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Abstract

We have demonstrated earlier that lysophosphatidic acid (LPA)-induced interleukin-8 (IL-8)
secretion is regulated by protein kinase Co (PKC4)-dependent NF-xB activation in human bronchial
epithelial cells (HBEpCs). Here we provide evidence for signaling pathways that regulate LPA-
mediated transactivation of epidermal growth factor receptor (EGFR) and the role of cross-talk
between G-protein-coupled receptors and receptor-tyrosine kinases in I1L-8 secretion in HBEpCs.
Treatment of HBEpCs with LPA stimulated tyrosine phosphorylation of EGFR, which was attenuated
by matrix metalloproteinase (MMP) inhibitor (GM6001), heparin binding (HB)-EGF inhibitor (CRM
197), and HB-EGF neutralizing antibody. Overexpression of dominant negative PKCo or
pretreatment with a PKCS¢ inhibitor (rottlerin) or Src kinase family inhibitor (PP2) partially blocked
LPA-induced MMP activation, proHB-EGF shedding, and EGFR tyrosine phosphorylation. Down-
regulation of Lyn kinase, but not Src kinase, by specific small interfering RNA mitigated LPA-
induced MMP activation, proHB-EGF shedding, and EGFR phosphorylation. In addition,
overexpression of dominant negative PKCo blocked LPA-induced phosphorylation and translocation
of Lyn kinase to the plasma membrane. Furthermore, down-regulation of EGFR by EGFR small
interfering RNA or pretreatment of cells with EGFR inhibitors AG1478 and PD158780 almost
completely blocked LPA-dependent EGFR phosphorylation and partially attenuated IL-8 secretion,
respectively. These results demonstrate that LPA-induced IL-8 secretion is partly dependent on
EGFR transactivation regulated by PKCd-dependent activation of Lyn kinase and MMPs and proHB-
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EGF shedding, suggesting a novel mechanism of cross-talk and interaction between G-protein-
coupled receptors and receptor-tyrosine kinases in HBEpCs.

Lysophosphatidic acid (LPA)? is a bioactive phospholipid that is present as a natural
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constituent in plasma and tissues and plays important roles in cellular responses such as

proliferation, differentiation, motility, and cytoskeletal organization under normal and

pathological conditions (1-4). Many of the cellular responses of LPA occur in the nanomolar
to micromolar range by binding to specific LPA receptors, LPA_4, which belong to the
endothelial differentiation gene family of G-protein-coupled receptors (GPCRs) (5-8). Ligation
of LPA to LPA_4 leads to modulation of signal transduction pathways such as changes in
[CaZ*);, activation of protein kinase C, Src kinase, mitogen-activated protein kinases (MAPKS),
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phosphatidylinositol 3-kinase, phospholipases, and Pyk2 (9-11). We have reported that
LPA_3 were present in human bronchial epithelial cells (HBEpCs) (12), and LPA-induced
stimulation of IL-8 gene expression and secretion was dependent on changes in intracellular
Ca?*, activation of PKCJ, and transcription of nuclear factor-«B (NF-«xB) and AP-1 (13-15).
Furthermore, overexpression of lipid phosphate phosphatase-1 attenuated LPA-induced IL-8
formation by attenuating intracellular signaling pathways, such as changes in [Ca%*]; and
translocation of NF-xB to the nucleus (14).

Although LPA-induced modulation of signaling pathways are primarily via its cognate
receptors, transactivation of the epidermal growth factor receptor (EGFR) by GPCRs has been
identified as a key link to the MAPK signaling pathway in ovarian cancer cells (16), the liver
epithelial cell line (C9) (17), vascular smooth muscle cells (18), prostate cancer cells (19,20),
and PC12 cells (21). EGFR, similar to other growth factor receptors, is activated by forming
homao- or heterodimers upon interactions with ligands such as EGF or heparin binding-EGF
(HB-EGF) or tumor growth factor-« that are shedded by activated matrix metalloproteinases
(MMPs) (22-25). Additional mechanisms of receptor-tyrosine kinase (RTK) transactivation
by GPCRs not affected by MMP inhibitors have been described that utilize protein platforms
comprising of G-protein receptor kinase 2, g-arrestin, and adaptor proteins (26,27). In addition
to transactivation of EGFR, LPA also stimulated tyrosine phosphorylation of PDGFR (12,
28,29). In HBEpC:s, ligation of the LPA receptors by LPA resulted in increased tyrosine
phosphorylation of PDGFRS by a transactivation mechanism that involved phospholipase D
(PLD) 2- but not PLD1-dependent signal transduction (12). Furthermore, in HBEpC activation
of MAPK by LPA was dependent in part on GPCR-mediated transactivation of PDGFRf
(12).

Interleukin-8 (IL-8) is a potent chemoattractant for neutrophils and plays a pivotal role in innate
immunity and angiogenesis (30-34). IL-8 level is elevated in bronchoalveolar lavage fluids
from chronic obstructive pulmonary disease and asthmatic patients (34-36). Also, exposure of
bronchial epithelial cells to histamine, ozone, smoke extract, and virus enhanced secretion of
IL-8 (37-39). In primary bronchial epithelial cells and the Beas-2B epithelial cell line, the
cigarette smoke-induced 1L-8 secretion was blocked by neutralizing anti-EGFR (40). LPA is
a potent regulator of 1L-8 gene expression and secretion in HBEpCs (13,14); however,
mechanisms of LPA-mediated transactivation of EGFR by LPA and involvement of this cross-
talk between GPCR and EGFR in IL-8 secretion have not been defined. In the present study
we have examined the mechanisms of regulation of EGFR transactivation by LPA receptors
and the role of this cross-talk between GPCR and RTK in LPA-mediated IL-8 production in
HBEpCs. We provide evidence that EGFR transactivation in response to LPA predominantly
depends on PKCd-medicated activation of Lyn kinase, MMP, and proHB-EGF shedding.
Furthermore, down-regulation of EGFR by EGFR-specific small interfering RNA (SiRNA)
partially attenuated LPA-induced IL-8 secretion. These data suggest that in HBEpCs, LPA-
mediated transactivation of EGFR represents an important regulatory pathway in controlling
part of IL-8 production in addition to LPA-dependent NF-«B/AP-1 transcriptional activation
via cognate LPA receptors.

