a widespread phenomenon.
Consistent with this idea, binding of ATX to lymphocytes

and oligodendrocytes has been reported previously (25, 26). In
the latter system, ATX binding was shown to disrupt cell adhe-
sion through a process that was postulated to involve antago-
nism of an unidentified adhesive receptor (26). We found that
ATX impedes fibrinogen-dependent platelet aggregation. This
is likely becauseATXand fibrinogen compete for binding to the
same integrin receptors but as ATX is a monovalent integrin
ligand it cannot support platelet aggregation. Consistent with
this idea, we found that fibrinogen competitively inhibited
binding of soluble radiolabeled ATX to platelets. However,
when ATX and fibrinogen were immobilized together at sub-
maximal concentrations, we found that ATX modestly
enhanced, rather than inhibited, adhesion. Thus, unlike ATX
binding to oligodendrocytes, which appears to trigger signals
that inhibit other adhesive events, our results are consistent
with a model in which fibrinogen and ATX compete for the
same binding sites on platelets. Our prior observation thatATX

FIGURE 7. ATX activity against exogenously provided and cell-associated
substrates is increased by integrin binding. A, control or �IIb�3 expressing
CHO cells were incubated with 100 nM ATX in Tyrode’s buffer containing 1 mM

MgCl2, 50 �M MnCl2, 100 �M C17 LPC, and 0.35% BSA. Production of C17 LPA
was measured after a 1-h incubation at 37 °C. B, CHO cells were incubated
with increasing concentrations of bee venom PLA2, and total cell-associated
levels of 15 abundant LPC species were determined. C, control or �IIb�3-
expressing CHO cells were preincubated with bee venom PLA2 and then incu-
bated with the indicated concentrations of ATX in the Tyrode’s buffer used for
the experiment shown in A, omitting the C17 LPC, and production of LPA was
determined as described under “Experimental Procedures.” D, �IIb�3-ex-
pressing CHO cells were preincubated with bee venom PLA2 and then incu-
bated with the indicated concentrations of ATX in the Tyrode’s buffer in the
presence or absence of 10 �g/ml of the integrin blocking antibody 7E3 and
production of LPA determined as described under “Experimental Proce-
dures.” The data shown are means � S.D. of triplicate determinations (A) or
duplicate determinations (B–D).

FIGURE 8. ATX SMB2 mutants with impaired binding to �3 integrins dis-
play reduced LPA generating capacity. A, SDS-PAGE analysis of purified
wild type ATX and the indicated variants. B, lyso-PLD activity of wild type ATX
and the indicated variants determined using Triton X-100 solubilized 18:0
LPC. C, binding of �3 integrin-expressing CHO cells to wild type ATX and the
indicated ATX variants was determined as described under “Experimental
Procedures” (mean � S.D. of triplicate determinants). D, effect of wild type
ATX and ATX E019A on LPA production by thrombin-stimulated platelets was
determined as described under “Experimental Procedures” (mean � S.D. of
triplicate determinations).
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is recruited to thrombus in vivo suggests that the interaction of
ATX with activated platelet integrins we have characterized
here in vitro occurs physiologically (11). In in vitro assays, ATX
displays nucleotide pyrophosphatase/phosphodiesterase activ-
ity. It is possible that localization of ATX along the platelet
surface provides a mechanism for degradation of released ATP
(a platelet inhibitor) and ADP (a platelet activator). To date,
however, we have been unable to detect an impact of ATX on
circulating nucleotides (27).
Efforts to define the physiological role of LPA signaling in

platelet function have been confounded by observations of het-
erogeneity in human platelet responses to LPA and the fact
that, although LPA is a weak agonist for human platelets from
most donors, it does not activate rodent platelets (4, 6). How-
ever, several lines of evidence implicate platelets as important
participants in the production of LPA in whole blood ex vivo
and in mouse models (20, 23). We found that a recently
described potent small molecule ATX inhibitor completely
attenuated production of LPA by thrombin-stimulated washed
platelets. The delipidated BSA used in these incubations con-
tained trace levels of LPC that were less than 1% of the quantity
of LPA being generated, so clearly these results indicate that
endogenous ATX acting on endogenously formed LPC is
responsible for producing LPA in this system. Addition of puri-
fied ATX to washed platelets at concentrations in the range of
�100 nM, which are in line with those present in plasma,
resulted in dramatically enhanced sustained production of LPA
by thrombin-stimulated washed platelets. We also found that
ATX could hydrolyze CHO cell-associated lysophospholipids
and that this activity was substantially enhanced when cells
expressing integrin �3 were used as the source of substrate. In
such experiments, a concentration in the range of 1–10 nM
ATX achieved half of themaximal LPA levels. Small differences

in levels to achieve maximal LPA levels (Fig. 7, B and C) may be
attributed to the slightly different levels of purity between dif-
ferent preparations of recombinant ATX, which results in
slight differences in quantification of protein in different prep-
arations. We identified the N-terminal ATX tandem SMB
domain as sole site of integrin binding, and we generated point
mutants in the SMB1 domain of ATX that exhibited parallel
reductions in binding to �3 integrins and the ability to generate
LPA when incubated with thrombin-stimulated platelets.
Taken together, these results indicate that integrin binding to
ATX brings the enzyme into close proximity with cell surface
substrates that would generate LPA in the vicinity of its recep-
tors (Fig. 9). Intriguingly, the ATXhydrophobic substrate bind-
ing channel through which cell surface substrates and products
must enter and leave the active site is formed from the interface
between the SMB and PDE domains (17, 18), raising the possi-
bility that integrin binding might alter catalytic activity of the
enzyme.
Although ATX can clearly generate LPA in blood plasma

through hydrolysis of high concentrations of circulating LPC,
and this activity is important formaintaining plasma LPA levels
in the �100 �M range in the face of rapid elimination (13, 14),
very little is known about the extracellular concentration of
LPA in tissues. Furthermore, although a role for circulating
levels of the structurally related lipid mediator sphingosine
1-phosphate in control of the permeability of lymphatic and
vascular endothelium is well supported by substantial data, the
function of plasma LPA remains enigmatic (33). Our results
suggest that the functions of circulating and cell-associated
ATX are distinct. Recruitment of circulating ATX to activated
platelets or the surface of vascular endothelial and vascular
smooth muscle cells could lead to cell-specific LPA generation

FIGURE 9. Recruitment of ATX to the cell surface by activated integrins enables localized production of LPA by hydrolysis of cell surface lysophospholipid
substrates.
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and LPA signaling with important roles in vascular inflamma-
tion and injury responses (33).
Inhibition of LPA/ATX signaling is an attractive therapeutic

target in cardiovascular disease in inflammation and cancer. To
date, all of the inhibitors of ATX activity described, including
several recently reported highly potent compounds, target the
catalytic site of the enzyme to inhibit substrate binding or catal-
ysis (13, 34). The ATX-integrin interaction reported here could
be exploited to generate agents that selectively target ATX
activity against cell-associated substrates. Indeed, antibody and
small molecule inhibitors of integrin-ligand interactions have
already been developed as anti-thrombotic and anti-cancer
agents, and one compound of this type has been reported to
alter LPA signaling involved in breast cancer metastasis in a
mouse model (23). The possibility that some of the efficacy of
these agents derives from inhibition of ATX recruitment to
integrins warrants further examination.
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