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SYNOPSIS
Lung cell migration is a crucial step for re-epithelialization that in turn is essential for remodeling
and repair after lung injury. We hypothesize that secreted autotaxin (ATX), which exhibits
lysophospholipase D (lysoPLD) activity, stimulates lung epithelial cell migration through
lysophosphatidic acid (LPA) generation-dependent and -independent pathways. Release of
endogenous ATX protein and activity was detected in lung epithelial cell culture medium. ATX
with V5 tag (ATX-V5) overexpressed conditional medium had higher LPA levels compared to
control medium and stimulated cell migration through Gαi-coupled LPA receptors, cytoskeleton
rearrangement, phosphorylation of PKCδ and cortactin at the leading edge of migrating cells.
Inhibition of PKCδ attenuated ATX-V5 overexpressed conditional medium-mediated
phosphorylation of cortactin. In addition, a recombinant ATX mutant, lacking lysoPLD activity, or
heat-inactived ATX also induced lung epithelial cell migration. Extracelluar ATX bound to LPA
receptor and integrin β4 complex on A549 cell surface. Finally, intratracheal administration of
lipopolysaccharide into mouse airway induced ATX release and LPA production in
bronchoalveolar lavage fluid. These results suggested a significant role for ATX in lung epithelial
cell migration and remodeling through its ability to induce LPA production-mediated
phosphorylation of PKCδ and cortactin. In addition we also demonstrated assocation of ATX with
epithelial cell surface LPA receptor and integrin β4.
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INTRODUCTION
Lung epithelium functions as a physical barrier between the air and interstitium of the lung.
In respiratory lung diseases, injury to the lung epithelial lining leads to inflammation and
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invasion of inhaled stimuli into lung interstitium [1-3]. Lung epithelial cell migration after
injury is an important step for re-epithelialization, wound healing, and restoring lung
function [4-6]. For example, epithelial cell migration is a key feature of the repair process
after septic (lipopolysaccharide, LPS)-induced lung injury [7]. The underlying molecular
mechanisms of cell migration have been studied in variety of cell types, including alveolar
epithelial cells [8-10]. Cortactin, an actin-associated scaffolding protein, localizes to the
edges of lamellipodia and filopodia of spreading or migrating cells, and tyrosine
phosphorylation of cortactin regulates cortactin-mediated cell motility and migration
[11-13]. Tyrosine phosphorylation of cortactin by Src kinase [11, 14] is regulated by PKC
isoforms [15-18]. PKCδ levels are increased 3-fold in the highly metastatic mammalian
tumor cells MTLn3 compared to relatively less metastatic cell lines and inhibition of PKCδ
reduced cell migration and lung metastasis [19]. Furthermore, PKCδ-induced
polymerization of actin requires its interaction with cortactin [20].

Accumulating evidence suggests that autotaxin (ATX), a tumor cell motility-stimulating
factor, induces cell motility and tumor metastasis [21-24]. Originally isolated from
melanoma cell supernatant [23], ATX has lysophospholipase D (lysoPLD) activity, and
catalyzes the hydrolysis of lysophosphatidylcholine (LPC) to lyosphosphatidic acid (LPA)
[25-27]. LPA present at nano- to micro-molar concentrations in various biological fluids
[28-30] induces cell proliferation, migration, and cytokine release through binding to G-
protein-coupled LPA-receptors on cell surface. [22, 24, 25, 31-33]. The effect of ATX on
tumor cell motility is dependent on levels of LPA generated and type(s) of LPA receptors
involved in the transmission of signal [21, 22, 25-27]. Recent studies have shown that ATX
interacts with lymphocytes and activated platelets in a β3-integrin-dependent manner, which
could serve to localise LPA production to the cell surface or maybe a new mechanism for
ATX to regulate cell motility in a lysoPLD activity independent manner [34]. ATX is
expressed in lung epithelial cells [35], and inhibition of ATX attenuates lung cancer cell
migration [24]. ATX secretion is necessary for this activity; however, the intracellular
molecular pathway whereby secreted ATX regulates migration of this cell type are unclear.

We demonstrated here that the secreted ATX induced lung epithelial cell migration through
both LPA generation-dependent and -independent mechanisms. We identified a new ATX
effector pathway underscored by PKCδ-mediated phosphorylation of cortactin regulated
ATX-induced cell migration. Our results also showed for the first time that extracellular
ATX interacted with LPA receptor and integrin β4 complex on the cell surface. The
potential biological significance of these findings are evidenced by our demonstration that
ATX and LPA levels are increased in bronchoalveolar lavage (BAL) fluid in a murine
model of LPS-induced acute lung injury. Taken together, these results suggested a novel role
of ATX in lung re-epithelialization and remodeling after injury.