EXPERIMENTAL PROCEDURES

Materials

1-Oleoyl (18:1) LPA was purchased from Avanti Polar Lipids (Alabaster, AL). Antibodies to
phospho-1xB (Ser-32), c-Src, c-Fyn, c-Yes, c-Lyn, and extracellular signal-related kinase were
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). The antibody for PKC¢ was purchased
from BD Biosciences. Antibodies to LPA, LPA,, and LPAg were from Life-Span BioSciences
(Seattle, WA). Antibodies to EGF receptor and phospho-EGF receptors (tyrosines 845, 945,
1048, and 1068) were procured from Cell Signaling Technology (Beverly, MA), and the
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antibody to phospho-EGF receptor (tyrosine 1173), human recombinant EGF, and human
recombinant HB-EGF were from Upstate Biotechnology (Lake Placid, NY). The antibody to
proHB-EGF was purchased from R&D Systems, Inc. (Minneapolis, MN). MMP2/9 inhibitor
(MMP2/9i), PD158780, GM6001, diphtheria toxin, CRM mutant (CRM 197), and pertussis
toxin were purchased from Calbiochem. Rottlerin and AG1478 were from Biomol (Plymouth
Meeting, PA). Transfection reagent was from Qiagen (Valencia, CA). Horseradish peroxidase-
conjugated goat anti-rabbit, anti-mouse, and Alexa Fluor-488 goat anti-rabbit and anti-mouse
were purchased from Molecular Probes (Eugene, OR). The ECL kit for the detection of proteins
by Western blotting was obtained from Amersham Biosciences. The ELISA kit for IL-8
measurement was purchased from BIOSOURCE International Inc. (Camarillo, CA). All other
reagents were of analytical grade.

Primary human bronchial epithelial cells were isolated from normal human lung obtained from
lung transplant donors following previously described procedures (41,42). The isolated Pg
HBEpCs were seeded at a density of 1.5 x 10% cells/cm? onto vitrogen-coated (1:75 in sterile
water, Cohesion, Palo Alto, CA) P-100 dishes in basal essential growth medium (supplied by
Clonetics, BioWhittaker, Walkersville, MD) that was serum-free and supplemented with
growth factors. Cells were incubated at 37 °C in 5% CO, and 95% air to ~80% confluence and
subsequently propagated in 35-mm or 6-well collagen-coated dishes. All experiments were
carried out between passages 1 and 4.

Measurement of IL-8 Secretion

HBEpCs were cultured in 6-well plates. After pretreatment with or without AG1478 or
PD158780 or EGFR siRNA, cells were challenged in BEBM containing 0.1% bovine serum
albumin with or without LPA, EGF, or HB-EGF at the indicated concentrations for 3 h. At the
end of the experiment cell supernatants were collected, centrifuged at 1000 x g for 5 min at 4
°C, and frozen at -80 °C for later analysis of IL-8 by ELISA, which was performed according
to the manufacturer’s instructions.

Transfection of Adenoviral Constructs

Infection of HBEpCs (~60% confluence) with purified empty adenoviral vector and adenoviral
vectors of PKCd dominant negative or mouse lipid phosphate phosphatase-1 wild type were
carried out in 6-well plates as described previously (13,14). After infection with different m.o.i.
in 1 ml of basal essential growth medium for 48 h, the virus-containing medium was replaced
with complete BEBM, and experiments were performed.

Preparation of Cell Lysates and Western Blotting

After the indicated treatments, HBEpCs were rinsed twice with ice-cold phosphate-buffered
saline and lysed in 200 ul of buffer containing 20 mM Tris-HCI (pH 7.4), 150 mM NaCl, 2
mM EGTA, 5 mM g-glycerophosphate, 1 mM MgCly, 1% Triton X-100, 1 mM sodium
orthovanadate, 10 pg/ml protease inhibitors, 1 xg/ml aprotinin, 1 xg/ml leupeptin, and 1 xg/ml
pepstatin. Cell lysates were incubated at 4 °C for 10 min, sonicated on ice for 10 s, and
centrifuged at 5000 x g for 5 min at 4 °C in a microcentrifuge. Protein concentrations were
determined with a BCA protein assay kit (Pierce) using bovine serum albumin as the standard.
Equal amounts of protein (20 xg) were subjected to 10% or 12% SDS-PAGE gels, transferred
to polyvinylidene difluoride membranes, blocked with 5% (w/v) nonfat dry milk in TBST (25
mM Tris-HCI (pH 7.4), 137 mM NaCl, and 0.1% Tween 20) for 1 h, and incubated with primary
antibodies in 5% (w/v) bovine serum albumin in TBST for 1-2 h at room temperature. The
membranes were washed at least 3 times with TBST at 15-min intervals and then incubated
with either mouse or rabbit horseradish peroxidase-conjugated secondary antibody (1:3000
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dilution) forlhat room temperature. The membranes were developed with enhanced
chemiluminescence detection system according to the manufacturer’s instructions.

Transfection of siRNA for EGFR, Src Kinase, and Lyn Kinase

Smartpool RNA duplexes corresponding to EGFR, Src kinase, and Lyn kinase were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Scrambled control #2 siRNA was from
Dharmacon Research Inc (Lafayette, CO). HBEpCs (P1 or P2) were cultured onto 6-well plates.
At 40-50% confluence, transient transfection of siRNA was carried out using Transmessenger
Transfection Reagent (Qiagen, Valencia, CA). Briefly, siRNA (100 nM) was condensed with
Enhancer R and formulated with Transmessenger reagent according to the manufacturer’s
instruction. The transfection complex was diluted into 900 «I of BEBM medium and added
directly to the cells. The medium was replaced with complete basal essential growth medium
after 3 h. Cells were analyzed at 72 h after transfection by Western blotting.

Immunocytochemistry

HBEpCs grown on coverslips to ~80% confluence were challenged with LPA (1 uM) for 15
min. Coverslips were rinsed with phosphate-buffered saline and treated with 3.7%
formaldehyde in phosphate-buffered saline at room temperature for 20 min. After washing
with phosphate-buffered saline, coverslips were incubated in blocking buffer (1% bovine
serum albumin in TBST) for 1 h, and cells were subjected to immunostaining with total EGFR
antibody or Lyn antibody (1: 200 dilution) for 1 h and washed 3 times with TBST followed by
staining with Alexa Fluor 488 (1:200 dilution in blocking buffer) for 1 h. After washing at least
three times with TBST, the coverslips were mounted using commercial mounting medium for
fluorescent microscopy (Kirkegaard and Perry laboratories, Gaithersburg, MD) and were
examined by immunofluorescent microscope with Hamamatsu digital camera using a 60% oil
immersion objective and MetaVue software.

