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Activation of latent transforming growth factor �
(TGF-�) by �v�6 integrin is critical in the pathogen-
esis of lung injury and fibrosis. We have previously
demonstrated that the stimulation of protease acti-
vated receptor 1 promotes �v�6 integrin-mediated
TGF-� activation via RhoA, which is known to modu-
late cell contraction. However, whether other G pro-
tein-coupled receptors can also induce �v�6 integrin-
mediated TGF-� activation is unknown; in addition,
the �v�6 integrin signaling pathway has not yet been
fully characterized. In this study, we show that lyso-
phosphatidic acid (LPA) induces �v�6-mediated
TGF-� activation in human epithelial cells via both
RhoA and Rho kinase. Furthermore, we demonstrate
that LPA-induced �v�6 integrin-mediated TGF-� activ-
ity is mediated via the LPA2 receptor, which signals
via G�q. Finally, we show that the expression levels of
both the LPA2 receptor and �v�6 integrin are up-
regulated and are spatially and temporally associated
following bleomycin-induced lung injury. Further-
more, both the LPA2 receptor and �v�6 integrin are
up-regulated in the overlying epithelial areas of fibrosis
in patients with usual interstitial pneumonia. These
studies demonstrate that LPA induces �v�6 inte-
grin-mediated TGF-� activation in epithelial cells
via LPA2, G�q, RhoA, and Rho kinase , and that this
pathway might be clinically relevant to the devel-
opment of lung injury and fibrosis. (Am J Pathol

2009, 174:1264–1279; DOI: 10.2353/ajpath.2009.080160)

Transforming growth factor (TGF)-� includes a pleiotro-
pic group of cytokines that exist in three mammalian
isoforms (TGF-�1, -�2, and -�3) that are all secreted as
latent complexes. This latent complex needs to be acti-
vated for TGF-� family members to exert their biological
effect. The small latent complex contains the latency
associated peptide (LAP), which, in TGF-�1 and TGF-�3,
contains an arginine-glycine-aspartate (RGD) motif. This
RGD motif can bind integrins, facilitating TGF-� activa-
tion. The LAP of TGF-�2 does not contain an RGD motif
and no role for integrin mediated TGF-�2 activation has
been described. TGF-�1 exerts profound effects on ma-
trix deposition and is a central mediator of lung injury and
fibrosis. There are several mechanisms by which TGF-�1
may be activated, including extremes of heat, oxidation,
proteolytic cleavage, deglycosylation, and activation by
thrombospondin-1.1–8 In vivo, activation by integrins ap-
pears to play a major role in activating TGF-�1 during
development9 and in various disease models.10–14

Integrins are heterodimeric transmembrane proteins
made up of � and � subunits. Six, of the 24 currently
described integrins are able to bind the RGD motif in the
LAP of TGF-�. Four of these integrins (�v�3, �v�5, �v�6,
and �v�8) are thought to be able to activate TGF-�1.13–15

The role of integrin-mediated TGF-� activation in vivo has
only been confirmed for the �v�6 and �v�8 integrins.13,14

Mice in which the aspartic acid in the RGD site of TGF-�1
is replaced by glutamic acid, preventing integrin-medi-
ated TGF-�1 activation, completely phenocopy TGF-�1
null mice, highlighting the importance of TGF-�1 interac-
tions with integrins.9 Furthermore, activation of TGF-�1 by
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the epithelially restricted �v�6 integrin is central to the
pathogenesis of acute lung injury and pulmonary
fibrosis.12,14

Further regulation of TGF-� bioavailability is afforded
by interaction of the small latent complex with the latent
TGF-� binding proteins (LTBPs). There are four LTBPs (1,
2, 3, and 4) that belong to the LTBP/fibrillin family of
extracellular glycoproteins. Of these, three, LTBP-1, -3,
and -4, associate with the small latent complex through
covalent attachment with the LAP, forming the large latent
complex.16 The LTBPs are required to ensure correct
post-translational modification of the small latent com-
plex,17 and they target storage of TGF-� in the extracel-
lular matrix by crosslinking the large latent complex to
the matrix via the actions of tissue transglutaminase.18,19

The LTBPs are also likely to determine, at least in part, the
specificity of TGF-� activation. LTBPs-1 and -3 can bind
all isoforms of TGF-�, whereas LTBP-4 can only bind
TGF-�1.16,20 There is further evidence of the importance
of LTBP modulating TGF-� activation from in vivo studies
using mice null for various LTBPs. LTBP-1 null mice have
reduced TGF-� activity and are protected from hepatic
fibrosis.21 LTBP-3 null mice have phenotypic features
consistent with reduced TGF-� activity in the bones.22

Mice with a gene trap disruption of LTBP-4 show reduced
epithelial Smad2 phosphorylation and abnormal cardio-
pulmonary development and develop colonic tumors
similar to those seen in Smad3 null mice.23

Overexpression of the �v�6 integrin is not sufficient to
promote fibrosis and the �v�6 integrin itself must be
activated during injury to promote TGF-�1 activation.12,24

�v�6-dependent TGF-� activation also requires an intact
actin cytoskeleton14 and is critically dependent on asso-
ciation of latent complexes with the specific LTBP family
member, LTBP-1.25 In cells lacking LTBP-1, �v�6 cannot
activate TGF-�, but this response can be rescued by
expression of a short fusion protein composed of the
region of LTBP-1 that forms a disulfide bond to TGF-�1
LAP and the region required to cross-link LTBP-1 to the
extracellular matrix protein fibronectin.25 These findings
are consistent with a model by which the integrin-ex-
pressing cell activates latent TGF-� by exerting traction
on the tethered latent complex. Such a mechanism re-
ceived further support from a recent report that myofibro-
blasts can activate latent TGF-� using the �v�5 integrin
and cell contraction.26 It is thought that cellular injury may
induce contractile forces through the cytoskeleton and
integrins to the latent TGF-�1 molecule, which is itself
tethered by the LTBP-1 to either the cell surface or the
extracellular matrix.25,26 We identified that agonists of the
seven-transmembrane domain, G protein-coupled re-
ceptor (GPCR), PAR1, can promote �v�6 integrin-medi-
ated TGF-� activation via RhoA, known to modulate cell
contraction, and that this pathway is important in acute
lung injury.12 However, whether other GPCRs are able to
contribute to �v�6 integrin-mediated, TGF-� activation is
not known. Furthermore, the G protein involved in medi-
ating injury-induced �v�6 integrin-mediated, TGF-� acti-
vation has not yet been identified.

Lysophosphatidic acid (LPA), is a bioactive phospho-
lipid known to mediate contraction in a number of cell

types.27 It is released from activated platelets at sites of
injury,28 contributing to wound repair. LPA is present in
bronchoalveolar lavage fluid and increased during in-
flammation,29 and can mediate pro-inflammatory effects
on several cells types within the lung.30–32 Furthermore,
LPA is increased in patients with pulmonary fibrosis.33 LPA
mediates its cellular effects via the LPA class of GPCRs.
Currently five subtypes have been identified (LPA1-5), and
like PAR1, these receptors couple to the small G proteins
G�i, G�q, and G�12/13.34,35 It has recently been shown that
LPA can induce fibroblast chemotaxis through an LPA1-
dependent mechanism, and this could be important in the
pathogenesis of pulmonary fibrosis.33

The purpose of the present study was to investigate
whether LPA can activate TGF-� in epithelial cells via the
�v�6 integrin and to dissect the proximal signaling path-
way from the relevant LPA receptor to RhoA. We demon-
strate that the LPA2 receptor is the predominant receptor
for transducing LPA-induced, �v�6 integrin-mediated,
TGF-� activation and that this pathway is coupled to the
G protein, G�q. Finally we provide evidence that both the
�v�6 integrin and LPA2 receptor are induced in epithelial
cells overlying areas of pulmonary fibrosis in the lungs of
mice treated with intratracheal bleomycin and in samples
from patients with idiopathic pulmonary fibrosis.