EXPERIMENTAL PROCEDURES
Materials

1-oleoyl (18:1) LPA, ki16425, and antibody to β-actin were purchased from Sigma-Aldrich
(St. Louis, MO). Brp-LPA and FS-3 were procured from Echelon Inc. (Salt lake city, UT).
Egg lysoPC was from Avanti Polar Lipids, Inc (Alabaster, AL). Antibodies to p-cortactin
and PKCδ were obtained from Cell Signaling Technology (Beverly, MA). Antibodies to
LPA1 and ATX were from Lifespan Bioscience (Seattle, WA). Antibodies to V5 tag,
cortactin, scrambled, autotoxin, and LPA1 siRNAs were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibody to phospho-tyrosine was from Zymed
laboratories (San Franciso, CA). Horseradish peroxidase-conjugated goat anti-rabbit, anti-
mouse were obtained from Bio-Rad Laboratories (Hercules, CA). ECL kit for detection of
proteins by Western blotting was obtained from Thermo Fisher Scientific (Waltham, MA).
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Alexa Fluor-488 goat anti-rabbit, and Alexa Fluor-549 chicken anti-goat antibodies were
purchased from Molecular Probes (Eugene, OR, U.S.A.). All other reagents were of
analytical grade.

Cell culture
A549 cells and primary human small airway epithelial cells (HSAEpCs) were purchased
from American Type Cell Culture (Manassas, VA). A549 cells were cultured in RPMI 1640
medium (Lonza, Walkersville, MD) containing 10% fetal bovine serum (FBS), penicillin
(100 U/ml) and streptomycin (100 μg/ml) at 37°C in 5% CO2. HSAEpCs were cultured in
BEBM medium (Lonza, Walkersville, MD) with small airway epithelial cell growth factors
kit. Medium was replaced with serum-free medium for 3 h prior to treatment.

Adenovirus infection
ATX cDNA with V5 tag at C-termini were inserted into Ad5 adenovirus vector with CMV
promoter, its amplification and purification were services provided by Gene Transfer Vector
Core, University of Iowa, Iowa. Equivalent titres of purified ATX adenovirus and empty
control adenovirus (1-10 MOI) were added to cell culture (without FBS) for 24 or 48 h.

Preparation of LPA, LPC, and Brp-LPA
Lipids were prepared fresh in a serum free medium with 0.1 % BSA before experiments.
Lipids were evaporated under nitrogen and appropriate volumes of serum free medium with
0.1% BSA were added to prepare 100 × stock solution. Lipids were resuspended by
sonication.

Scratch Assay
Cells monolayer were scratched using a sterile 10 μl pipette tip. Nonadherent cells and
cellular debris were removed by washing. After indicated time points, cells were digitally
photographed and extent of cell migration was quantified using Image J software. The
percentage of wound closure was calculated as follow: [(pre-migration area – migration
area) / pre-migration area] × 100 [36]. All the scratch assay were performed in serum free
medium.

Transwell invasion assay
Transwell invasion assay kit was purchased from Trevigen Inc. (Gaithersburgh, MD).
Briefly, to determine the effect of released ATX-V5 on cell migration, 100 μl of A549 cells
(1 ×105) in ATX-V5 overexpressed conditional medium or control conditional medium were
added to top chamber and 500 μl of serum free RPMI-1640 medium were added to the
bottom chamber. After 18 h incubation at 37 °C, media from the top and bottom chambers
were aspirated. Cells migrated inside the chamber were dissociated with Cell Dissociation/
Calcein-AM and degree of cell invasion was examined by fluorescence microplate reader
with 488 nm excitation and 520 nm emission. To determine the chemotaxis effect of ATX-
V5, cells in serum free RPMI-1640 medium were added to the top chamber and ATX-V5
overexpressed conditional medium was added to the bottom chamber.

ATX activity assay
Fluorescence FS-3 was used as substrate to measure ATX activity. 10μl of conditional
media were incubated with FS-3 (5 μM) in reaction buffer (50mM Tris pH8.0, 120 mM
NaCl, 5 mM KCl, 1 mM CaCl2, 5 mM MgCl2) in a 96-well plate for indicated times.
Results were determined by a microplate reader with 488 nm excitation and 520 nm
emission.

Zhao et al. Page 3

Biochem J. Author manuscript; available in PMC 2013 June 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Immunofluorescence microscopy
Cells were fixed in 3.7 % of formaldehyde for 20 min, followed by permealization with 0.1
% of Triton-100 for 2 min. Changes in ATX, p-PKCδ, p-cortactin, cortactin, and integrin β4
were examined by immunofluorescence staining by incubating with specific primary
antibodies and fluorescence labeled secondary antibodies. Images were captured by Nikon
ECLIPSE TE 300 inverted microscope.

Immunoprecipitation and Western blotting
Cell lysates were subjected to SDS-PAGE, electrotransfered to membranes and
immunoblotted as described [18]. For immunoprecipitation, equal amounts of cell lysates
(500 μg) were incubated with 2 μg/ml specific primary antibodies overnight at 4 °C
followed by the addition of 40 μl of protein A/G-agarose followed for 2 h at 4°C. The
immunoprecipitated complex was washed three times with ice-cold phosphate-buffered
saline and analyzed by Western blotting with an enhanced ECL system.

RNA extraction and Real time RT-PCR
Total RNA from cells or lung tissues was extracted by TRIzol (Sigma) according to
manufacturer’s instructions. 1 μg of RNA was reverse transcribed using cDNA synthesis kit
(Bio-Rad) and Real-time PCR was performed to assess expression of ATX mRNA as
previously described [18]. Mouse ATX primers used were, mATX forward:
GAAACAGCACCTTCCCAAAC, and mATX reverse: AAGGTTTCCTTGCAACATGC.
Amplicon expression in each sample was normalized to its 18S RNA content. The relative
abundance of target mRNA in each sample was calculated using the following formula:
{ 2−(ATX Threshold Cycle)/ 2−(18S Threshold Cycle)}× 106.