Gelatinase Zymography Assay

HBEpCs were infected with empty adenoviral vector or dominant negative PKC4 (25 m.o.i.)
for 48 h or pretreated with GM6001 for 1 h or transfected with Lyn siRNA or scrambled siRNA
for 72 h and then challenged with LPA (1 xM) for 10 min. The medium was collected and
centrifuged at 1000 x g for 10 min to remove cell debris. 500 I of medium were concentrated
using MILIPORE TM-10 kit, and an equal volume was subjected to 10% Novex-Casien
zymography gels (Invitrogen). Gels were incubated in renaturing solution (Invitrogen) for 30
min and then incubated in developing solution for 30 min. After replacement with new
developing solution (Invitrogen), incubations were continued at 37 °C for an additional 20 h.
Gels were stained with SimplyStain solution (Invitrogen) for 30 min and destained by using
water for 24 h. MMP activity was visualized as clear areas.

In Vivo Phosphorylation of Lyn Kinase by [32P]Orthophosphate

HBEpCs (~60% confluence in 35-mm dishes) were infected with empty adenoviral vector or
dominant negative PKCo expression vector (25 m.o.i.) for 48 h, and cells were then labeled
with [32P]orthophosphate (50 Ci/ml) in BEBM medium for 3 h. The radioactive medium was
aspirated, and cells were exposed to LPA (1 M) in BEBM medium for 15 min. Total cell
lysates (~500 g of protein) were subjected to immunoprecipitation with anti-Lyn antibody
(50 pg/ml) for 18 h, immunoprecipitates were separated by SDS-PAGE, and images were
analyzed by autoradiography.

RNA Isolation and Real-time Reverse Transcription-PCR

Total RNA was isolated from cultured HBEpCs using TRIzol® reagent (Invitrogen) according
to the manufacturer’s instructions, and RNA was quantified by spectrophotometry. cDNA was
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prepared using the iScript cDNA synthesis kit (Bio-Rad). Primers for human IL-8 and 18 S
were designed using Beacon Designer 2.1 software (15). Real-time PCR was performed using
iQ SYBR Green Supermix and the iCycler real-time PCR detection system (Bio-Rad). The -
fold change in expression of IL-8 mMRNA relative to 18 S RNA was calculated based on the
threshold cycle (Ct) as 2-(IL-8 threshold Cycle)/z-(18 S threshold cycle) x 106.

Statistical Analyses

RESULTS

All results were subjected to statistical analysis using one-way analysis of variance and,
whenever appropriate, analyzed by Student-Newman-Keuls test. Data are expressed as the
means * S.D. of triplicate samples from at least three independent experiments, and the level
of significance was taken to p < 0.05.

LPA-induced EGFR Tyrosine Phosphorylation Is Sensitive to Pertussis Toxin

Transactivation of RTKs by several GPCR ligands has been well documented (16-29), and we
have recently shown that generation of phosphatidic acid (PA) by phospholipase D2 activation
is involved in LPA-induced PDGFRg tyrosine phosphorylation and downstream signaling in
HBEpCs (12). Here we examined the cross-talk between LPA receptors and EGFR in LPA-
induced IL-8 secretion. HBEpPCs challenged with LPA and EGFR activation was studied by
Western blotting with phosphotyrosine-specific EGFR antibodies (specific for tyrosine
residues at 845, 992, 1068, and 1173). As shown in Fig. 1A, stimulation of cells with LPA (1
#M) for 15 min increased EGFR tyrosine phosphorylation on Tyr-845, Tyr-925, Tyr-1068, and
Tyr-1173. Because tyrosine phosphorylation of Tyr-1173 is essential for EGFR activation, we
used anti-phospho-Tyr-1173-EGFR antibody to determine EGFR activation in all the
experiments. Furthermore, LPA-stimulated EGFR phosphorylation was dose-dependent with
maximal tyrosine phosphorylation seen with 1 «M LPA (Fig. 1B). To confirm the results from
Western blotting, HBEpCs grown on glass coverslips were stimulated with LPA (1 uM) for
15 min, and phosphorylated EGFR was localized by indirect immunofluorescence. As shown
in Fig. 1C, LPA (1 uM) significantly increased immunostaining for phosphorylated EGFR on
the plasma membrane and concentrated in areas of lamellipodia. Treatment of cells with EGF
(20 ng/ml, 15 min) showed much stronger phosphorylation of EGFR compared with LPA in
and around the plasma membrane (data not shown). Because LPA;_3 are coupled to a variety
of heterotrimeric G proteins (5-8) and LPA-induced PDGFR/ phosphorylation is coupled to
Gij (12), we investigated the role of G; in LPA-induced EGFR phosphorylation. HBEpCs were
pretreated with pertussis toxin (100 ng/ml, 3 h) before stimulation with LPA (1 xM) for 15
min. As shown in Fig. 1D, pertussis toxin significantly and almost completely attenuated the
LPA-induced EGFR phosphorylation (~85% inhibition), suggesting that LPA-induced
tyrosine phosphorylation of EGFR is coupled to G;.

LPA-induced EGFR Transactivation Involves proHB-EGF Shedding

In various cell types the GPCR ligand-induced transactivation of EGFR is mediated by proHB-
EGF shedding via activation of MMPs (22-25). To characterize the mechanism(s) of
transactivation of EGFR by LPA in HBEpCs, we examined the effect of CRM 197 on LPA-
induced proHB-EGF shedding by immunodetection of total cell lysates with a specific antibody
that recognizes the ectodomain of proHB-EGF. Fig. 2A shows that in HBEpCs, LPA (1 uM)
treatment for 15 min stimulated tyrosine phosphorylation of EGFR and significantly decreased
the total proHB-EGF level in the cells, which were attenuated by pretreatment of cells with
CRM 197 (10 ng/ml), a non-toxic mutant of diphtheria toxin that binds specifically to HB-EGF
(Fig. 2, Aand B). To further confirm the effect of CRM 197 on HB-EGF shedding, the addition
of neutralizing antibody to proHB-EGF in the medium prevented LPA-induced EGFR
phosphorylation (Fig. 2C). Furthermore, stimulation of cells with 1, 10, and 100 ng/ml HB-
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EGF for 15 min increased EGFR tyrosine phosphorylation (Fig. 2D). These results demonstrate
that LPA-induced EGFR transactivation is dependent on release of HB-EGF.