Materials and Methods

Cells and Reagents

The g�q
�/ � and g�12/13

�/ � murine embryonic fibroblasts
(MEFs) were a gift of Stefan Offermanns (University of
Heidelberg, Germany). The lpa1�/� and lpa2�/� were a
gift of Jerold Chun (The Scripps Research Institute).
MEFs were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum. The transformed mink lung (TMLC) cells stably
expressing firefly luciferase under the control of a TGF-
�–sensitive portion of the plasminogen activator inhibi-
tor-1 (PAI-1) promoter were a gift from Dan Rifkin (New
York University, New York) and maintained in DMEM,
10% fetal calf serum (FCS) containing 250 �g/ml of Ge-
neticin (G-418 sulfate; Sigma-Aldrich, Dorset, UK). All
media were supplemented with L-glutamine (2 mmol/L),
penicillin (100 U/ml), and streptomycin sulfate (100 �g/
ml). All cells were maintained at 37°C and 5% CO2 in a
humid environment. The anti-�v�6 integrin antibodies
6.3G9 and 2A1 were generated as previously de-
scribed.36 All other reagents were commercially ob-
tained. The antibodies used were mouse monoclonal
anti-TGF-� (clone 1D11, R&D systems, Abingdon, UK),
rabbit polyclonal anti phospho-Smad2 and anti-total
Smad2 (Cell Signaling, Hertfordshire, UK), and rabbit
polyclonal anti-LPA1 and anti-LPA2 (Acris Antibodies
GmbH, Herford, Germany). Horseradish peroxidase-con-
jugated goat anti-rabbit and anti-mouse antibodies for
Western blot were purchased from Dako (Cambridge,
UK). The stimulants used were TGF-�1 (R&D Systems, Abing-
don, UK) and LPA (Sigma-Aldrich, Dorset, UK). Inhibitors used
were Ki16425, pertussis toxin (Sigma-Aldrich, Dorset, UK),
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botulinum toxin exoenzyme C3-transferase (Tebu-bio, Peter-
borough, UK), H-1152 (Calbiochem, Nottingham, UK), and
GP-antagonist 2A (Calbiochem, Nottingham, UK). Normal Hu-
man Bronchial Epithelial (NHBE) cells and growth media were
obtained from Lonza Walkersville Inc (Workingham, UK).

Generation of Stable Cell Lines

MEFs were infected with the wild-type human �6 subunit
in the retroviral vector pWZL. Retroviruses were gener-
ated by lipofectamine-mediated (Invitrogen, Paisley, UK)
transfection of the �-� replication-incompetent ectropic
virus packaging cell line. The virus-containing superna-
tant was harvested and filtered through a 0.22-�m filter
and then added to 50% confluent cultures in the pres-
ence of 5 �g/ml Polybrene (Sigma-Aldrich, Dorset, UK)
and cultured for 24 hours. The virus-containing medium
was removed, and cells were cultured in 5% DMEM-FCS
containing 5 �g/ml blasticidin (InvivoGen, San Diego,
CA). Cells expressing the �v�6 integrin were identified by
flow cytometry with the anti-�v�6 antibody 6.3G9. All cell
lines continuously expressed high surface levels of �v�6
as determined by flow cytometry with 6.3G9.

Flow Cytometry

Cultured cells were harvested by trypsinization. Nonspe-
cific binding was blocked with normal goat serum at 4°C
for 20 minutes. Cells were then incubated with primary
antibody for 20 minutes at 4°C, followed by secondary
goat anti-mouse antibody conjugated with phycoerythrin
(Chemicon International, Hertfordshire, UK). Between in-
cubations, cells were washed twice in PBS with Ca2� and
Mg2�. Stained cells were resuspended in 100 �l of PBS
with Ca2� and Mg2�, and the fluorescence was quanti-
fied on 10,000 cells with FacsCalibur with Cellquest soft-
ware (Becton-Dickinson, Cowley, UK).

TMLC Assay

The TMLC coculture assay was used to detect active
TGF-� activity. Experimental cell lines were plated at
2.5 � 105 cells/ml in 10% DMEM-FCS for 16 hours to
allow adhesion and cell spreading. This medium was
then changed to serum-free culture medium for 2 hours.
TMLC cells were harvested by trypsinization and resus-
pended in serum-free DMEM at 5 � 105 cells per ml. An
aliquot of TMLC cells was removed and mixed with �v�6
or TGF-� antibody. The medium was then removed from
the experimental cells, and an equal volume (100 �l) of
TMLC cells (with or without antibodies) and medium con-
taining experimental stimulant or inhibitor was added.
The TMLC cells were incubated at 37°C overnight, and cells
were washed once in PBS before cell lysis in reporter lysis
buffer (Promega, Hampshire, UK). The cell layer was agi-
tated with a pipette and centrifuged at 1500 � g for 5
minutes at 4°C. The supernatant was added to luciferase
assay buffer (Promega, Hampshire, UK) and the lumines-
cence measured using a MicroLumatPlus microplate lumi-
nometer (EG&G, Berthold, Hertfordshire, UK). To deter-

mine total TGF-�, the experimental cell layer was
acidified with 0.1 volume of 1N HCl for 10 minutes at room
temperature before neutralizing in 0.1 volume 1.2 N
NaOH, and TMLC coculture was performed as above. In
both cases, TGF-� was quantified by comparing values
obtained under experimental conditions to readings ob-
tained from a standard curve derived from increasing
concentrations of active TGF-�1 added to coculture un-
der identical conditions.

Cell Viability Assay

The effect of Rho/Rho kinase inhibitor on cell viability was
measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium (MTT) assay. NHBE cells were seeded in 96-well
culture plates (1 � 104/well) with complete bronchial-epi-
thelial growth medium (BEGM) for 16 hours to allow adhe-
sion and cell spreading. This medium was then changed to
supplement-free BEGM medium for 2 hours. NHBE cells
were treated with various doses of inhibitors in supplement-
free BEGM medium for 24 hours. After incubating the cells
with inhibitors, the media was removed; then 100 �l of
supplement-free BEGM medium containing 0.4 mg/ml MTT
(Sigma-Aldrich, Dorset, UK) reagent were then added to
each well. Followed incubation with MTT for 2 hours, the
media was removed and then 200 �l of dimethyl sulfoxide
was to each well and optical density measured at 550 nm
using a plate reader (Tecan Genios, Theale, UK).

Measurement of Intracellular Calcium

NHBE cells (1 � 104/well) with complete BEGM medium
were seeded in black walled, clear bottom 96 well plates
for 16 hours to allow adhesion and cell spreading. This
medium was then changed to supplement-free BEGM
medium for 2 hours. Then cells were loaded with Fluo-
4AM (Invitrogen, Paisley, UK) for 1 hour at room temper-
ature in 100 �l loading buffer (Hanks’ balanced saline
solution, containing 0.1% bovine serum albumen, 5
mmol/L glucose, 10 mmol/L HEPES, 2.5 mmol/L probe-
necid, 0.5 mmol/L brilliant black, 0.1 mmol/L CaCl2, and
1 mmol/L MgCl2). The fluorescence was continuously
recorded at wavelengths of 485 nm excitation and 520 nm
emissions using a Flexstation (Molecular Devices, Woking-
ham, UK). Data are presented as changes in fluorescence
intensity, measured in arbitrary fluorescence units.

Western Blot Analysis

After washing the cells with PBS twice, they were incu-
bated on ice with cold buffer containing 50 mmol/L Tris,
150 mmol/L NaCl, 20 mmol/L NaF, 1 mmol/L NaVaO3, 1
mmol/L EDTA, 1 �mol/L phenylmethane sulphonyl fluo-
ride glycerol, 1% v/v Triton X-100, 0.1% v/v sodium do-
decyl sulfate, and a protease inhibitor cocktail (Sigma-
Aldrich, Dorset, UK) and harvested by all scraping. The
cell extract was centrifuged (4000 � g, 4°C, 10 minutes),
and protein concentration was measured using a bicincho-
ninic acid assay (Pierce Biotechnology, Northumberland,
UK). One hundred micrograms of protein was fractionated
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by SDS-polyacrylamide gel electrophoresis, transferred
onto polyvinylidene difluoride membranes, and incubated
with blocking buffer containing 5% nonfat dry milk in Tris-
buffered saline with Tween (50 mmol/L Tris, 150 mmol/L
NaCl, 0.1% Tween-20, pH 7.4) for 1 hour. Membranes were
incubated with primary antibody in 5% skimmed milk Tris-
buffered saline with Tween overnight at 4°C before washing
and incubating for 1 hour at room temperature with HRP-
conjugated secondary antibody. Immunoreactive bands
were visualized by enhanced chemiluminescence (GE
Health care, Buckinghamshire, UK). Membranes were next
stripped (100 mmol/L 2-mercaptoethanol, 2% SDS, 62.5
mmol/L Tris-HCl) at 50°C for 30 minutes at room tempera-
ture before immunoblotting with total Smad2 polyclonal rab-
bit anti-mouse antibody (Cell Signaling, Hertfordshire, UK)
or glyceraldehyde-3-phosphate dehydrogenase monoclo-
nal mouse anti-rabbit antibody (Upstate, Hertfordshire, UK)
to assess total protein and loading controls.

