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Scientific knowledge on the subject

¢ Increased proliferation/ migration of pulmonary vascular cells are hallmark pathogenic
features of pulmonary arterial hypertension (PAH). The mechanisms underlying these
abnormalities, however, remain partially unknown.

e Recent discovery of selective therapies targeting crucial receptor tyrosine kinase (RTK)
signaling in idiopathic PAH (iPAH) such as EGF, FGF2 and PDGF has provided
encouraging experimental results, and these agents are being tested as a potential
therapeutic approach to PAH

e p130°* is an adaptor protein modulating several signaling pathways that controls cell-
migration and proliferation.

What this study adds to the field

o Adapter p130°® protein and activity are increased: (1) in serum and walls of pulmonary
arteries and in cultured pulmonary endothelial (P-ECs) and smooth muscle cells (PA-
SMCs) from iPAH-patients as compared to those from controls; (2) in experimental
models of PH in rodents (chronic hypoxia-induced PH in mice; monocrotaline- and
pneumonectomy with monocrotaline-induced PH in rats).

e EGF, FGF2 and PDGF signaling pathways converge to p13
amplifier of downstream signals

e Decreasing p130°*-signaling by RNA-interference attenuate the increase in ERK1/2
activation state and normalized migration and proliferation of PA-SMCs and P-ECs
derived from iPAH patients.

These findings offer new insight into the importance of p130°® in PAH for proliferation and

migration of pulmonary vascular cells, and for the intracellular transmission of the signal

induced by the major RTKs. We obtained evidence for convergence and amplification of the

growth-stimulating effect of EGF, FGF2 and PDGF signaling pathways via p130°® signaling

pathway. There are no selective p130°® inhibitors currently available, but these results

should stimulate work on the design and synthesis of such inhibitors, and encourage their

evaluation in experimental models of PH.

0% which acts as an
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ABSTRACT

Rationale: Pulmonary arterial hypertension (PAH) is a progressive and fatal disease
characterized by pulmonary arterial muscularization due to excessive pulmonary vascular
cell proliferation and migration, a phenotype dependent upon growth factors and activation of
receptor tyrosine kinases (RTKs). p130°® is an adaptor protein involved in several cellular

signaling pathways that control cell migration, proliferation and survival.

OCas

Objectives: We hypothesized that in experimental and human PAH p13 signaling is
over-activated, thereby facilitating the intracellular transmission of signal induced by
fibroblast growth factor (FGF)-2, epidermal growth factor (EGF), and platelet-derived growth

factor (PDGF).

Measurements and Main Results: In PAH patients, levels of p130°® protein and/or activity

are higher in the serum, in walls of distal pulmonary arteries, in cultured smooth muscle (PA-
SMCs) and pulmonary endothelial cells (P-ECs) than controls. These abnormalities in the
p130°* signaling were also found to be in the chronically hypoxic mice and monocrotaline-
injected rats as models of human PAH. We next obtained evidence for convergence and
amplification of the growth-stimulating effect of EGF, FGF2 and PDGF signaling pathways

via p130°2

signaling pathway. Finally, we found that daily treatment with each of the EGF-R
inhibitor gefitinib, the FGF-R inhibitor dovitinib and the PDGF-R inhibitor imatinib started 2
weeks after a subcutaneous monocrotaline injection substantially attenuate the abnormal

increase in p130%° and ERK1/2 activation and regress established PH.

Conclusions: Our findings demonstrate that p130°*

signaling plays a critical role in
experimental and iPAH by modulating pulmonary vascular cell migration, proliferation and by

acting as an amplifier of RTKs downstream signals.