Involvement of Matrix Metalloproteinases in LPA-induced proHB-EGF Shedding and EGFR
Transactivation

Matrix metalloproteinases have been implicated in the transactivation of EGFR by LPA and
other GPCRs (22-25). To examine whether LPA-induced proHB-EGF shedding is dependent
on activation of matrix metalloproteinases, we used galardin (GM 6001), a broad-spectrum
MMP inhibitor. As shown in Fig. 3A, GM 6001 (20 «M) pretreatment attenuated LPA-induced
MMP9 activation, as determined by gelatin zymography. Furthermore, GM 6001 also reduced
proHB-EGF shedding (Fig. 3B) and tyrosine phosphorylation of EGFR (Fig. 3C). The role of
MMP2/9 in transactivation of EGFR by LPA was further confirmed with a specific inhibitor,
MMP2/9i. In HBEpCs, MMP2/9i (0.1 and 1 M) pretreatment significantly blocked LPA-
mediated tyrosine phosphorylation of EGFR (Fig. 3D). These results suggest a role for
MMP2/9 in LPA-mediated transactivation of EGFR in HBEpCs.

Role of PKC& in LPA-induced MMP Activation, proHB-EGF Shedding, and EGFR
Transactivation

Earlier, we have demonstrated that LPA-induced IL-8 secretion was dependent on PKC4d
activation (13). Also, in African green monkey kidney Vero cells overexpressing human
proHB-EGF, a PKC-dependent mechanism to yield soluble HB-EGF by phorbol ester has been
demonstrated (43). To further understand the mechanism(s) of transactivation of EGFR by
LPA, we examined whether LPA-induced EGFR transactivation is regulated by PKCo
previously identified in HBEpCs (13). Infection of HBEpCs with adenoviral vectors of the
catalytically inactive mutant of PKC¢ showed that dominant negative PKC¢ effectively
blocked LPA-induced EGFR tyrosine phosphorylation. Infection of HBEpCs with the
dominant negative PKCJ at varying multiplicities of infection for 48 h resulted in
overexpression of the protein (Fig. 4A). As shown in Fig. 4A, overexpression of dominant
negative PKCo significantly blocked LPA-mediated EGFR tyrosine phosphorylation at 10 and
25 m.o.i. of infection. Similarly, pretreatment of cells with rottlerin forlhina dose-dependent
manner attenuated LPA-induced EGFR tyrosine phosphorylation (Fig. 4B). Next, we
determined the role of PKCo¢ in LPA-induced activation of MMP9 and proHB-EGF shedding.
Overexpression of dominant negative PKCo (10 m.o.i., 48 h) partially attenuated LPA-induced
MMP9 activity (Fig. 5A) and proHB-EGF shedding (Fig. 5B), suggesting that signaling via
PKCyd is essential for LPA-induced MMP activation, proHB-EGF shedding, and EGFR
transactivation in HBEpCs.

Lyn Kinase, but Not Src Kinase, Regulates LPA-induced EGFR Transactivation

In addition to PKC, several other intermediate signaling molecules such as Ca2*, Src, and Pyk2
may mediate GPCR-induced RTK transactivation (24-27). However, the role of the Src family
of non-receptor kinases in proHB-EGF shedding and EGFR tyrosine phosphorylation is
unclear. Therefore, we investigated the role of the Src kinase family on MMP activation,
proHB-EGF release, and EGFR transactivation by LPA in HBEpCs. HBEpCs were pretreated
with PP2 (1 uM) for 1 h before challenge with LPA (1 xM) for 15 min. As shown in Fig. 6A,
PP2 attenuated LPA-induced phosphorylation of EGFR at tyrosine site (Tyr-1173).
Information on the relative expression of different Src family non-receptor kinases in primary
HBEpCs is scarce, and therefore, we assessed protein expression of Src, Lyn, Yes, and Fyn in
HBEpCs. Analysis of the whole cell lysates by Western blotting with specific antibodies
revealed the presence of Src, Lyn, Yes, and Fyn with the relative amounts of Src > Lyn > Yes
> Fyn (Fig. 6B). Because PP2 blocks the kinase activity of all the members of the Src family
of non-receptor kinases, we employed siRNA for Src and Lyn to down-regulate the mRNA
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and protein expression levels. The efficacy of the sSiRNA employed was determined by Western
blotting for the protein expression of Src and Lyn. As shown in Fig. 6C, transfection of cells
with siRNA for Src or Lyn specifically blocked the expression of either Src or Lyn proteins,
indicating a high degree of specificity in down-regulation without affecting other family
member(s). Next we investigated the effect of Src or Lyn siRNA on LPA-induced EGFR
activation. HBEpCs were transfected with siRNA for Src or Lyn for 72 h before exposure to
LPA (1 xM) for 15 min. As shown in Fig. 6, D and E, Lyn but not Src sSiRNA attenuated LPA-
induced tyrosine phosphorylation of EGFR. These data show the involvement of Lyn but not
Src in LPA-induced activation of EGFR in HBEpCs.

Lyn siRNA Attenuates LPA-induced MMP Activation and proHB-EGF Shedding

To further characterize the role of Lyn in LPA-induced MMP activation and proHB-EGF
shedding, HBEpCs were transfected with Lyn siRNA (100 nM) for 72 h, cells were challenged
with LPA (1 M) for 15 min, and MMP9 activation and proHB-EGF shedding were determined
by gelatinase zymography or Western blotting, respectively. LPA-induced MMP9 activation
and proHB-EGF shedding were attenuated by Lyn siRNA (Fig. 7, A and B). These results
demonstrate that the Src non-receptor tyrosine kinase family member, Lyn, regulates MMP9
activation and proHB-EGF shedding in response to LPA in HBEpCs.