RNA Isolation and Reverse Transcription-
Polymerase Chain Reaction

Total RNA was isolated from 6-well plates for culture cells
or frozen powdered lung tissue using the RNeasy mini kit
(Qiagen, West Sussex, UK) with on-column DNase diges-
tion. 1 �g of total RNA was reverse transcribed in 20 �l
containing 200units of Moloney murine leukemia virus
reverse transcriptase (Promega, Hampshire, UK), 25units
of RNase inhibitor (Promega, Hampshire, UK), 0.5 �g of
oligo(dT)15 primer, 0.5 mmol/L of each dNTPs, and
1�first-strand buffer provided by Promega. The reaction
was incubated at 42°C for 90 minutes.

Aliquots of the reverse transcription (RT) products
were used for PCR amplification. 2.5 �l of cDNA in 50 �l
containing 1 mmol/L MgCl2, 0.12 mmol/L of each dTNPs,
1 unit of Taq polymerase (Promega, Hampshire, UK), and
0.5 �mol/L of both the upstream and downstream PCR
primers (Shown in the Table 1), and 1� PCR buffer
(Promega, Hampshire, UK).

RNA was amplified after initial denaturation at 94°C for
2 minutes. This was followed by 30 cycles of denaturation
at 94°C for 1 minute, annealing at 58°C for 30 seconds,
extension at 72°C for 1 minute, and a final extension of 72°C
for 5 minutes (PTC-100, MJ Research Inc., Watertown, MA).
The PCR products were visualized by electrophoresis on a
2% agarose gel in 0.5� Tris borate-EDTA buffer after stain-
ing with 0.5 �g/ml ethidium bromide.

Quantitative Real-Time RT-PCR

PAI-1, integrin �6 and LPA2 gene expression were
determined using primer sequences listed in Table 1.
GAPDH 18srRNA and �2m were used as the housekeep-
ing gene. One nanogram of reverse-transcribed cDNA
was subjected to real-time PCR using Excite Real-time
Mastermix with SYBR green (Biogene, Cambridge, UK)
and the ABI Prism 7700 detection system (Applied Bio-
systems, Warrington, Cheshire, UK). Each reaction con-
sisted of 1� Excite mastermix, SYBR green (1:60,000
final concentration), 40 nmol/L of both sense and antisense

primers, 1.6 �l of DNA (or dH2O), and H2O to a final volume
of 20 �l. Thermal cycler conditions included incubation at
95°C for 10 minutes followed by 40 cycles of 95°C for 15
seconds and 60°C for 1 minute. Integration of the fluores-
cent SYBR green into the PCR product was monitored after
each annealing step. Amplification of one specific product
was confirmed by melting curve analysis, where a single
melting peak eliminated the possibility of primer-dimer as-
sociation. For melting curve, the products were heated from
60°C to 95°C over 20 minutes after the 40 cycles.

Negative controls consisting of no template were in-
cluded, and all reactions were set up in triplicate. Gene
expression was normalized to the housekeeping gene by
dividing the mean of the sample triplicate value by the
mean of the housekeeping gene triplicate value. This was
then expressed as fold increase at each time point.

Small Interfering RNA for LPA2

RNA interference used small hairpin RNA targeted
against LPA2 and scrambled control sequence using the

Table 1. Primers for RT-PCR and Real-Time PCR

Gene Strand Primer

Human
LPA1

Sense 5�-GGTGATGGGACTTGGAAT-3�
Antisense 5�-AAACCGTAATGTGCCTCT-3�

Human
LPA2

Sense 5�-TGGCTCAACCCAACCAAC-3�
Antisense 5�-CCTCATTACCCAGTCATACCG-3�

hLPA2 for
real
time

Sense 5�-CACCCTTTAGCTACCTTGAACT
TCA-3�

Antisense 5�-CAGTCCTGTTGGTTGGGTTGA-3�
Human

LPA3
Sense 5�-TGCTTCCCTCACCAACTT-3�
Antisense 5�-CCGCAGGTACACCACAAC-3�

Human
LPA4

Sense 5�-AGTTGTTGGGTTTATCATTC-3�
Antisense 5�-AAACAGGGACTCCATTCT-3�

Mouse
LPA1

Sense 5�-ATGAGTCTATCGCCTTCTTT-3�
Antisense 5�-CGGGTATTAGGTCCTGTATT-3�

Mouse
LPA2

Sense 5�-CTCCAACCGACGCTTCCA-3�
Antisense 5�-ATGCGTGAGCAACTGTCCAA-3�

mLPA2 for
real
time

Sense 5�-GTCACACTCATCGTGGGTG
TGT-3�

Antisense 5�-GTCACACTCATCGTGGGTG
TGT-3�

Mouse
LPA3

Sense 5�-CGAGTGGACAGGGACAAA-3�
Antisense 5�-CCAGCAGGTAGTAGAAGGGA-3�

Mouse
LPA4

Sense 5�-GAGAAGTGAGACGGCTAT-3�
Antisense 5�-GTGGTGGAGAACAAAGAA-3�

Mouse
G�q

Sense 5�-CAGACAATGAGAACCGCA-3�
Antisense 5�-GGAATACATGATTTTCTCC

TCT-3�
Mouse

G�12

Sense 5�-TGAACATCTTCGAGACCATCG-3�
Antisense 5�-ACAGACTTCACCTTCTCCA

CCA-3�
Mouse

G�13

Sense 5�-TGATGGCATTTGATACCCGC-3�
Antisense 5�-ACCACTGTCCTCCCATAAG

GCT-3�
Integrin

�6
Sense 5�-AAACGGGAACCAATCCTCTGT-3�
Antisense 5�-GCTTCTCCCTGTGCTTGTA

GGT-3�
GAPDH Sense 5�-CCACCCATGGCAAATTCCATG

GCA-3�
Antisense 5�-TCTAGACGGCAGGTCAGGTCC

ACC-3�
PAI-1 Sense 5�-TTCCAGTCACATTGCCATCAC-3�

Antisense 5�-TGGCCTTTGGCCTGTCA-3�
18srRNA Sense 5�-AAACGGCTACCACATCCAAG-3�

Antisense 5�-CAATTACAGGGCCTCGAAAG-3�
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SureSilencing shRNA Plasmids System (SuperArray,
Frederick, MD) for MEF cells. Cells seeded at 35% con-
fluence (1.5 � 105 cells per well) in 6-well plates were
transfected with 2.5 �g of plasmid DNA using lipo-
fectamine 2000 in the presence of 10% fetal bovine se-
rum; 24 to 48 hours following transfection cells were split
to 10% confluence and cultured in medium containing 1
mg/ml G418 for 1 week. Success of RNA interference
was determined by the expression of LPA2 using real-
time PCR and immunoblot.

For NHBE cells, small interfering RNA duplex (siRNA)
directed against LPA2 and scrambled siRNA were obtained
from Eurofins MWG Operon according to published se-
quences.37 NHBE cells cultured onto 6-well plates (40% to
50% confluence) were transiently transfected with siRNA
using Transmessenger transfection reagent (Qiagen, West
Sussex, UK). LPA siRNA or scrambled siRNA (50 nmol/L)
was condensed with enhancer R and formulated with
Transmessenger reagent according to the manufacturer’s
instructions. The transfection complex was diluted into 900
�l of bronchial epithelial cell basal medium and added
directly to the cells for 3 hours and then replaced with
normal growth media until stimulation experiments were
performed. Cells were used for experiments at 24 hours
after transfection for Real-time PCR or at 72 hours after
transfection for Western blotting.