LPA measurement
LPA levels in the medium and BAL fluids were determined using liquid chromatography
and tandem mass spectrometry (LC) with ABI-4000 Q-TRAP hybrid triple quadrupole/ion
trap mass spectrometer (MS) coupled with an Agilent 1100 liquid chromatography system
[30].

LPS-induced murine model of ALI
Sv/129 mice (Jackson Laboratory, Bar Harbor, ME) were housed in a specific pathogen-free
barrier facility maintained by the University of Chicago Animal Resources Center. Adult
male mice, 8–10-week old, with an average weight of 20–25 g were anaesthetized with a
mixture of 25 mg/kg of ketamine and 2.5 ml of xylazine. LPS (5 mg/kg body weight) or
water alone were intratracheally delivered. After 24 h, BAL fluids were collected by an
intratracheal injection of 1 ml of PBS solution followed by gentle aspiration. The lavage was
repeated twice to recover a total volume of 1.8-2.0 ml and LPA levels were measured by
LC/MS/MS and ATX levels were determined by Western blotting. All animal experiments
were approved by the University of Chicago Institutional Animal Care & Use Committee
(Chicago, IL, USA) for the humane treatment of experimental animals and were performed
at University of Chicago.

Statistics—All results were subjected to statistical analysis using one-way ANOVA and,
wherever appropriate, analyzed by Student–Newman-Keuls test. Data are expressed as mean
± S.D. of triplicate samples from at least three independent experiments and values that were
P<0.5 were considered statistically significant.
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RESULTS
ATX is secreted from lung epithelial cells—Although overexpressed ATX is released
from various cell types, the endogenous ATX secretion has not been well demonstrated. In
order to address this question, we replaced lung epithelial cells (A549 cells) culture medium
with serum-free medium for 1-6 h, and then collected the culture supernatant, concentrated,
and determined the relative levels of secreted ATX by immunoblotting (Figure 1A).
Furthermore, A549 cells were also infected with recombinant adenovirus capable of
expressing ATX - V5 tag (10 MOI, 24 h and 48 h), and the ATX-V5 secreted into culture
supernatant was also detected in the medium by antibodies against ATX as well as the V5
tag (Figure 1B). ATX activities in the same conditional medium were measured using FS-3
fluorescence. ATX activity significantly increased in ATX-V5 overexpressed (24 h and 48
h) cell culture supernatant (Figure 1C). Double immunostaining with antibodies to ATX and
V5 revealed that over-expressed ATX was localized in perinuclear and exocytotic vesicle
like bodies (Figure 1D).

ATX stimulates cell migration—To investigate the role of ATX in cell migration, ATX
expression was down-regulated by transfection with ATX siRNA and the results are shown
in Figure 2A. Transfection of cells with ATX siRNA but not control siRNA resulted in
significant reduction in ATX protein (Figure 2A inset) and activity (Figure 2A). There was
also significant reduction in cell migration at 24 and 48 h (Figure 2B). Further, pretreatment
of A549 cells for 24 h with increasing concentrations of Brp-LPA, an inhibitor of ATX,
attenuated cell migration at 24 and 48 h (Figure 2C). Overexpression of ATX-V5 by
infection with ATX-V5 recombinant adenovirus enhanced cell migration (Figure 2D). These
results demonstrated a role of ATX in lung epithelial cell migration.

Secreted ATX shows lysoPLD activity and induces cell migration via LPA
generation and LPA1 receptor—As ATX is known to regulate cell migration, we next
investigated whether released ATX has lysoPLD activity. Serum free supernatant collected
from A549 cells infected with ATX-V5 adenovirus (10 MOI, 24 h) was incubated with egg
lysophosphatidylcholine (egg LPC, 0, 10, 50, 200 μM), and the LPA species in the culture
supernatants were measured by LC/MS/MS. Egg LPC increases LPA generation in a dose
dependent manner (Table 1). Total LPA levels increased ~27.3 fold in the presence of 200
μM of LPC (0 μM of LPC: 2.40 ± 0.55 vs. 200 μM of LPC: 862.30 ± 92.60 fmol/ml)
indicating ability of endogenous secreted ATX to hydrolyze added egg LPC. 16:0 LPA is
major product generated from egg LPC. Furthermore, heat-inactivated (60 °C for 30 min)
ATX-V5 overexpressed conditional medium was had no ability to increase LPA levels in
presence of egg LPC.