PKCd Regulates LPA-induced Lyn Phosphorylation and Translocation to Plasma Membrane

It has been reported that PKCo regulates Src kinase activity (44). Therefore, to further
characterize the signaling cascade(s) of EGFR transactivation by LPA, we examined whether
PKCg is involved in LPA-induced Lyn activation in HBEpCs. HBEpCs were transfected with
adenoviral dominant negative PKCo (10 m.o.i.) for 48 h and incubated with [32P]
orthophosphate for 3 h. Cells were challenged with media alone or media containing LPA (1
4M) for 15 min, 32P-labeled Lyn kinase was immunoprecipitated with anti-Lyn antibody, and
phosphorylation of Lyn kinase was detected by autoradiography of proteins separated by SDS-
PAGE. As shown in Fig. 8A, LPA stimulated autophosphorylation of Lyn kinase, and
overexpression of dominant negative PKC¢ attenuated phosphorylation of Lyn kinase.
Furthermore, overexpression of dominant negative PKCo (10 m.o.i.) blocked LPA-induced
Lyn kinase translocation to the plasma membrane as evidenced by immunofluorescence
microscopy (Fig. 8B).

EGFR Transactivation Partially Regulates LPA-induced IL-8 Secretion and Gene Expression

in HBEpCs

Earlier we showed that LPA-mediated 1L-8 secretion was dependent on [Ca2*];, PKCS
activation, and p38 MAPK- and c-Jun NH,-terminal kinase-dependent transcriptional
regulation of NF-«xB and AP-1 in HBEpCs (13-15). Our current results demonstrate that LPA
transactivates EGFR; however, the relative contribution of LPA-mediated EGFR
transactivation and signal transduction in IL-8 secretion is unknown. To determine the role of
EGFR transactivation by LPA in IL-8 secretion, EGFR protein expression was down-regulated
by EGFR siRNA. Transfection of HBEpCs with EGFR siRNA for 72 h down-regulated EGFR
protein expression by ~90% compared with control siRNA-transfected cells (Fig. 9A). Under
similar transfection conditions, EGFR siRNA blocked both EGF- and LPA-induced EGFR
tyrosine phosphorylation (Fig. 9A). Furthermore, transfection of cells with the EGFR siRNA
had no effect on the protein expression of Neu, another member of the EGFR family, or
LPA;_3, indicating the specificity of the sSiRNA on the EGFR (Fig. 9, B and C).

To further determine the role of EGFR transactivation in LPA-induced IL-8 secretion, HBEpCs
were transfected with EGFR siRNA to down-regulate EGFR followed by LPA (1 uM)
challenge for 3 h, and secreted IL-8 was determined by ELISA. LPA treatment increased IL-8
secretion by 16-fold (vehicle, 0.15 pg/ug of total protein; LPA, 2.35 pg/ug of total protein),
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whereas EGFR siRNA transfection attenuated LPA-induced IL-8 secretion by ~65% (0.81 pg/
ug of total protein) (Fig. 10A). Furthermore, EGFR siRNA transfection partly blocked IL-8
secretion by EGF (20 ng/ml for 3 h) or HB-EGF (10 ng/ml for 3 h) (Fig 10B). The role of
EGFR transactivation by LPA in IL-8 secretion was confirmed with EGFR tyrosine kinase
inhibitors AG1478 and PD158780. Pretreatment of HBEpCs with AG1478 (0.1 and 0.5 uM)
or PD158780 (50 nM) reduced both basal and LPA-induced EGFR tyrosine phosphorylation
and attenuated IL-8 secretion (Fig. 11, A and B). These results show that LPA-induced IL-8
secretion in HBEpCs is partly dependent on EGFR transactivation that involves activation of
PKCJd, Lyn kinase, and MMP and shedding of proHB-EGF.

Our previous studies have shown that LPA increased I1L-8 gene expression (15); therefore, we
investigated whether EGFR transactivation by LPA is involved in partial regulation of IL-8
gene expression. As shown in Fig. 12, treatment of HBEpCs to EGF (20 ng/ml) for 3 h
stimulated IL-8 gene expression by ~27-fold compared with cells exposed to medium alone
(Fig. 12A). Furthermore, transfecting cells with EGFR siRNA (72 h) attenuated LPA (1 uM,
90 min)-induced IL-8 gene expression by ~60% (Fig. 12B), suggesting that EGFR
transactivation partial regulates IL-8 gene expression. These results suggest a role for EGFR
transactivation by LPA in IL-8 gene expression and secretion in HBEpCs.

DISCUSSION

We earlier identified that LPA is a potent stimulator of IL-8 gene expression and secretion via
NF-xB and AP-1 transcription in HBEpCs (13-15). The IL-8 secretion by LPA was dependent
on ligation to LPA;_3 expressed on the cell surface of HBEpCs as determined by siRNA studies
(15). In addition to signaling via its cognate LPA;_3, ligation of LPA to LPA receptors resulted
in transactivation of PDGFRS (12) that was not coupled to IL-8 production in HBEpCs.3 The
novel findings in this study are (i) LPA-mediated activation of PKCJ is central to EGFR
transactivation, (ii) Lyn kinase, but not Src kinase, regulates LPA-induced activation of MMPs,
proHB-EGF shedding, and EGFR tyrosine phosphorylation, and (iii) LPA-induced
transactivation of EGFR partly regulates 1L-8 gene expression and secretion.

Earlier studies have demonstrated cross-talk between the GPCRs and RTKs in a variety of
mammalian cells, suggesting that these two major plasma membrane receptors share extensive
signal transduction pathways leading to activation of extracellular signal-related kinase 1/2, a
signal for cell proliferation (12,19-21,24,26-29). Transactivation of EGFR by ligands such as
thrombin, angiotensin 11, sphingosine 1-phosphate, LPA, endothelin-1, prostaglandin F2¢«, and
parathyroid hormone has been reported (23-27,45). However, the molecular mechanisms by
which various GPCR ligands transactivate EGFR are not completely understood. Recently, a
role for changes in intracellular calcium in EGFR transactivation by various GPCR agonists
has been reported (45,46). Pretreatment of HBEpCs with BAPTA/AM, a chelator of
intracellular free calcium, had no effect on LPA-induced tyrosine phosphorylation of EGFR,;
however, BAPTA attenuated LPA-induced changes in [Ca2*]; and phosphorylation of
extracellular signal-related kinase (data not shown).