Animal Model of Pulmonary Fibrosis

Lung fibrosis was induced by oropharyngeal aspiration of
bleomycin (2 mg/kg body weight) using a previously
described protocol.38 All animals were used in accor-
dance with local and UK Government regulations. Lungs
for immunohistochemical analyses were fixed after per-
fusion. The trachea was cannulated, and lungs were
insufflated with 4% paraformaldehyde in PBS at a pres-
sure of 25 cm H2O. The heart and inflated lungs were
removed en bloc, immersed in 4% paraformaldehyde for
4 hours before transferring to 15% sucrose in PBS over-
night at 4°C, and processed to paraffin wax. For real-time
RT-PCR analysis, lungs were carefully removed and im-
mediately snap-frozen in liquid nitrogen.

Human Lung Tissue Samples

Samples of lung tissue were obtained from patients with
idiopathic pulmonary fibrosis (IPF) undergoing surgical
lung biopsy or lung transplantation. All patients fulfilled a
consensus clinical, histological and radiological diagno-
sis of usual interstitial pneumonia (UIP)/IPF in accor-
dance with the criteria proposed by the American Tho-
racic Society and European Respiratory Society.39

Control lung sections, from histologically normal regions
of lung, were obtained from archived tissue. All tissue
was obtained with appropriate consent and its use ap-
proved by the local research ethics committee.

Immunohistochemistry

Histological sections of lung tissue were cut (5 �m),
dewaxed in xylene, rehydrated through decreasing con-

centrations of ethanol, and washed in Tris-buffered sa-
line. Antigens were unmasked by microwaving of sec-
tions in 10 mmol/L citrate buffer, pH 6.0 (twice for 10
minutes) for assessment of LPA receptors and by pepsin
(0.5% in 5 mmol/L HCl) for assessment of �v�6 integrin
expression. Sections were incubated with 3% H202

in methanol for 30 minutes, and then washed twice with
Tris-buffered saline before blocking of nonspecific bind-
ing (using normal goat serum for mouse tissues and
using normal horse serum for human tissues) for 1 hour at
room temperature. After washing twice in Tris-buffered
saline, immunostaining was undertaken using the avidin-
biotinylated enzyme complex method (Vector Laborato-
ries, Peterborough, UK) with antibodies against LPA
receptor and �6 integrin. After incubation with biotin-
conjugated secondary antibody and subsequently with
ABC complex solution, color development was per-
formed using 3,3�-diaminobenzidine tetrahydrochloride
(Vector Laboratories, Peterborough, UK). Sections were
counterstained using Mayer’s Hematoxylin (Raymond A
Lamb Limited, East Sussex, UK).

Masson’s Trichrome Staining

Sections were dewaxed in xylene and rehydrated
through decreasing concentrations of ethanol, then were
mordant in Bouin’s solution (Sigma-Aldrich, Dorset, UK)
at room temperature overnight. Following washing in run-
ning tap water for 5 minutes, sections were stained for 5
minutes in Weigert’s Iron Hematoxylin Solution (1% he-
matoxylin in 95% ethanol, 1.2% ferric chloride, and 1%
acetic acid in distilled water). After washing in running
tap water for 5 minutes, sections were then stained in
Biebrich scarlet-acid fuchsin (Sigma-Aldrich, Dorset, UK)
for 5 minutes. Followed by rinsing in distilled water, sec-
tions were incubated in phosphomolybdic/phosphotung-
stic acid solution (Sigma-Aldrich, Dorset, UK) for 5 to 10
minutes to allow uptake of aniline blue solution (Sigma-
Aldrich, Dorset, UK). Then sections were incubated in 1%
(v/v) acetic acid solution for 3 to 5 minutes to differentiate.
After staining, sections were dehydrated through increas-
ing concentrations of ethanol and xylene before they
were mounted in DPX (BDH/Merck, Nottingham, UK).

Immunofluorescence

Cells were plated on 8-well chamber glass-slides for 24
hours. Cells were fixed in 4% paraformaldehyde for 10
minutes at room temperature after LPA stimulation for 4
hours. Once fixed, the cells were permeabilized (0.2% Tri-
ton X-100), blocked (10% goat serum in PBS), and incu-
bated with anti �v�6 monoclonal primary antibody (human/
mouse chimeric form of the anti �v�6 mAb 2A1 for mouse
origin and murine 2A1 for human origin) for 1 hour at room
temperature following three washes with PBS. Alexafluor
labeled goat anti-human IgG (Invitrogen, Paisley, UK) for
MEF cells, or Alexafluor labeled horse anti-mouse IgG (In-
vitrogen, Paisley, UK) for NHBE cells was incubated in the
dark for 1 hour at room temperature and subsequently
slides were washed three times with PBS. For stress fiber
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staining, fluorescein isothiocyanate-conjugated phalloidin
(Sigma-Aldrich, Dorset, UK) was used. An additional 4,6-
diamidino-2-phenylindole stain (1 �g/ml for 1 minute, room
temperature) was added to visualize the nucleus immedi-
ately before mounting. Images were acquired by Leica TCS
SP2 confocal microscope (Milton Keynes, UK).

Statistical Analysis

Data were analyzed by two-tailed Student’s t-test for single
and by one-way analysis of variance for multiple group
comparisons. Differences were considered significant at
P � 0.05.

Results

LPA Induces �v�6-Mediated TGF-� Activation
in Bronchial Epithelial Cells

To investigate whether LPA can induce �v�6-dependent
TGF-� activation in epithelial cells, NHBE were used.
These cells are primary lung epithelial cells that express
high levels of �v�6 integrin on the cell surface (Figure 1A)

that is stable for up to four passages (data not shown).
The �v�6 integrin was associated with cortical actin
and the ends of stress fibers (Figure 1B). Stimulation of
NHBE cells with LPA lead to increased stress fiber
formation and reorganization of �v�6 integrin at the
ends of stress fibers (Figure 1C).

LPA was also used to stimulate NHBE cells in coculture
with TMLC containing the TGF-� responsive PAI-1 pro-
moter driving luciferase expression. LPA induced a con-
centration-dependent increase in luciferase activity that
was completely abolished by �v�6 blocking antibody
(Figure 1D). To determine the proportion of LPA-induced
TGF-� activity that was mediated by �v�6 integrin, a
pan-TGF-� blocking antibody was also used. The pan-
TGF-� blocking antibody inhibited luciferase activity to
the same extent as the �v�6 integrin-blocking antibody,
demonstrating that there was no �v�6-independent
TGF-� activation induced by LPA in these cells (Figure 1D).

Because the coculture bioassay depends on the in-
duction of luciferase protein, it cannot be used for short-
term time course experiments. To determine the time
course of LPA-induced, �v�6-mediated TGF-� activity,
the expression level of endogenous PAI-1 mRNA levels in
NHBE was measured by real-time PCR in the absence of

Figure 1. Stimulation of �v�6-expressing human lung epithelial cells with LPA leads to �v�6-dependent TGF-� activation. A: NHBE cells express high levels of �v�6
integrins on the cell surface. B: Confocal overlay micrographs of NHBE cells stained with phalloidin (green) and a �6 antibody (red) demonstrates widespread
colocalization of the �v�6 integrin (dashed arrow) with cortical actin and the end of stress fibers (solid arrow). C: Following stimulation with LPA, there is cell
contraction and reorganization of the cytoskeleton with �v�6 integrin prominent at the end of actin stress fibers. D: NHBE cells were cocultured with TMLC cells and
stimulated with increasing concentrations of LPA in the absence (bold line) or presence of a pan-TGF-� blocking antibody (dotted line) or an �v�6-blocking antibody
(dashed line), and luciferase activity from the TGF-� responsive PAI-1 promoter was measured. E: NHBE cells were stimulated with 10 �mol/L LPA in the absence (bold
line) or presence of �v�6-blocking antibody (dashed bars) and the time course of TGF-� activity was determined by real-time PCR assessment of endogenous PAI-1
mRNA levels. All experiments were performed in triplicate and a representative experiment is shown. Data presented as mean � SEM. *P � 0.05, **P � 0.01 in comparison
with no antibody control.
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reporter cells. LPA caused a time-dependent increase in
PAI-1 expression that was maximal 2 hours following
stimulation (Figure 1E). LPA-induced PAI-1 expression
was blocked by �v�6 antibody, again confirming that
LPA-mediated TGF-� activation in NHBE is mediated by
�v�6.