We next determined the effects of control medium and ATX-V5 overexpressed (1, 5, and 10
MOI, 24 h) conditional medium on cell migration by scratch (Fig. 3A) and transwell assays
(Fig. 3B). ATX-V5 overexpressed medium induced significant cell migration compared to
cells exposed to control medium from empty adenovirus vector-infected cells. In transwell
assay, addition of the ATX-V5 overexpressed conditional medium to bottom chamber had
no effect on cell invasion (data not shown), suggesting that ATX-V5 induces cell motility,
and not chemotaxis. We further substantiated the above results using human small airway
epithelial cells (Fig. 3B). Furthermore, we investigated effect of the addition of LPC (0 –
200 μM) on ATX-V5 overexpressed medium-induced cell migration. LPC alone, at all the
concentrations tested, had no effect on cell migration, while 10 and 50 μM of LPC enhanced
ATX-V5 overexpressed (10 MOI, 24 h) conditional medium-induced cell migration as
determined by scratch (Fig. 3C) and transwell assays (Fig. 3D). Though higher
concentration of LPC (100 and 200 μM) generated much higher levels of LPA, however, the
relatively higher LPA levels did not promote ATX-V5 medium-induced migration..
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Incubation with an antibody to V5 attenuated ATX-V5 medium-mediated migration (Fig.
3E). Immunofluoescence microscopy study showed that ATX-V5 medium induced actin
rearrangement (Fig. 3F).

To investigate whether ATX-V5 overexpressed conditional medium-induced cell migration
through LPA generation and ligation to the LPA receptors, pre-treatment of cells with the
LPA1&3 antagonist, ki16425 (10 μM), partially blocked ATX-V5-induced cell migration.
The inhibition was much greater with respect to LPA-induced migration (Fig. 4A). As
expected, downregulation of LPA1 by LPA1 siRNA (50 nM, 72 h) (Figure 4B) or
pretreatment with pertussis toxin (100 ng/ml, 4 h) (Figure 4C) attenuated both ATX-V5 and
LPA-mediated cell migration. These results demonstrate that the medium from ATX-V5
over-expressing cells is biologically active and sufficient to stimulate LPA generation and
cell migration via Gαi-coupled LPA1.

PKCδ regulates ATX-induced cell migration—We have previously shown that LPA
activates PKCδ and this contributes to LPA-mediated signaling, such as IL-8 secretion and
EGF-R transactivation in human bronchial epithelial cells [18, 37-39]. As ATX induces
LPA generation and stimulates cell migration, we investigated the role of PKCδ on ATX-
V5-mediated cell migration. Treatment of A549 cells with ATX-V5 medium or LPA (1 μM)
for 3 h increased phosphorylation of PKCδ in leading edges of the cell as evidenced by
immunostaining with an antibody to phospho-PKCδ (Fig. 5A). Overexpression of dominant-
negative (dn) PKCδ by adenoviral infection (10 MOI) for 24h significantly attenuated ATX-
V5 medium-mediated cell migration (vector control: 46.5 ± 6.2%; dn-PKCδ: 23.1 ± 12.1%);
however, overexpression of dn-PKCζ (10 MOI, 24 h) and dn-PKCα (10 MOI, 24 h) had no
effect on ATX-V5 overexpressed conditional medium-mediated migration (Fig. 5B),
suggesting PKCδ, but not other PKC isoforms regulate ATX-V5-mediated cell migration.

Involvement of cortactin in ATX-mediated cell migration—Cortactin, an actin
binding protein, is also known to play a positive role in cell migration through cytoskeletal
rearrangement [11, 13, 40]. To investigate the role of cortactin in ATX mediated cell
migration, A549 cells were exposed to ATX-V5 medium or LPA (1 μM) for 3 h. As shown
in Fig. 6A, ATX-V5 medium induced phosphorylation of cortactin in leading edge of
migrating cells. Further, Western blotting showed that ATX-V5 medium or LPA increased
tyrosine phosphorylation of cortactin in A549 cells (Fig. 6B). Overexpression of dn-PKCδ
(10 MOI, 24 h) attenuated ATX-V5 medium or LPA-induced phosphorylation of cortactin
(Fig. 6A, B). To further investigate the role of cortactin in ATX-V5 medium-induced cell
migration, cortactin expression was downregulated by transfection of cells with cortactin
specific siRNA (50 nM, 72 h). As shown in Fig. 6C, cells transduced with cortactin siRNA
demonstrated significantly attenuated ATX-V5 medium- or LPA-enhanced cell migration.
The effect of cortactin siRNA on cortactin protein expression was confirmed by Western
blotting (Fig. 6D). These results suggested that ATX-V5 dependent tyrosine
phosphorylation of cortactin is mediated by PKCδ, and underscored the role of cortactin in
ATX-V5-mediated cell migration.

Extracellular ATX-V5 interacts with LPA1 and integrin β4—To investigate the
lysoPLD activity dependence of the effect of secreted ATX on migration, cells were treated
with recombinant wild type ATX (rATX Wt) or a catalytically inactive ATX mutant (rATX
Mt T210A) protein (100 ng/ml). As shown in Fig. 7A, both ATX wild type and the inactive
mutant enhanced A549 and HSAEpCs cell migration; however, rATX Wt increased cell
migration to a greater extent compared to mutant rATX. Both rATX Wt and rATX Mt
increased phosphorylation of cortactin (Figure 7B). Further, heat inactivated ATX-V5
conditional medium revealed loss of ATX activity as revealed by LC/MS/MS (Table 1) and
by using FS-3 as substrate (Figure 7C). Cells exposed to ATX-V5 conditional medium and
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heat-inactivated ATX-V5 conditional medium enhanced migration, compare to cells
exposed control conditional medium (Figure 7D). Addition of LPC (50 μM) further
enhanced ATX-V5 conditional medium-induced cell migration, while it had no effect on
heat-inactivated ATX-V5 medium-induced migration. These results suggest that
extracellular ATX-induced cell migration was not totally dependent on ATX catalytic
activity and LPA generation.