Word count: 250 words

Keywords: Pulmonary arterial hypertension « Pulmonary vascular remodeling < Growth

factors * Signal transduction + BCAR1



INTRODUCTION

Pulmonary arterial hypertension (PAH) is a devastating disease of unknown etiology
characterized by a marked and sustained increase in pulmonary artery pressure (PAP) that
ultimately leads to right ventricular failure and death. Currently, there is no cure for PAH and
the therapeutic options available only partially improve symptoms and increase survival. In
the absence of specific treatments, patients with idiopathic PAH (iPAH) have a mean
survival of 2.8 yr. Even under current therapies survival remains poor with a 15% death-rate
per year in incident iPAH patients(1, 2). Irreversible remodeling of the pulmonary vasculature
is the cause of increased PAP in PAH and frequently leads to progressive functional decline
in patients despite treatment. This process is ascribed to the excessive proliferation, survival
and migration of pulmonary vascular cells, including SMCs and ECs(3). However, the
mechanisms that mediate these effects are incompletely understood.

Over recent years, there has been growing interest in the disease-promoting roles of
three different growth factors: PDGF, EGF, and FGF2. Altered expression and/ or increased
activities of these RTKs have been reported in human and experimental models of PH and
their inhibition by specific inhibitors (TKIs) reverses experimental PH in rodents(4-8). In
some cases, clinical improvements with some TKI have been documented, but partly
because of their lack of selectivity, serious side-effects often limit their use in patients with
PAH. A better understanding of the signaling through these RTKs may contribute to the
development of new, better-tolerated and more powerful therapeutic tools.

p130°® is an adaptor protein involved in the regulation of several cellular signaling
pathways that control cell motility, proliferation and survival(9). In particular, knockdown of
p130°* causes proliferative arrest in breast cancer cell lines harboring oncogenic mutations
in KRAS, BRAF, PTEN, and PIK3CA(9), implicating p130°® as a general regulator of breast
cancer cell growth induced by various oncogenes. Furthermore, p130°* tyrosine
phosphorylation (active form) has been demonstrated in response to stimulation of a wide

variety of cell surface receptors including RTKs and G-protein-coupled receptors in various
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cell types(10-13). We investigated: 1) the p130°® levels in the serum of iPAH patients and
controls; 2) the in situ presence and activity of p130°® within walls of iPAH and control
pulmonary arteries; 3) whether or not intrinsic abnormalities in p130°* signaling are
characteristic of P-ECs and PA-SMCs from iPAH patients; 4) whether or not p130°® is a
potential target in RTK signaling pathways, particularly in the control of proliferation and/or

migration of iPAH pulmonary vascular cells; 5) lung levels of p130%*

protein and activity in
two rodent models of PH; 6) the efficacy of gefitinib, dovitinib and imatinib treatments on the
abnormal increase in ERK1/2 and p130°® activation states and on the progression of

monocrotaline-induced PH.

METHODS

Study Population

Blood samples and clinical data from 37 PAH patients (n=21 iPAH; n=16 heritable PAH) and
from 40 controls were collected (Supp.Table.1). For the in vitro and in situ studies, we
studied lung specimens obtained during lung transplantation in 7 iPAH patients and during
lobectomy or pneumonectomy for localized lung cancer in 7 controls (Supp.Table.2).
Preoperative echocardiological evaluation including echocardiography was performed in the
controls to rule out PAH, and the lung specimens from the controls were collected at
distance from tumor foci. This study was approved by the local ethics committee (CPP lle-
de-France VII, Le Kremlin-Bicétre, France). All patients gave informed consent before the

study.

Isolation, Culture and Functional Analysis of Human PA-SMCs and P-ECs
Human PA-SMCs and P-ECs were isolated and cultured as previously described(4, 14).
Proliferation was assessed by 5-bromo-2-deoxyuridine (BrdU) incorporation and direct cell

counting (8) and migration by a modified Boyden chamber migration assay(15).