LPA Signals to the �v�6 Integrin in Epithelial
Cells via RhoA and Rho Kinase

We have previously shown that RhoA and Rho kinase are
involved in PAR1-induced, �v�6-mediated, TGF-� acti-
vation in MEFs engineered to express the �6 integrin.12

We therefore hypothesized that LPA induced �v�6 inte-
grin-mediated TGF-� activity in NHBE cells would also
signal via RhoA and Rho kinase. We stimulated NHBE
cells with 10 �mol/L LPA in the presence of increasing
concentrations of botulinum toxin exoenzyme C3-trans-
ferase (a specific inhibitor of RhoA40) and H-1152 (a
specific inhibitor of Rho kinase41). Specific �v�6 integrin
mediated TGF-� activity was calculated by subtracting
the relative light unit values from cocultures treated with
an �v�6-integrin blocking antibody from values obtained
from cocultures simultaneously performed without block-
ing antibody treatment. �v�6 integrin-mediated TGF-�
activity was quantified by generating a standard curve of
reporter cells in coculture with NHBE cells treated with
increasing concentrations of active TGF-�1, or with a
TGF-� blocking antibody to allow subtraction of baseline

TGF-�-independent luminescence. Both botulinum toxin
exoenzyme C3-transferase (Figure 2A) and H-1152 (Fig-
ure 2B) caused a concentration-dependent inhibition of
�v�6 integrin-mediated TGF-� activation. H-1152 also
reduced basal (unstimulated) �v�6 integrin-mediated
TGF-� activation, whereas botulinum toxin exoenzyme
C3-transferase had little effect. This difference could re-
flect differences in cellular uptake or potency of the two
inhibitors, but we cannot exclude a contribution of acti-
vation of ROCK by RhoA-independent pathways. To en-
sure these effects were not due to non-specific effects of
these inhibitors on total TGF-� levels or cell viability, total
TGF-� and cell death were measured by TMLC coculture
and MTT assay, respectively. At the concentrations of
botulinum toxin exoenzyme C3-transferase used to inhibit
�v�6 integrin-dependent TGF-� activity, there was no
significant effect on total TGF-� levels (Figure 2C) or cell
viability (Figure 2E). Likewise there were no concentra-
tion-dependent effects on total TGF-� levels (Figure 2D),
and only a very slight effect on cell viability (Figure 2F) at the
highest concentration of H-1152 used. These results con-
firm that LPA-induced �v�6-mediated TGF-� activation in
epithelial cells is mediated via RhoA and Rho kinase.

LPA-Induced, �v�6-Mediated TGF-� Activity
Requires G�q

LPA exerts its cellular effects through coupling with
downstream small G proteins, including G�i, G�q, and

Figure 2. LPA signals via RhoA and Rho kinase
to induce �v�6-mediated TGF-� activation.
NHBE cells were stimulated with 10 �mol/L
LPA (solid lines) in the presence of increasing
concentrations (A, C, E) of the RhoA inhibitor
botulinum toxin exoenzyme C3-transferase and
(B, D, F) Rho kinase inhibitor H-1152. A and B:
�v�6 integrin-mediated TGF-� activity was
compared with unstimulated NHBE cells
(dashed lines). C and D: To ensure the effects of
the inhibitors were not due to non-specific ef-
fects on TGF-� synthesis, total TGF-� levels
were determined. E and F: To determine
whether there were toxic effects of these com-
pounds, an MTT cell viability assay was per-
formed. All experiments were performed in trip-
licate and a representative experiment is shown.
Data presented as mean � SEM.
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G�12/13. To determine which G protein subunit was in-
volved in LPA induced �v�6-mediated TGF-� activation,
we stably infected wild-type, g�q

�/� and g�12/13
�/�

MEFs with the human �6 integrin subunit. Wild-type MEFs
transfected with the �6 integrin subunit (MEF�6) had high
levels of �6 expression on the cell surface (Figure 3A),
which were able to form focal contacts, at the termini of
actin stress fibers following LPA stimulation (Figure 3B).
MEF�6 cells had high basal �v�6 integrin-mediated

TGF-� activity as assessed by TMLC assay (Figure 3C)
and responded to increasing concentrations of LPA with
a concentration-dependent increase in �v�6 integrin-me-
diated TGF-� activity (Figure 3C). Although MEF�6 cells
had high levels of total TGF-�, they were not affected by
LPA stimulation (Figure 3D). Wild-type and knock out
MEF’s not transfected with �6 did not activate TGF-�
under the conditions used, either at baseline or in
response to increasing concentrations of LPA (see

Figure 3. LPA-induced, �v�6-mediated TGF-� activity in �v�6-integrin expressing MEFs is independent of G�i. A: Wild-type MEFs infected with the wild-type
human �6 integrin (MEF�6) were assessed for cell surface �6 integrin expression by flow cytometry. B: Following stimulation with LPA, MEF�6 cells were stained
with phalloidin (green) and a �6 antibody (red), which demonstrated widespread localization of the �v�6 integrin (dashed arrow) at the ends of actin stress
fibers (solid arrow). C: LPA-induced, �v�6-dependent, TGF-� activity in MEF�6 cells was assessed by coculture assay. �v�6 integrin-mediated TGF-� activity
(pg/ml) was calculated. Data presented as mean � SEM. **P � 0.01 in comparison with 0 �mol/L group. D: Total TGF-� levels in response to increasing LPA
concentrations were determined. E: The time course of LPA-induced TGF-� activity in MEF�6 cells was determined by phospho-Smad2 immunoblotting in the
presence or absence of �v�6 blocking antibody. Total Smad2 levels were assessed as control. F: MEF�6 were pre-treated with 100 ng/ml pertussis toxin for 8 hours
and then stimulated with LPA in the absence or presence of �v�6 blocking antibody. TGF-� activity was determined by immunoblotting for phospho-Smad2. Total
Smad2 levels were assessed as controls. All experiments were performed in triplicate and a representative experiment is shown. Data presented as mean � SEM.
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supplemental Figure S1, see http://ajp.amjpathol.org).
Stimulation of MEF�6 cells with 10 �mol/L LPA lead to
a time-dependent increase on Smad2 phosphorylation
that was maximal between 120 and 240 minutes and
was inhibited by an �v�6 blocking antibody (Figure
3E). However, LPA-induced Smad2 phosphorylation
could not be inhibited by preincubation of the MEF�6
cells with pertussis toxin, an inhibitor of G�i (Figure 3F).

MEFs from g�q
�/� mice infected with the �6 integrin

subunit (MEF�6G�q
�/�) also expressed high levels of

cell surface �6 integrin (Figure 4A), which following LPA
stimulation were located at focal contacts at the termini of
actin stress fibers (Figure 4B). The absence of G�q and
presence of G�12 and G�13 subunits was confirmed by
RT-PCR (Figure 4C). Levels of basal �v�6 integrin-medi-
ated TFG-� activity were only slightly lower than those

of wild-type MEF�6 and several-fold higher than
MEF�6G�12/13

�/� cells (Figure 4D compared with Fig-
ure 3C and Figure 5D). However, unlike MEF�6 or
MEF�6G�12/13

�/� cells MEF�6G�q
�/� cells did not in-

crease �v�6 integrin-mediated TGF-� activity in re-
sponse to LPA (Figure 4D). Furthermore, stimulation of
MEF�6G�q

�/� with 10 �mol/L LPA did not increase
Smad2 phosphorylation (Figure 4F). Levels of total TGF-�
were of a similar magnitude to levels in wild-type MEF�
and MEF�6G�12/13

�/�, and again there was no effect of
LPA stimulation (Figure 4E).