In HBEpCs, activation of PKCJ is central to LPA-induced transactivation of EGFR that
involves Lyn, MMP2/9, and HB-EGF release. Although earlier studies have suggested a role
for PKC-dependent proteolysis of HB-EGF through the activation of MMP in Vero-H cells
(44), PKC does not seem to participate in hydrogen peroxide-mediated EGFR transactivation
in vascular smooth muscle cells (47). The identity of targets down stream of PKCJ in the
activation of MMPs involved in proHB-EGF shedding and EGFR transactivation remains
poorly defined. A possible role of Src kinase in mediating the release of HB-EGF by MMPs

3y, Zhao and V. Natarajan, unpublished data.
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was suggested in transactivation of EGFR by apa-adrenergic receptor (48). Furthermore,
involvement of Src kinase in tyrosine phosphorylation of EGFR by various ligands, such as
gastrin-releasing peptide, amphiregulin, angiotensin Il, interferon-y, and sphingosine 1-
phosphate have been reported (26,48-50). Tyrosine 845 of EGFR was found to be an interactive
site for EGFR and Src kinase (51) as LPA- or EGF-stimulation promoted Src kinase activation
and EGFR endocytosis (52). Among the nine members of Src kinase family, Src and Lyn
kinases were primarily expressed in HBEpCs as detected by Western blotting (Fig. 6B).
Interestingly, LPA-induced MMP activation, HB-EGF shedding, and EGFR tyrosine
phosphorylation were attenuated by Lyn kinase siRNA but not by Src kinase siRNA (Fig. 7,
Aand B). In support of our data, a study by Wan et al. (53) showed that G4-coupled muscarinic
acetylcholine receptor activated MAPKSs, which were blocked in Lyn kinase-deficient cells.
Lyn kinase is a key mediator in several pathways of B cell activation (54). Lyn kinase was
found to interact with Btk and Syk kinase and Cbl and regulated thrombopoietin-induced
proliferation of hematopoietic cell lines and primary megakaryocytic progenitors (55). Our
current data show that LPA-induced phosphorylation and translocation of Lyn kinase to plasma
membrane is regulated by PKCo. The mechanism of PKCd-mediated activation of Lyn kinase
by LPA is unclear. It has been reported that PKCo induces Src kinase activity by modulating
the protein-tyrosine phosphatase PTPa (56). In contrast, PKCo¢ is tyrosine-phosphorylated and
regulated by Src family kinase in skin keratinocytes (57). Although we have demonstrated that
LPA activated p38/NF-kB and c-Jun NHy-terminal kinase/AP-1 pathways, pretreatment with
p38 siRNA, NF-xB pathway inhibitor (Bay11-7082), or c-Jun NHa.terminal kinase inhibitor
had no effect on LPA-induced phosphorylation of EGFR3, suggesting a different pathway(s)
downstream of EGFR involved in IL-8 expression and secretion by LPA.

We have shown that bronchoalveolar lavage from segmental allergen-challenged asthmatics
had a higher level of IL-8, LPA, and eosinophils compared with non-allergen-challenged
controls (13). Furthermore, in HBEpCs, LPA is a potent stimulator of IL-8 gene expression
and secretion (13-15). Consistent with LPA-induced IL-8 secretion in cultured bronchial
epithelial cells, instillation of LPA into mouse trachea elevated MIP-2 levels (homolog of
human IL-8) in bronchoalveolar lavage fluid within 3 h which was followed by neutrophil
infiltration in the alveolar space (13); inhalation of LPA increased the numbers of eosinophils
and neutrophils in bronchoalveolar lavage fluid of guinea pigs (58). These in vivo results in
mouse (13) and guinea pigs (58) suggest that accumulation of LPA or lysophosphatidylcholine
in alveolar space can be pro-inflammatory signal in airway diseases.

Given that a myriad of signaling pathways regulate LPA-induced IL-8 secretion, our current
results in HBEpCs indicate for the first time that cross-talk between GPCRs and RTKs regulates
generation of chemotactic cytokine that could induce leukocyte infiltration and activation at
sites of inflammation without the actual presence of growth factors in the milieu. Using EGFR
siRNA or pharmacological inhibitors that specifically block tyrosine phosphorylation EGFR,
we have unequivocally demonstrated attenuation of LPA-induced IL-8 by ~60% (Figs. 10 and
11). Similarly, the EGFR tyrosine kinase inhibitor, AG1478, attenuated the H,O5- or cigarette
smoke-increased IL-8 release in H292 human pulmonary carcinoma cells (40,59) and epithelial
Beas2B cells; however, the mechanisms of increased EGFR activation and IL-8 production
were not investigated. Furthermore, treatment of airway smooth muscle cells with LPA for 12—
24 h up-regulated EGFR expression (60); however, in HBEpCs, LPA had no effect on EGFR
expression in HBEpCs after 3 h of treatment (data not shown), suggesting LPA-induced IL-8
secretion to be partly dependent on EGFR transactivation.

In HBEpCs, EGF treatment or EGFR transactivation by LPA contributes to IL-8 gene
expression (Fig. 12); however, the mechanism(s) is unclear. We reported that LPA-induced
IL-8 secretion is regulated at the transcriptional level by p38/NF-xB and c-Jun NH,-terminal
kinase/AP-1 pathways (13-15). Interestingly, here we found that EGFR siRNA or EGFR
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tyrosine kinase inhibitors had no effect on LPA-induced phosphorylation of p38 MAPK, c-Jun
NH,-terminal kinase, and 1-xB and translocation of NF-xB to the nucleus,3 suggesting that
signaling pathways downstream of EGFR transactivation are not involved in LPA-induced
p38/NF-kB and c-Jun NH,-terminal kinase/AP-1 transcriptional regulation. The physiological
significance of our finding is of relevance in amplification, duration, and intensity of signals
generated by co-operative interactions between GPCRS/RTKS versus binding of ligands to
cognate receptors and signal transduction in biological systems.