ATX has been shown to bind to the cell surface via integrin β in activated lymphocytes [41]
and platelets [34]. To determine whether extracellular ATX binds to the lung epithelial cell
surface receptors, A549 cells were treated with ATX-V5 medium for 15 -120 min, cells
were washed stringently several times and cell lysates were prepared. As shown in Fig. 7E,
secreted ATX-V5 was detected in cell lysates after ATX-V5 medium treatment, which
suggests that secreted ATX-V5 bound to the cell surface. To investigate whether ATX-V5
binds to LPA receptors or other migration-related proteins on cell surface, cells were
exposed to ATX-V5 conditional medium or heated inactivated ATX-V5 conditional medium
for 1 h, ATX-V5 or LPA1 was immunoprecipitated and processed for immunoblotting. The
data revealed that both of ATX-V5 and heat inactivated ATX-V5 associated with LPA1 and
integrin β4 (Fig. 7F and 7G). Immunostaining with antibodies to ATX and integrin β4
showed that ATX-V5 conditional medium induced integrin β4 accumulation at the leading
edge and significantly co-localized with ATX-V5 (Figure 7H). These results indicated that
interaction of released ATX with LPA1 and integrin β4 may contribute to extracellular
ATX-mediated cell migration.

LPS challenge induces ATX expression and release into BAL fluid—ATX is
present in plasma and serum and alterations in ATX levels have been detected in various
disorders [42-44]. We therefore measured ATX levels in BAL fluid in a murine model of
LPS-induced acute lung injury. Hematoxylin and Eosin (H&E) staining of lung tissue after
intratracheal administration of LPS (5 mg/kg body weight, 24 h) showed a significant
increase in infiltration of inflammatory cells into the alveolar space (Fig. 8A). Analysis of
ATX mRNA levels in lung tissue of LPS (1 and 5 mg/kg body weight, 24 h) challenged
mice by real time RT-PCR showed increased mRNA expression of ATX compared to
control mice (Figs. 8B). Analysis of ATX levels in BAL fluids by Western blotting showed
that LPS challenge increased ATX secretion in BAL fluids, compared to control mice (Fig.
8C). Furthermore, LPA levels in BAL fluids (control: 47.0 +4.0; LPS: 110.3 + 32.5 fmol/ml)
were increased in LPS challenged mice. Among the LPA species, the levels of 16:1LPA,
16:0LPA, 18:2LPA, 18:1LPA, 20:4LPA, and 20:3LPA significantly increased (~1.5-10.2
fold) in LPS-challenged BAL fluids (Fig. 8D).

DISCUSSION
Originally identified as a tumor cell autocrine motility factor, ATX plays a major role in
extracellular LPA generation through its intrinsic lysoPLD activity [25]. ATX induces cell
motility by producing LPA which acts on LPA receptors [21, 22, 25, 34]; however, the
molecular signaling pathway downstream of ATX/LPA/LPA-R, which triggers cell
migration has not been well characterized. The present study provides the first evidence that
secreted ATX induced cell migration through the LPA/LPA1 signaling axis involving a
Ca2+-insensitive PKC isoform, PKCδ, and cortactin, both present in the leading edges of
migrating cells. Another novel observation here is that extracellular ATX induced cell
migration partially through a LPA generation-independent pathway. Our results suggested
that extracellular ATX interacted with the LPA receptor and integrin β4 on the epithelial cell
surface to elicit lung epithelia cell motility (Figure 9). The data presented here also raise the
possibility that PKCδ might serve as a potential therapeutic target in lung injury.
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LPA, the simplest lysophospholipid, is a growth factor that induces cell proliferation and
migration [22, 25, 49]. Biological effects of LPA are mediated via ligation to G protein-
coupled LPA receptors (LPA1-7) expressed on cell surface [31, 32, 50, 51]. ATX is a key
enzyme that regulates LPA levels in biological fluids such as plasma [34, 41, 52]. Plasma
ATX levels have been known to increase in several disorders such as chronic hepatitis C
[42], follicular lymphoma [43], and prostate cancer [44]. ATX is an autocrine protein;
however, there is limited information on the release of ATX, its biological effects, and
signaling in the context of epithelia. Here we found that endogenous ATX was secreted from
alveolar epithelial cells in vitro and also in vivo, as observed in lung fluid of a murine model
of acute lung injury. Secreted ATX increased lung epithelial cell migration through LPA
generation and signaling via LPA1 by phosphorylation of PKCδ and cortactin. Here, we
show that adding 50 μM of egg LPC enhanced ATX-V5 conditional medium-mediated
migration at maximal level, while 200 μM of egg LPC had no significant effect. This may
due to some unknown side effects of higher concentration of egg LPC.