MEFs derived from g�12/13
�/� mice were infected with

the wild-type human �6 integrin subunit (MEF�6G�12/13
�/�),

which was expressed at high levels on their cell surface
(Figure 5A), forming focal contacts at the termini of actin
stress fibers as observed with wild-type MEF�6 and

Figure 4. G�q is necessary for LPA-induced, �v�6-mediated, TGF-� activity in MEFs expressing �v�6. A: MEFs null for the G�q small G proteins infected with the
wild-type human �6 integrin (MEF�6G�q

�/�) were assessed for cell surface �6 integrin expression by flow cytometry. B: LPA-stimulated MEF�6G�q
�/� were

stained with phalloidin (green) and a �6 antibody (red), which demonstrated �v�6 integrin (dashed arrow) localized to focal contacts at the ends of stress fibers
(solid arrow). C: The veracity of the null mutant was confirmed by measuring G�12, G�13, and G�q mRNA levels in wild-type and g�q

�/� MEFs by RT-PCR. D:
�v�6-dependent TGF-� activity, following stimulation of MEF�6G�q

�/� cells with increasing concentrations of LPA, was measured by coculture assay. �v�6
integrin-mediated TGF-� activity was calculated from a standard curve. Data presented as mean � SEM. E: Total TGF-� levels in response to increasing LPA
concentrations were determined. F: The time course of TGF-� activity in response to LPA stimulation was measured by phospho-Smad2 immunoblotting in the
presence or absence of �v�6 blocking antibody. Total Smad2 levels were assessed as control. All experiments were performed in triplicate and a representative
experiment is shown. Data presented as mean � SEM.
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MEF�6G�q
�/� cells (Figure 5B). The presence of the G�q

subunit and absence of the G�12 and G�13 subunits were
again confirmed by RT-PCR (Figure 5C). Basal levels of
�v�6 integrin-mediated TGF-� activity (Figure 5D) were
substantially lower than in wild-type MEF�6 cells (Figure
3C). However, levels of total TGF-� were similar to wild-
type MEF�6 and MEF�6G�q

�/� cells (Figure 5E). None-
theless, stimulation with increasing concentrations of LPA
caused concentration-dependent increases in �v�6 inte-
grin-mediated TGF-� activity (Figure 5D) without affect-
ing total TGF-� levels (Figure 5E). Furthermore, stimula-
tion with 10 �mol/L LPA induced time-dependent Smad2
phosphorylation, which was maximal at 240 to 360 min-
utes and was completely inhibited by �v�6 integrin

blocking antibody (Figure 5F), as was observed in wild-
type MEF�6 cells.

To confirm the central role of G�q in LPA induced �v�6
integrin-mediated TGF-� activation in primary epithelial
cells, we stimulated NHBE cells in coculture with TMLC
cells with 10 �mol/L LPA in the presence of GP antago-
nist-2A (GP-2A), a specific G�q inhibitor.42 As would be
predicted from our results in MEFs, increasing concen-
trations of GP-2A inhibited LPA-stimulated �v�6-depen-
dent TGF-� activity in a concentration-dependent manner
(Figure 6A). GP-2A did not inhibit TMLC cell reporter
activity even at high concentrations (data not shown).
However, to ensure there were no confounding effects of
the inhibitor in coculture experiments we assessed the

Figure 5. The G protein subunits G�12 and G�13 do not transduce LPA-induced, �v�6-mediated, TGF-� activity in MEFs expressing the �v�6 integrin. A: MEFs
null for the G�12 and G�13 small G proteins infected with the wild-type human �6 integrin (MEF�6G�12/13

�/�) were assessed for cell surface �6 integrin
expression by flow cytometry, and (B) LPA-stimulated MEF�6G�12/13

�/� were stained with phalloidin (green) and a �6 antibody (red), which demonstrated
localization of the �v�6 integrin (dashed arrow) in focal contacts at the end of actin stress fibers (solid arrow). C: The veracity of the null mutant was confirmed
by measuring G�12, G�13, and G�q mRNA levels in wild-type and g�12/13

�/� MEFs by RT-PCR. D: �v�6-dependent TGF-� activity following stimulation of
MEF�6G�12/13

�/� cells with increasing concentrations of LPA was measured by coculture assay. �v�6 integrin-mediated TGF-� activity was calculated. Data
presented as mean � SEM. **P � 0.01 comparison with 0 �mol/L group. E: Total TGF-� levels in response to increasing LPA concentrations were determined.
F: The time course of TGF-� activity in response to LPA stimulation was measured by phospho-Smad2 immunoblotting in the presence or absence of
�v�6-blocking antibody. Total Smad2 levels were assessed as control. All experiments were performed in triplicate and a representative experiment is shown. Data
presented as mean � SEM.
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effect of GP-2A on endogenous PAI-1 mRNA levels in
NHBE cells following LPA stimulation. 10 �mol/L LPA
induced a two-fold increase in NHBE PAI-1 gene expres-
sion that was inhibited by both 10 nmol/L GP-2A and an
�v�6 integrin-blocking antibody (Figure 6B). To ensure
that GP-2A was inhibiting G�q in NHBE cells at the con-
centrations used in these studies, calcium mobilization in
the presence of LPA and GP-2A was measured (Figure
6C). LPA induced time-dependent calcium influx, which
was completely inhibited by GP-2A confirming its effec-
tiveness at inhibiting G�q.

LPA-Induced, �v�6-Mediated TGF-� Activation
is via LPA2

We next sought to determine which LPA receptor was
responsible for transducing LPA to �v�6-mediated
TGF-� activation. Having shown that both NHBE and
MEF�6 cells were able to activate TGF-� in an �v�6

integrin-dependent manner, we first assessed which LPA
receptors were present in NHBE and MEF�6 cells. By
RT-PCR LPA1, LPA2, and LPA3 receptors were all ex-
pressed in NHBE cells. LPA1 and LPA2 receptors were
the predominant receptors expressed in MEF�6, al-
though there was low level expression of LPA3 (Figure
7A). To examine the role of LPA1 and LPA3, we stimu-
lated NHBE cells with 10 �mol/L LPA in the presence of
the LPA receptor inhibitor Ki16425, which selectively an-
tagonizes LPA1 and LPA3,43 and determined TGF-� ac-
tivation by quantifying PAI-1 mRNA levels by real-time
PCR. Ten �mol/L LPA lead to a significant increase in
PAI-1 expression that was not inhibited by 10 �mol/L
Ki16425, however an �v�6 blocking antibody reduced
PAI-1 mRNA expression to control levels in the presence
or absence of Ki16425 (Figure 7B). Similar results were
obtained in MEF�6 cells using Smad2 phosphorylation as
a readout of TGF-� activation (data not shown). Further-
more, stimulation with increasing concentrations of LPA
in MEFs from lpa1�/� mice infected with the �6 integrin
subunit (MEF�6LPA1�/�), expressing high levels of cell
surface �6 integrin (Figure 7C), caused concentration-
dependent increases in �v�6 integrin-mediated TGF-�
activity (Figure 7D).

Figure 6. LPA-induced, �v�6-mediated, TGF-� activation is mediated via
G�q in NHBE cells. A: NHBE cells were stimulated with 10 �mol/L LPA in
the presence of increasing concentration of G�q inhibitor GP-2A, and �v�6-
mediated TGF-� activity were measured by coculture assay. B: NHBE cells
were exposed to 10 �mol/L LPA for 1 hour following 2 hours’ pre-
incubation with GP-2A or DMEM. TGF-� activity was determined by
measuring PAI-1 mRNA levels by real-time RT-PCR. C: NHBE cells were
stimulated with LPA either in the presence (bold line) or absence of
GP-2A (dotted line), and compared with control cells (dashed line). The
time course of calcium influx was measured using fluo4 labeling. All
experiments were performed in triplicate and a representative example is
shown. Data are presented as the mean � SEM. *P � 0.05 and **P � 0.01
comparison with only LPA stimulation group.