Western blot, ELISA, Gelatin Zymography and Immunostaining

Cells were homogenized and sonicated in PBS containing protease and phosphatase
inhibitors and 30 pg of protein was used to detect p130“® (Tebu-Bio, Le Perray-en-Yvelines,
France), phospho-(Y165)-p130°®* (Ozyme, Saint-Quentin-Yvelines, France), phospho-
ERK1/2, ERK1 (Tebu-Bio) and B-actin (Sigma-Aldrich) as previously described(8).
Circulating p130°* levels were assayed using a human p130° enzyme-linked
immunosorbent assay (ELISA) (Shanghai Boyun Biotech Co., Ltd. Shanghai, China). Gelatin
zymography, immunohistochemistry and immunocytofluorescent staining were performed as

previously described(8, 15, 16).

Animal Models and Hemodynamic Measurements

Young male Wistar rats (100 g) were studied 4 weeks after a single subcutaneous injection
of monocrotaline (60 mg/Kg) or vehicle(14). In an additional experiment, 20 rats given
monocrotaline were left untreated for 2 weeks then randomly divided into four groups and
treated for 2 weeks with daily intraperitoneal injections of: imatinib (50 mg/kg/day(7)),
gefitinib (50 mg/kg/day(17)), dovitinib (30 mg/kg/day(18)), and vehicle (dimetyl sulfoxide).
C57BL/6 mice (12 weeks of age) were either studied in room air, or exposed to hypoxia
(10% oxygen) for 3 weeks(19, 20). Animals were anesthetized with isoflurane. A polyvinyl
catheter was introduced into the right jugular vein and pushed through the right ventricle into
the pulmonary artery. Another polyethylene catheter was inserted into the right carotid
artery. After measurement of hemodynamic parameters, the thorax was opened and the left
lung immediately removed and frozen. The right lung was fixed in the distended state with
formalin buffer. The right ventricular hypertrophy (RVH) index and the percentage of
muscularized vessels were determined as previously described(16). Animal studies were
approved by the administrative panel on animal care at Marie Lannelongue, Le Plessis-

Robinson, France.
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Statistical Analyses
Statistical significance was tested using the nonparametric Mann-Whitney test or two-way

ANOVA with Bonferroni post hoc tests.

RESULTS

OCas

Serum p13 Protein Levels Are Increased in PAH Patients

Although no significant difference was noted between iPAH and hPAH (P=0.075, NS), a

OCas

substantial increase in circulating p13 protein levels was observed in the serum of PAH

patients compared with controls (1.02+0.21 vs. 0.29+0.07 ng/mL; P<0.001) (Fig.1). In

contrast, circulating p130“®

protein levels in 9 asthmatic patients without systemic
corticosteroids therapy were similar to levels found in a control population (0.11 + 0.1 versus

0.10 £ 0.10 ng/mL respectively; NS) (Supplemental Fig.S1).

Adapter p130°* Protein and Activity Are Increased in Lungs and Cultured Pulmonary
Vascular Cells Derived From iPAH Patients

We next quantified and localized p130°® protein in lungs and found that phospho-p130°*

and p130°* were abundant in walls of iPAH pulmonary arteries; in contrast, the p130°®

signal was weak in vessels from controls (Fig.2A). SMC and EC were the major sites of

OCas

p130°* over-expression, so we investigated amounts of p13 and its phosphorylation

state in primary PA-SMC and P-EC cultures generated from these human lung specimens.
Consistent with our immunohistochemical findings, iPAH PA-SMCs (Fig.2B) and P-ECs
(Fig.2C) contained more p130°* and phospho-p130°* proteins than control cells. Confocal

OCas

microscopy studies confirmed the higher p13 activation state in iPAH than in control cells

(Fig.2D-E).



p130°* Facilitates The Proliferative and Migratory Actions of EGF, PDGF, and FGF2 in
Cultured P-ECs and PA-SMCs
Next, we investigated the functional importance of p130°® in these cells and assessed

whether p130°%

may be a potential target for reducing or blocking proliferation and migration
induced by RTKs. We evaluated the proliferative and migration potential of PA-SMCs with
and without p130°®* inhibition by RNA-interference. Transfecting PA-SMCs with p130°%-
siRNA decreased p130°® protein abundance by 86% with respect to transfection with