The current study underscored a potential fundamental role for PKCδ in cell motility. Our
previous studies have demonstrated that PKCδ is a downstream target of LPA receptor
signaling and regulates LPA-induced EGF-R transactivation [18], NF-κB activation [37],
IL-8 secretion [18, 37], and E-cadherin / c-Met complex accumulation at cell-cell contacts
[38, 39] in human lung epithelial cells. In dermal fibroblasts, PDGF-BB induces PKCδ
accumulation at the migrating leading edge of cells and over-expression of dn-PKCδ blocks
PDGF-BB-induced activation of signal transducer and activator of transcription 3 (Stat3)
and cell migration [53]. Overexpression of PKCδ promotes Madin-Darby canine kidney cell
membrane protrusions, cell spreading, and cell migration [54]. The current study further
demonstrated that phosphorylation of PKCδ is mediated by extracellular ATX or LPA
clusters at the leading edge and regulates extracellular ATX-induced cell migration.
Interestingly, we also found that PKCζ and PKCα are not involved in extracelluar ATX-
induced cell migration, though PKCζ has been known to regulate lung endothelial cell
migration [36]. Our unpublished data shows that at least in lung epithelial cells, LPA has no
ability to activate PKCα. Cortactin, an actin-associated scaffolding protein, is known to
mediate cell migration [13, 40, 55]; and phosphorylation of cortactin by Src kinase enhances
cortactin-mediated actin assembly [11, 13, 55]. In lung epithelial cells, LPA, the product of
ATX induces phosphorylation of Src kinase [18]. A recent study suggests potential
interaction between PKCδ and cortactin that in turn regulates PKCδ-mediated
polymerization of actin [20]. These data suggest a role for PKCδ in activation and re-
organization of cortactin. The results presented here demonstrated a role for PKCδ in ATX-
and LPA-induced phosphorylation of cortactin in lung epithelial cells. The mechanism by
which PKCδ, a serine/threonine kinase, regulates tyrosine phosphorylation of cortactin is
unclear. PKCδ itself is unlikely to directly phosphorylate cortactin; however, interaction of
PKCδ with cortactin is known to induce serine phosphorylation and activation of Src kinase
in RBL-2H3 mast cell line [16] that may then target cortactin. We have previously shown
that inhibition of PKCδ attenuated LPA-induced phosphorylation of Lyn kinase, a member
of Src kinase family [18]. Taken together, these results indicated a role for PKCδ in
cortactin phosphorylation, most likely through activation of a Src kinase.