In summary, our findings demonstrate that LPA-induced EGFR transactivation is dependent
on G;j, activation of PKCg, Lyn kinase, and MMP9-mediated proHB-EGF shedding in HBEpCs
(Fig. 13). Our results also show that part of LPA-induced IL-8 secretion is dependent on
transactivation of EGFR transactivation in HBEpCs. Our work, therefore, provides a novel
mechanism of cross-link between LPA receptor and EGFR and a physiological role of GPCR/
RTK interaction in release of IL-8, a cytokine that is chemotactic to leukocyte migration and
activation at sites of airway inflammation. Thus, therapeutic targeting of LPA receptors with
siRNA or specific inhibitors should provide a novel approach of controlling leukocyte
trafficking and treating certain inflammatory airway diseases.
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FIGURE 1. LPA induces tyrosine phosphorylation of EGFR in HBEpCs

A, HBEpCs (~80% confluence in 6-well plates) were treated with 1 M LPA for 15 min. Cell
lysates (20 ug) were subjected to SDS-PAGE and Western-blotted with anti-phospho-specific
(Tyr-845, -992, -1068, or -1173) EGFR or anti-EGFR antibodies. B, HBEpCs (~80%
confluence in 6-well plates) were challenged with increasing concentrations of LPA as
indicated for 15 min, and cell lysates (20 xg) were analyzed by Western blotting with anti-
phospho-specific (Tyr-1173) EGFR or anti-EGFR antibodies. C, HBEpCs grown on coverslips
to ~80% confluence were treated with LPA (1 «M) for 15 min, then were subjected to
immunostaining with phospho-specific (Tyr-1173) EGFR antibody and examined by
fluorescence microscopy. D, HBEpCs (~80% confluence in 6-well plates) were pretreated
with100 ng/ml pertussis toxin (PTx) for 3 h before challenge with LPA (1 xM) for 15 min. Cell
lysates (20 ng) were subjected to SDS-PAGE and analyzed by Western blotting with anti-
phospho-specific (Tyr-1173) EGFR or anti-EGFR antibodies. Shown are representative blots
of three independent experiments.
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FIGURE 2. Role of proHB-EGF shedding in LPA-induced tyrosine phosphorylation of EGF
receptor

A and B, HBEpCs (~80% confluence in 6-well plates) were pretreated with CRM 197 (10 ug/
ml) for 30 min and then challenged with 1 «M LPA for 15 min. Cell lysates (20 xg) were
subjected to SDS-PAGE and Western-blotted with anti-proHB-EGF or anti-phospho (P)-
specific (Tyr-1173) EGFR or anti-EGFR antibodies. C, HBEpCs (~80% confluence in 6-well
plates) were pretreated with anti-proHB-EGF antibody (Ab,20 xg/ml) for 1 h and then
challenged with 1 M LPA for 15 min. Cell lysates (20 xg) were subjected to SDS-PAGE and
Western-blotted with anti-phospho-specific (Tyr-1173) EGFR or anti-EGFR antibodies. D,
HBEpCs (~80% confluence in 6-well plates) were challenged with increasing concentrations
of human recombinant HB-EGF as indicated for 15 min, and cell lysates (20 xg) were analyzed
by Western blotting with anti-phospho-specific (Tyr-1173) EGFR or anti-EGFR antibodies.
Shown are representative blots of three independent experiments.
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FIGURE 3. Role of MMPs in LPA-induced tyrosine phosphorylation of EGFR

A, HBEpCs (~80% confluence in 6-well plates) were pretreated with GM6001 (2 or 20 uM)
for 1 h and then challenged with 1 uM LPA for 15 min. Media were collected, concentrated,
and subjected to 10% Novex-Casien zymography gels. Gelatinase activity was detected as
described under “Experimental Procedures.” actMMP, activated matrix metalloproteinase. B
and C, HBEpCs (~80% confluence in 6-well plates) were pretreated with GM6001 (GM;20
4M) for 1 hand then challenged with 1 uM LPA for 15 min. Cell lysates (20 xg) were analyzed
by Western blotting with anti-phospho (P)-specific (Tyr-1173) EGFR or anti-EGFR or anti-
proHB-EGF antibodies. D, HBEpCs (~80% confluence in 6-well plates) were pretreated with
MMP2/9 inhibitor (0.1 or 1 xM) for 1 h and then challenged with 1 xM LPA for 15 min. Cell
lysates (20 ng) were analyzed by Western blotting with anti-phospho-specific (Tyr-1173)
EGFR or anti-EGFR antibodies. Shown are representative blots of three independent
experiments.
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FIGURE 4. Role of PKCé on LPA-induced tyrosine (T) phosphorylation of EGFR

A, HBEpCs (~60% confluence in 6-well plates) were infected with increasing m.o.i. of
adenoviral dominant negative PKCo or adenoviral control for 48 h, and then cells were
challenged with 1 «M LPA for 15 min. Cell lysates (20 ug) were analyzed by Western blotting
with anti-PKCJ antibody or anti-phospho (P)-specific (Tyr-1173) EGFR or anti-EGFR
antibodies. B, HBEpCs (~80% confluence in 6-well plates) were pretreated with different
concentrations of rotterlin as indicated for 1 h, then cells were challenged with 1 M LPA for
15 min. Cell lysates (20 ug) were analyzed by Western blotting with anti-phospho-specific
(Tyr-1173) EGFR or anti-EGFR antibodies. Shown are representative blots of three
independent experiments.
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FIGURE 5. Effect of dominant negative PKCé on LPA-induced proHB-EGF shedding and MMPs

activity

HBEpCs (~60% confluence in 6-well plates) were infected with adenoviral control or dominant
negative (DN) PKCé (10 m.o.i.) for 48 h, and then cells were challenged with 1 M LPA for
15 min. actMMP, activated matrix metalloproteinase. A, media were collected, concentrated,
and subjected to 10% Novex-Casien zymography gels. Gelatinase activity was detected as
described under “Experimental Procedures.” Shown is a representative gel image of three
independent experiments. B, cell lysates (20 xg) were subjected to SDS-PAGE and Western-
blotted with anti-proHB-EGF antibody. Shown is a representative blot of three independent

experiments.
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FIGURE 6. Effect of Lyn siRNA or PP2 on LPA-induced tyrosine phosphorylation of EGFR