Figure 7. LPA-induced, �v�6-dependent, TGF-� activity is not mediated via
LPA1 and LPA3. A: Detection of LPA receptors expressed in NHBE and MEFs
expressing human �6 integrin (MEF�6) by RT-PCR. B: NHBE cells were
exposed to 10 �mol/L LPA in the presence or absence of an �v�6 integrin
blocking antibody, following pre-incubation with Ki16425 or DMSO control.
TGF-� activity was determined by measuring PAI-1 mRNA levels by real-time
RT-PCR. Data are presented as the mean � SEM. *P � 0.05 comparison with
only LPA stimulation group. C: MEFs null for the LPA1 receptor infected with
the wild-type human �6 integrin (MEF�6LPA1�/�) were assessed for cell
surface �6 integrin expression by flow cytometry, and compared with unin-
fected controls. D: �v�6-dependent TGF-� activity following stimulation of
MEF�6LPA1�/� cells with increasing concentrations of LPA was measured by
coculture assay. �v�6 integrin-mediated TGF-� activity was calculated from
a standard curve. Data presented as mean � SEM. **P � 0.01 comparison
with 0 �mol/L group. All experiments were performed in triplicate and a
representative example is shown.
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These data suggested that LPA2 would be the recep-
tor mediating LPA to �v�6 integrin signals. To test this
hypothesis, NHBE cells transduced with siRNA specific
to human LPA2 were used and �v�6 integrin-mediated
TGF-� activity in response to stimulation with LPA was
measured. Real-time PCR and Western blotting con-
firmed that LPA2 expression was significantly reduced
following transduction of NHBE cells with LPA2 siRNA, as
compared with non-targeted control cells at both the
mRNA and protein level (Figure 8A and 8B respectively).
Following transduction of NHBE cells with LPA, siRNA
cells were stimulated with 10 �mol/L LPA and PAI-1 gene
expression measured by real-time PCR (Figure 8C). LPA
increased PAI-1 gene expression in cells transduced with
control siRNA that was blocked by an �v�6 integrin-
blocking antibody. Cells transduced with LPA2 siRNA

showed no increase in PAI-1 gene expression, and no
response to �v�6 integrin-blocking antibody. Similar ex-
periments were performed in MEF�6 cells and again LPA
failed to induce PAI-1 expression in the absence or pres-
ence of �v�6 antibody in MEF�6 cells transfected with
LPA2 shRNA, as compared with non-targeted control
(supplemental Figure S2, see http://ajp.amjpathol.org).
Furthermore, LPA-induced Smad2 phosphorylation in
MEF�6 cells was also inhibited by LPA2 shRNA without
affecting total Smad2 levels (Figure 8D). To confirm the
role of LPA2 as the primary receptor in mediating LPA to
integrin signals, MEFs from lpa2�/� mice were infected
with the �6 integrin subunit (MEF�6LPA2�/�), which was
again expressed at high levels on the cell surface (Figure
8E). Stimulating MEF�6LPA2�/� cells with increasing
concentrations of LPA did not further enhance �v�6 in-
tegrin-mediated TGF-� activity (Figure 8F). Taken to-
gether, these data suggest that LPA2 is the major recep-
tor involved in LPA-induced, �v�6-mediated, TGF-�
activation.

The LPA2 and the �v�6 Integrin are
Co-Expressed during the Development of
Bleomycin-Induced Pulmonary Fibrosis and
Idiopathic Pulmonary Fibrosis

To determine whether the signal pathway from LPA re-
ceptor to �v�6 integrin may be important in vivo we ini-
tially used the bleomycin model of lung fibrosis. We quan-
tified levels of the �6 integrin subunit and LPA2 receptor
following lung injury by real time PCR in lung homoge-
nates (Figure 9) and the cellular localization of the these
molecules was determined by immunohistochemistry
(Figure 10). Bleomycin-induced lung injury lead to a
marked increase in mRNA levels of both the �6 integrin
subunit and LPA2 receptor in lung homogenates 21 days
following injury (Figure 9). In uninjured control lung (Fig-
ure 10A), there was very low-level expression of the �v�6
integrin (Figure 10C) and LPA2 receptor (Figure 10E).
However, following lung injury there were areas of estab-
lished fibrosis after 21 days (Figure 10B) and these re-
gions were associated with increased expression of both
�v�6 integrin (Figure 10D) and the LPA2 receptor (Figure

Figure 8. The LPA2 receptor mediates LPA-induced, �v�6-dependent TGF-�
activity. A: NHBE cells transfected with siRNA against LPA2 demonstrate
knockdown of LPA2 RNA expression by real-time RT-PCR, and (B) protein
expression by immunoblot. **P � 0.01 comparison with control siRNA. C:
Following transfection of NHBE cells with siRNA against LPA2 and control
siRNA, �v�6 integrin-mediated TGF-� activity following stimulation with LPA
was assessed by measuring PAI-1 mRNA levels by real-time PCR. *P � 0.05,
comparison with media alone group. D: Following transfection of MEF�6
cells with shRNA against LPA2, TGF� activation was assessed by phospho-
Smad2 immunoblot in the presence or absence of �v�6 integrin-blocking
antibodies. Total Smad2 levels were assessed as control. E: MEFs null for the
LPA2 receptor transfected with the wild-type human �6 integrin
(MEF�6LPA2�/�) were assessed for cell surface �6 integrin expression by
flow cytometry, and compared with uninfected controls. F: �v�6-dependent
TGF-� activity following stimulation of MEF�6LPA2�/� cells with increasing
concentrations of LPA was measured by coculture assay. �v�6 integrin-
mediated TGF-� activity was calculated. Data presented as mean � SEM All
experiments were performed in triplicate and a representative example is
shown.

Figure 9. Bleomycin-induced pulmonary fibrosis is associated with in-
creased expression of the LPA2 receptor and the �v�6 integrin. Lung ho-
mogenates were analyzed for LPA2 and �6 integrin subunit gene expression
21 days following bleomycin instillation and compared with control. mRNA
was quantified by real-time PCR and normalized to 18s RNA. *P � 0.05
comparison with saline group, n � 3 saline, n � 3 bleomycin.
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10F) that colocalized in the lung epithelium. To determine
whether a similar effect was observed in patients with
idiopathic pulmonary fibrosis, specimens of lung tissue
from biopsies showing UIP were analyzed and compared
with controls. In normal human lung tissue samples (Fig-
ure 11A) �v�6 integrin (Figure 11C) and LPA2 (Figure
11E) are expressed at low levels. However in areas of
fibrosis from patients with IPF (Figure 11B) there is a large
up-regulation of �v�6 integrins in the epithelium (Figure
11D) and also a large up-regulation of LPA2, which lo-
calizes both to the epithelium and mesenchymal cells
within regions of fibrosis (Figure 11F) in all samples as-
sessed. However there is clear co-expression of both
�v�6 integrins (Figure 11G) and LPA2 (Figure 11H) in
epithelial cells at the edge of areas of dense fibrosis.
These results suggest that the LPA2 receptor could me-
diate LPA signaling to �v�6 integrins during the devel-
opment of pulmonary fibrosis.

Discussion

We have previously shown that during the development
of lung injury the �v�6 integrin must be activated by
inflammatory mediators in order for the �v�6 integrin to
activate TGF-�.12,14 Previous data highlighted that throm-
bin and synthetic agonists of the GPCR PAR1 induce
�v�6 integrin-mediated TGF-� activation in epithelial

cells and that this was important in the pathogenesis of
acute lung injury.12 Whether the effect of PAR1 agonists
on �v�6 integrin-mediated TGF-� activation was indica-
tive of GPCRs in general, or how GPCR agonists might
signal to the �v�6 integrin to induce TGF-� activation in
epithelial cells were unknown. Having shown that PAR1
stimulation of fibroblasts engineered to express the �v�6
integrin leads to TGF-� activation via RhoA, we used the
potent RhoA activator LPA in these studies. We con-
firmed that LPA is able to induce �v�6 integrin-mediated
TGF-� activation in epithelial cells via a RhoA and Rho
kinase pathway. We discovered that the LPA signal to the
�v�6 integrin is mediated via the LPA2 receptor. Further-
more, we demonstrate that agonist-induced, �v�6 inte-
grin-mediated, TGF-� activity requires G�q. Finally we
show that the expression of LPA2 and �v�6 integrin is
spatially associated in the lung, and these molecules are
increased in areas of fibrosis following bleomycin instil-
lation and in regions of fibrosis in patients with usual

Figure 10. LPA2 receptor and the �v�6 integrin co-associate in regions
adjacent to areas of fibrosis following bleomycin instillation. Paraffin-em-
bedded lung sections were obtained 21 days after bleomycin instillation, or
saline control. Immunohistochemistry for the �v�6 integrin, and LPA2 recep-
tor was performed. Representative sections of control lung (A, C, E) show no
immunostaining for �v�6 integrin (C) or LPA2 (E). In bleomycin-instilled
mice, matrix deposition is observed on Masson’s Trichrome staining (B) and
there is a robust increase in alveolar �v�6 integrin expression (D), and in
parallel sections LPA2 expression is up-regulated in alveolar cells associated
with areas of lung injury and fibrosis (F). Masson’s trichrome; magnifica-
tion � original � 100. Immunostaining; magnification � original � 400.