Here, we show that ATX mutant and heat-inactivated ATX-V5 conditional medium induced
cell migration, through their effects were less than wild type ATX and ATX-V5 conditional
medium. Adding LPC enhanced ATX-V5 conditional medium-induced cell migration, while
LPC had no effect on heat-inactivated ATX-V5 medium-mediated cell migration. These
results suggested that exogenous ATX-induced migration is partly independent on lysoPLD
activity. The carboxyl-terminus of ATX contains a Modulator of Oligodendrocyte
Remodeling and Focal adhesion Organization (MORFO) domain, which potentiates binding
to cell surface receptors and adhesion proteins [56, 57]. ATX also possesses an arginine-
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glycine-aspartic acid (RGD) motif, which is a potential site for binding to integrins and it
has been recently demonstrated that ATX binding to activated human platelets was inhibited
by antibody to integrin β3 [34]. ATX binds to lymphocytes in an integrin β1-dependent
manner [41], indicating a role for integrin in the regulation of extracellular ATX binding to
cell surface. The current study showed that ATX mutant (T210A) also increased cell
migration, though less effectively compared to the ATX wild type, suggesting that other
pathway(s) independent of LPA generation are likely tomediate ATX mediated cell
migration. Furthermore, we provide here evidence in support of extracellular ATX binding
to lung epithelial cells. Interactions between G protein-coupled receptors and integrins have
been reported. P2Y2 nucleotide receptor interacts with integrin αV in human 1321N1
astrocytoma cells [58, 59]. Recently, it was demonstrated that G protein subunit Gα13 binds
to integrin αIIbβ3 [60]. Our results also indicated that ATX binds to a complex of cell
surface proteins, including LPA1 and integrin β4, leading to the supposition that ATX-
induced cell migration may be through a more intricate mechanism involving domain-
specific interactions with a complex of signaling molecules at the cell surface that
transduces signals initiating cellular migration. Our future studies will focus on investigating
the LPA receptor docking sites and binding domains of ATX.
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Figure 1. A549 cells release ATX
A) Serum free-culture medium was collected after incubation of cells for 1-6 h, and the
presence of ATX was determined by immunoblotting with an anti-ATX antibody. Shown is
a representative blot from three independent experiments. B) A549 cells were infected with
ATX-V5 adenovirus (10 MOI) for 24 h and 48 h. ATX-V5 present in culture supernatant
was determined by imunoblotting using antibodies against ATX and V5. Shown are
representative blots from three independent experiments. C) Conditional medium from
above was incubated with FS-3 for indicated times (0 - 20 h) and fluorescence was
measured. The graph represents ATX activity (mean ± S.D.) from three independent
experiments. *p<0.01, compared to control medium. D) Cells were infected with ATX-V5
(10 MOI, 24 h), and immunostained with antibodies against ATX and V5 tag. Shown are
representative images from three independent experiments.
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Figure 2. ATX regulates cell migration
A) A549 cells were transfected with scrambled or ATX siRNA (50 nM) for 48 h. Cell
culture media were replaced with serum-free medium and after 24 h, serum free culture
supernatants collected and concentrated. ATX activities were measured with fluorescence
microreader after incubation with FS-3 for 20 h. The data represents mean ± S.D. from three
independent experiments. *p<0.01, compared to scrambled siRNA transfected groups. Insert
shows the presence of ATX in medium as detected by Western blotting with antibody to
ATX. B) A549 cell migration was measured by a scratch assay for 24 h in serum free
medium. The data represent mean ± S.D. from three independent experiments. *p<0.05,
compared to scrambled siRNA transduced cells. C) A549 cells were incubated with the
ATX inhibitor, Brp-LPA, for 24 h and 48 h in serum free medium, and cell migration was
measured by the scratch assay. The data represents mean ± S.D. from three independent
experiments *p<0.05, compared to control cells at 24 h; and ** the same at 48 h. Brp-LPA
molecular structure is shown in insert. D) A549 cells were infected with ATX-V5
adenovirus (10 MOI) for 24 h and 48 h, and then cell migration in serum free medium was
measured by the scratch assay. The data represents mean ± S.D. from three independent
experiments. * represents statistical significance (p<0.05) between ATX-V5 overexpressing
cells and their control counterparts at 24 h; and ** the same at 48 h.
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Figure 3. ATX-V5 increases LPA levels and cell migration
A) A549 cells were incubated with serum free medium from empty virus infected A549
cells (Cont Med) or from adenovirus encoding ATX-V5 (1-10 MOI, 24 h) infected A549
cells (ATX-V5 Med) and cell migration was measured at 18 h by scratch and transwell
migration assay. The data represents mean ± S.D. from three independent experiments.
*p<0.05, compared to vector control medium in scratch assay; *p<0.01, compared to vector
control medium in transwell assay B) HSAEpCs were incubated with serum free Cont Med
or ATX-V5 Med for 18 h, and cell migration was measured by scratch assay at 18 h. The
data represents mean ± S.D. from three independent experiments. *p<0.01, compared to
vector control medium. C) A549 cells were incubated with serum free Cont Med or ATX-
V5 Med with or without egg LPC (0 – 200 μM), and cell migration was measured at 18 h by
scratch assay and transwell migration assay (D). The data represents mean ± S.D. from three
independent experiments. *p<0.05, compared to control medium in scratch assay; *p<0.05,
compared to control medium in transwell assay. E) ATX-V5 Med was incubated with an
antibody to V5 tag or IgG control (10 μg/ml) overnight, and then was added to scratched
cells. After 18 h, migration was measured. The data represents mean ± S.D. from three
independent experiments. *p<0.05, compared to Cont Med-treated cells; **p<0.05,
compared to ATX-V5 Med alone or plus control IgG-treated cells. F) A549 cells were
treated with Cont Med or ATX-V5 Med for 18 h and actin microfilaments were
immunostained by Texas Red-labeled phalloidin for 1 h. Shown are representative images
from three independent experiments.
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Figure 4. ATX-V5 Med increases cell migration through LPA1 receptor
A) A549 cells were incubated with ki16425 (10 μM) for 1 h prior to LPA (1 μM) treatment
or ATX-V5 Med incubation (18 h), and cell migration was measured by the scratch assay.
The data represents mean ± S.D. from three independent experiments. *p<0.05, compared to
veh; **p<0.05, compared to LPA alone; ***p<0.05, compared to ATX-V5 Med alone. B)
A549 cells were transfected with scrambled or LPA1 siRNA for 72 h prior to LPA (1 μM)
treatment or ATX-V5 Med incubation (18 h), and cell migration was measured by the
scratch assay. The data represents mean- ± S.D. from three independent experiments.
*p<0.05, compared to veh; **p<0.05, compared to LPA alone; ***p<0.05, compared to
ATX-V5 Med alone. C) A549 cells were pretreated with PTx (100 ng/ml) for 4 h, and then
incubated with LPA (1 μM) or ATX-V5 Med for 18 h, and cell migration was measured by
the scratch assay. The data represents mean ± S.D. from three independent
experiments.*p<0.05, compared to veh; **p<0.05, compared to ATX-V5 Med alone.
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Figure 5. PKCδ regulates ATX-V5-induced cellular migration
A) A549 cells were scratched, and then were treated with ATX-V5 Med or LPA (1 μM) for
3 h. Immunostaining of phosphorylated PKCδ was performed using an antibody to p-PKCδ.
Arrows indicate phospho-PKCδ. Also shown are representative images from three
independent experiments. B) Cells were infected with Dn-PKCδ adenovirus or Dn-PKCζ or
Dn-PKCα adenovirus (10 MOI) for 24 h, then cells were incubated with ATX-V5 Med and
cell migration was measured by the scratch assay. The data represents mean ± S.D. from
three independent experiments. *p<0.05, compared to Cont Med; **p<0.05, compared to
ATX-V5 Med alone.
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Figure 6. Cortactin regulates ATX-V5-induced cell migration
A) A549 cells were infected with Dn-PKCδ adenovirus (10 MOI) for 24 h, and then
subjected to a scratch and incubated with ATX-V5 Med or LPA (1 μM) for 3 h. Cells were
fixed and phosphorylated cortactin was immunostained using an antibody to p-cortactin.
Arrows point to phospho-cortactin. Shown are representative images from three independent
experiments. B) Cell lysates were analyzed by Western blotting with antibodies to cortactin,
p-cortactin, and PKCδ. Shown are representative blots from three independent experiments.
C) A549 cells were transfected with scrambled and cortactin siRNA (50 nM) for 72 h prior
to incubation with ATX-V5 Med and LPA. Cell migration was measured by the scratch
assay. The data represents mean ± S.D. from three independent experiments. *p<0.05,
compared to veh; **p<0.05, compared to ATX-V5 medium alone; ***p<0.05, compared to
LPA alone. D) Cell lysates were analyzed by immunoblotting with an antibody to cortactin.
Shown are representative blots from three independent experiments.
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Figure 7. ATX complexes with LPA1 and integrin β4
A) A549 and HSAEpCs cells were treated with recombinant ATX wild type (rATXWt) or
ATX mutant (T210A) (rATXMt) for 18 h, and cell migration was measured by the scratch
assay. The data represents mean ± S.D. from three independent experiments. *p<0.05,
compared to A549 control; **p<0.05, compared to HSAEpCs control. B) A549 cells grown
to 30 % confluence were treated with rATXWt or rATXMt for 3 h, cell lysates were
analyzed by Western blotting with antibodies against phospho-cortactin and cortactin.
Shown are representative blots from three independent experiments. C) ATX-V5 Med were
heat-inactivated at 60 °C for 30 min, and ATX activities in ATX-V5 Med and ATX-V5
heat-inactivated Med were measured by using fluorescence FS-3 as substrate. The data
represents mean ± S.D. from three independent experiments. *p<0.01, compared to Cont
Med and ATX-V5 Heated Med. D) A549 cells were incubated with ATX-V5 Med or ATX-
V5 heat-inactivated with or without egg LPC (50 μM) for 18 h and cell migration was
measured by scratch and transwell invasion assay. The data represents mean ± S.D. pooled
from three independent experiments. *p<0.01, compared to Cont Med. E) A549 cells were
incubated with ATX-V5 Med for 15 - 120 min, and then subjected to 3 stringent washes.
Cell lysates were analyzed by Western blotting with an antibody against V5 tag. A549 cells
(~30 % confluent) were treated with ATX-V5 Med or ATX-V5 Heated Med for 3 h, and
then stringently washed for at least four times. ATX-V5 (F) or LPA1 (G) was
immunoprecipitated from cell lysates with an antibody to V5 tag or LPA1 separately and the
immunoprecipitates were analyzed by Western blotting with antibodies to V5 tag, integrin
β4, and LPA1. Shown are representative blots from three independent experiments. H) A549
cells were treated with ATX-V5 Med for 3 h and fixed. Localization of integrin β4 and ATX
were examined by antibodies to integrin β4 and ATX. Shown are representative images
from three independent experiments.
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Figure 8. LPS increases ATX levels in lung fluid
A). Sv/129 mice were intratracheally challenged with PBS (n=3) or LPS (5 mg/kg body
weight, n=4) for 24 h, and lung tissues were stained with H&E. Shown are representative
images from 3-4 mouse tissues. B) Total RNA was extracted from lung tissue and ATX
mRNA levels were measured by Real-time PCR. The data represents mean ± S.D. from 3-4
lung samples. C) BAL fluid from control and LPS challenged mice were analyzed by
Western blotting with an antibody to ATX. Numbers indicate the number of mice used in
each group. D) LPA levels in BAL fluids were measured by LC/MS/MS. The data
represents mean ± S.D. from 3-4 samples. *<0.01, compared to PBS.
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Figure 9. ATX regulates epithelial cell migration
Epithelial cells produce ATX that is released to outside. The two modalities of extracellular
ATX mediated regulation of cell migration are: 1) LPA generation and LPA receptor-
mediated activation of PKCδ and cortactin; and 2) ligation to LPA receptor and integrin on
cell surface.
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Table 1