A, HBEpCs (~80% confluence in 6-well plates) were pretreated with PP2 (1 «M) for 1 h, then
challenged with 1 «M LPA for 15 min. Cell lysates were analyzed by Western blotting with
anti-phospho (P)-specific (Tyr-1173) EGFR or anti-EGFR antibodies. B, cell lysates from
HBEpCs (~80% confluence in 6-well plates) were subjected to SDS-PAGE and Western-
blotted with anti-Src, anti-Lyn, anti-Yes, and anti-Fyn antibodies. Scramb, scrambled. C-E,
HBEpCs (~50% confluence in 6-well plates) were transfected with control siRNA, Lyn siRNA
(100 nM), or Src siRNA (100 nM) for 72 h as described under “Experimental Procedures.”
Cell lysates (20 xg) were analyzed with anti-Src or anti-Lyn or anti-phospho-specific
(Tyr-1173) EGFR or anti-EGFR antibodies. Shown is a representative blot of three independent
experiments.
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FIGURE 7. Lyn siRNA attenuates LPA-induced proHB-EGF shedding and MMP activity
HBEpCs (~50% confluence in 6-well plates) were transfected with control sSiRNA or Lyn
siRNA (100 nM) for 72 h as described under “Experimental Procedures,” and then cells were
challenged with 1 uM LPA for 15min. A, media were collected, concentrated, and subjected
to 10% Novex-Casien zymography gels. Gelatinase activity was detected as described under
“Experimental Procedures.” Shown is a representative gel image of three independent
experiments. B, cell lysates (20 «g) were subjected to SDS-PAGE and Western-blotted with
anti-proHB-EGF antibody. Shown is a representative blot of three independent experiments.
actMMP, activated matrix metal-loproteinase; Scramb, scrambled.
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FIGURE 8. Dominant negative PKC¢ attenuates LPA-induced phosphorylation (P) of Lyn and
translocation of Lyn to plasma membrane

A, HBEpCs (~60% confluence in 6-well plates) were infected with adenoviral control vector
or dominant negative (DN) PKCJ (10 m.o.i.) for 48 h. Cells were labeled with [32P]
orthophosphate (50 xCi/ml) in BEBM medium for 3 h and then challenged with 1 M LPA for
15 min. Total cell lysates (~500 ug of protein) were subjected to immunoprecipitation with
anti-Lyn antibody for 18 h, immunoprecipitates were separated by SDS-PAGE gel, and
radioactivity was analyzed by autoradiography. Shown is a representative image of three
independent experiments. B, HBEpCs (~60% confluence in coverslips) were infected with
adenoviral control vector or dominant negative PKCo (10 m.o.i.) for 48 h, and cells were treated
with LPA (1 xM) for 15 min, subjected to immunostaining with anti-Lyn antibody, and
examined by fluorescent microscopy.
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FIGURE 9. EGFR siRNA attenuates LPA- or EGF-induced phosphorylation (P) of EGFR and
expression of LPA receptors

A, HBEpCs (~50% confluence in 6-well plates) were transfected with control siRNA or EGFR
SiIRNA (100 nM) for 72 h as described under “Experimental Procedures” and then challenged
with of LPA (1 xM) or EGF (20 ng/ml) for 15 min. Cell lysates (20 ug) were subjected to SDS-
PAGE and analyzed by Western blotting with anti-phospho-specific (Tyr-1173) EGFR or anti-
EGFR or anti-extracellular signal-related kinase antibodies. Scramb, scrambled. B and C,
HBEpCs (~50% confluence in 6-well plates) were transfected with control siRNA or EGFR
SiRNA (100 nM) for 72 h as described under “Experimental Procedures.” Cells were collected,
and cell lysates (20 xg) were analyzed by Western blotting with anti-Neu, anti-LPA, anti-
LPA,, anti-LPAg, or anti-EGFR antibodies. Shown are representative blots of three
independent experiments.
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FIGURE 10. EGFR siRNA attenuates LPA-, EGF-, or HB-EGF-induced IL-8 secretion

HBEpCs (~50% confluence in 6-well plates) were transfected with control siRNA or EGFR
SiRNA (100 nM) for 72 h as described under “Experimental Procedures,” challenged with LPA
(1 uM)(A) or EGF (20 ng/ml) or HB-EGF (10 ng/ml) (B) for 3 h, and IL-8 secreted into the
medium was quantified by ELISA. Values are the means + S.D. of three independent
experiments and are expressed as pg/ug of protein. *, p < 0.05 compared with vehicle; **, p <
0.05 compared with LPA treatment; ***, p < 0.05 compared with EGF treatment; ****, p <
0.05 compared with HB-EGF treatment. Scramb, scrambled.
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FIGURE 11. Effects of AG1478 or PD158780 on LPA-induced phosphorylation of EGFR and IL-8
secretion
A, HBEpPCs (~80% confluence in 6-well plates) were pretreated with AG1478 or PD158780

at the indicated concentrations for 1 h and then challenged with 1 M LPA for 15 min. Cell
lysates (20 ug) were analyzed with anti-phospho (P)-specific (Tyr-1173) EGFR or anti-EGFR
or anti-extracellular signal-related kinase antibodies. Shown are representative blots of three
independent experiments. B, HBEpCs (~80% confluence in 6-well plates) were pretreated with
AG1478 or PD158780 as indicated concentration for 1 h, then cells were challenged with 1
4M LPA for 3 h, and IL-8 secreted into the medium was quantified by ELISA. Values are the
means * S.D. of three independent experiments and are expressed as pg/ug of protein. *, p <
0.05 compared with vehicle; **, p < 0.05 compared with LPA treatment.
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FIGURE 12. EGF induces IL-8 gene expression, and EGFR siRNA attenuates LPA-induced IL-8
gene expression

A, HBEpCs (~80% confluence in 6-well plates) were treated with EGF (20 ng/ml) for 3 h. B,
HBEpCs (~50% confluence in 6-well plates) were transfected with scrambled siRNA or EGFR
SiRNA (100 nM) for 72 h as described under “Experimental Procedures,” and cells were
challenged with LPA (1 uM) for 90 min. IL-8 gene expression was evaluated by real-time
reverse transcription-PCR as described under “Experimental Procedures.” Data are
representative of at least three independent experiments. Veh, vehicle.
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FIGURE 13. Signaling pathways of LPA-induced transactivation of EGFR and IL-8 production
Ligation of LPA to its G-protein-coupled receptors (LPA-R) LPA;_3 induces phosphorylation
of EGFR through PKCd, Lyn kinase, MMP, and proHB-EGF pathway. LPA-induced IL-8
secretion is partly dependent on transactivation of EGFR. JNK, c-Jun NHy-terminal Kinase.
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