Figure 11. LPA2 receptor and the �v�6 integrin are increased and co-
associate in regions of fibrosis in samples from patients with IPF. Paraffin-
embedded lung sections were obtained from patients that had undergone
lung biopsy for IPF (n � 7), or non-fibrotic control (n � 4). Masson’s
trichrome staining was performed to assess fibrosis (A and B). Immunohis-
tochemistry for the �v�6 integrin, and LPA2 receptor was performed. Rep-
resentative sections of control lung (A, C, E) show no immunostaining for
�v�6 integrin (C) or LPA2 (E). In areas of fibrosis from UIP patient sections,
matrix deposition was observed on Masson’s Trichrome staining (B). There
was a robust increase in alveolar �v�6 integrin expression (D) and a smaller
increase in LPA2 expression in alveolar cells associated with areas of fibrosis
(F). However, LPA2 was also up-regulated in mesenchymal cells within
regions of fibrosis. Magnification � original � 100. At higher power there
was clear colocalization of both (G) the �v�6 integrin and (H) the LPA2
receptor to alveolar epithelial cells lining areas adjacent to dense fibrosis.
(Magnification � original � 400).
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interstitial pneumonia. These studies indicate that GPCR
agonists induce �v�6 integrin-mediated TGF-� activation
in epithelial cells via LPA2, G�q, RhoA and Rho kinase,
and that this pathway could contribute to the pathogen-
esis of pulmonary fibrosis.

LPA receptors are GPCRs that couple to the heterotri-
meric G proteins G�i, G�q, and G�12/13.44 In wild-type
MEFs engineered to express the �v�6 integrin, LPA in-
duced �v�6-mediated TGF-� activation, which was not
inhibited by the G�i inhibitor pertusis toxin. Previous data
in MEFs,12 as well as the data in this study, suggest RhoA
is a critical mediator in �v�6 integrin-mediated TGF-�
activation. It is therefore not surprising that G�i is not
central to this pathway, as G�i is believed to activate
Rac1, but not RhoA, via G��-dimers and involvement of
phosphoinositide 3-kinase.45,46 It is well established that
the G proteins G�12 and G�13 can lead to activation of
RhoA.47,48 We therefore hypothesized that the LPA to
�v�6 signal would be via a G�12/13 pathway. Using cells
null for the G�12 and G�13 proteins again engineered to
express the �v�6 integrin we demonstrated that basal
�v�6 integrin-mediated TGF-� activation was low, con-
sistent with the low basal RhoA activity observed in these
cells.49 However, somewhat surprisingly, we found that
LPA stimulation of g�12/13 null cells potently induced
�v�6-mediated TGF-� activation. In contrast, there was
no response to LPA stimulation in G�q null cells. The
possibility that g�q null cells have constitutively high
RhoA activity, and therefore could not be further acti-
vated, was considered but thought unlikely. The RhoA
activity in g�q null cells has been previously assessed
and the basal activity is similar to wild-type MEFs.49 How-
ever LPA stimulation of wild-type cells induced higher
levels of RhoA activation than stimulation of g�q

�/�

MEFs.49 These data are consistent with our observations
that wild-type and g�q

�/� MEFs have similar basal �v�6
integrin-mediated TGF-� activity, but that only wild-type
MEFs can respond to LPA stimulation by increasing
TGF-� activation.

To ensure that the observations in MEFs were robust
and did not reflect the effects of redundancy or compen-
sation, we stimulated primary epithelial cells with LPA in
the presence of a specific inhibitor of G�q, GP-2A.42,50,51

The finding that GP-2A inhibited �v�6-dependent TGF-�
activity in a concentration-dependent manner supports
the hypothesis that G�q is responsible for LPA-induced
�v�6 integrin-mediated TGF-�. G�q can activate RhoA in
a number of cells including MEFs,49 platelets52 and en-
dothelial cells,53–55 although as far as we are aware this
is the first report of this effect in primary epithelial cells.

It is intriguing that G�12/13
�/� MEFs engineered to

express the �v�6 integrin have low levels of basal �v�6-
mediated TGF-� activation when compared with both
G�q

�/� and wild-type MEFs, despite similar, high levels
of total TGF-�. Furthermore, the level of TGF-� generated
by fibroblasts is in considerable excess of that which can
be activated by the �v�6 integrin. These observations
suggest that the amount of total TGF-� generated by
these cells is not limiting the magnitude of LPA-induced,
�v�6- mediated TGF-� activation. It is currently hypoth-
esized that integrin-mediated TGF-� activation is con-

trolled by contractile forces transmitted to the cytoplas-
mic domain of the integrin that is bound to the small latent
TGF-� complex, which in turn is tethered either to the cell
surface or extracellular matrix via LTBP1.14,25,26 It is
therefore possible that G�12/13

�/� MEFs have low basal
�v�6 integrin mediated TGF-� activity because of re-
duced basal cell contraction as a consequence of re-
duced basal RhoA activity.49 However, given the wide
variability in basal �v�6- mediated TGF-� activation
among MEF cell lines, it is difficult to draw mechanistic
conclusions from this observation.

Having determined that G�q was central for agonist
induced �v�6 integrin-mediated TGF-� activation, we
wanted to determine which LPA receptor was responsi-
ble for coupling to G�q and promoting �v�6 integrin-
mediated TGF-� activation. Using a number of tech-
niques, we highlighted that LPA2 was expressed at a
high level in the appropriate cell type (ie, lung epithelial
cells) both in vivo and in vitro. Both MEFs from lpa2�/�

mice infected with human �6, as well as MEF�6’s trans-
duced with shRNA directed against LPA2 inhibited LPA-
induced, �v�6 integrin-mediated, TGF-� activation. In
contrast, the use of an LPA1 and 3 inhibitor and MEFs
from lpa1�/� mice, infected with human �6, both failed to
inhibit it. There are five LPA receptors1–5 and mice null for
the LPA1 and LPA2 receptor have been generated. LPA1
expression is widespread throughout the body. There is
50% embryological lethality in lpa1�/� mice whereas
LPA2 expression is low in normal tissue, and lpa2�/�

mice displayed no obvious phenotypic abnormali-
ties.56,57 Recently it has been shown that lpa1�/� mice
are protected from bleomycin-induced fibrosis. The pro-
posed mechanism for this is via reduced vascular leak
and fibroblast chemotaxis with LPA1 coupling to the
small G protein G�i.

33 This would be consistent with our
observations that LPA1 is highly expressed in vascular
endothelium and submucosal layer of the larger airways
(data not shown). LPA has also been shown to induce
IL-8-mediated pulmonary inflammation when instilled into
the lungs of mice;31 again this is thought to be mediated
via LPA1 and G�i.

31,58 It would appear, therefore, that
LPA2 maybe responsible for coupling to G�q in epithelial
cells leading to �v�6 integrin-mediated TGF-� activation,
whereas LPA1 may preferentially signal via G�i in mes-
enchymal cells.

The effect of LPA release following lung injury could,
therefore, be to induce profibrotic signals through both
receptors, with LPA2 promoting TGF-� activation and
matrix synthesis, and LPA1 promoting inflammation and
vascular leak. It is also possible that the effects of LPA
could be cell type specific. We have observed high levels
of LPA2 in areas of dense fibrosis from patients with IPF,
both in epithelial cells associated with increased �v�6
integrin expression, and also in mesenchymal cells. Re-
cent data has suggested that cell traction in myofibro-
blasts, a key cell type in the pathogenesis of idiopathic
pulmonary fibrosis, leads to �v�5-mediated TGF-� acti-
vation.26 It is also known that other activators of RhoA
such as thrombin can both activate TGF-� via the �v�6
integrin and promote fibrogenesis.12,59,60 It is therefore
possible that following lung injury, RhoA activators may
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act to promote pulmonary fibrosis, through structural cell
contraction and TGF-� activation by various different in-
tegrins, in a cell-specific manner, although studies to test
this hypothesis in vivo have yet to be performed.

Our results demonstrate for the first time that LPA can
induce �v�6-mediated TGF-� activation in human epithe-
lial cells via a G�q-mediated RhoA activation pathway.
We present data that spatially and temporally associates
the LPA2 receptor and �v�6 integrin during the develop-
ment of lung fibrosis. These data highlight the potential
relevance of this pathway to the development of disease.
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