ATX-V5 Med has lysoPLD activity.

ATX-V5 Med Heated-inactive ATX-V5 Med

0 μM LPC 10 μM LPC 50 μM LPC 200 μM LPC 0 μM LPC 50 μM LPC

16:1LPA 2.4±0.6 6.6±0.3 32.2±2.8 51.0±5.1 1.0±0.7 0.9±0.1

16:0LPA 7.0±1.3 52.9±9.4 369±22.9 559±65.6 6.9±4.3 0.0±0.0

18:2LPA 2.8±1.9 3.5±0.9 24.7±2.1 41.4±3.8 1.2±0.8 0.5±0.3

18:1LPA 9.2±2.9 12.1±1.8 61.7±4.8 92.5±8.5 2.8±0.9 3.4±0.7

18:0LPA 11.5±5.1 11.1±1.5 81.1±3.9 117.6±10.1 3.6±1.6 0.0±0.0

Total LPA 33.0±10.1 86.2±13.0 568±34.0 852±92.6 15.3±7.7 4.8±1.1

ATX-V5 Med and heated-inactive ATX-V5 Med were incubated with different concentration of egg LPC for 30 min. Lipids in the medium were
then isolated and concentration of LPA species (fmol/ml) were measured by LC/MS/MS. The data represents mean± S.D. from three independent
experiments.
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