OCaS

scrambled-siRNA (Supplemental Fig.S2). Decreasing p13 similarly reduced both the
proliferative and migration potentials of iPAH and control PA-SMCs under basal conditions
(Fig.3A-B and Supplemental Fig.S3). Decreasing p130°* levels reduced the iPAH PA-SMC
proliferation induced by EGF, FGF2, and PDGF by 59%, 64%, and 60%, respectively.
PDGF, and in particular PDGF-BB, is one of the major stimulating migratory factors for
arterial SMCs(21). We found that transfecting PA-SMCs with p130°*-siRNA reduced the
PDGF-induced migration of both iPAH and control PA-SMCs. In addition, treatments of PA-
SMCs transfected with p130°*-siRNA with either growth factor still offered significant
increase in proliferation and migration compared to basal condition (Figure 3A-B). b). Since

the tyrosine phosphorylation of the p130°

substrate domain is modulated by Src, we next
determined the effect of Src inhibition on PA-SMC proliferation. We found that inhibition of
Src activation by the selective Src inhibitor (Src Inhibitor-1, 10°M) substantially reduced the
proliferation of iPAH and control-PA-SMCs under basal conditions or following exposure to
the above mentioned growth factors (Figure 3A).

Matrix metalloproteinase (MMP)-2 facilitates SMC migration by degradation of the basement
membrane and the extracellular matrix. We therefore determined whether the chemotactic

0°® in association with reduced

migratory behavior of PA-SMCs was impaired by loss of p13
MMP-2 activity. Consistent with a previous report, we found that conditioned media from
iPAH PA-SMCs contained more MMP-2 than that from control cells(22). Decreasing p130°®
by siRNA markedly reduced MMP-2 levels to similar levels in conditioned media from iPAH

and control-PA-SMCs (Fig.3C).
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Similar to findings for PA-SMCs, we also showed that the increased p130°* is necessary for
the heightened response of iPAH P-ECs to EGF, FGF, and PDGF (Fig.4). Decreasing
p130°* reduced iPAH P-EC proliferation by 78% and iPAH P-ECs migration by 75% under

basal conditions (Fig.4A-B).

EGF, FGF2 and PDGF Signaling Pathways Converge to p130°® Which Acts as an
Amplifier of Downstream Signals

Then, we studied how increased p130°%

might contribute to the pathogenesis of PAH and
its role in the transduction of the RTK signaling pathways. First, we analyzed its activation
state in control and iPAH PA-SMCs in both basal conditions and following exposure to
exogenous EGF, FGF2, and PDGF in presence or in absence of 1uM gefitinib, dovitinib,
imatinib or Src Inhibitor-1, respectively. Phospho-p130°* levels were markedly increased by
stimulation with any of these three different growth factors for 15 minutes (Supplemental
Fig.S4); also, the phospho-p130°* levels were even higher in iPAH PA-SMCs than in control
cells (Fig.5A). Pre-treatment of control and iPAH PA-SMCs with either TKIs or with the Src
Inhibitor-1 for 30 minutes before exposure to either exogenous growth factor substantially
attenuates the increase in p130°° activation (Fig.5A-B).

To investigate whether p130°* served as an amplifier/ transmitter of downstream signals,
we conducted parallel evaluations of the ERK1/2 activation states in control and iPAH PA-
SMCs exposed to either EGF, FGF2 or PDGF in absence or in presence of either TKls, Src
inhibitor-1, p130°**-siRNA or scrambled sequence. A marked increase in levels of phospho-
ERK1/2 was observed following exposure to either growth factor (Fig.5A). Inhibition of EGF-
R, FGF-R, PDGF-R and Src respectively resulted in a substantial reduction in the ERK1/2
activation state in both control and iPAH PA-SMCs (Fig.5A-B). In addition, decreasing
p130°*-signaling by RNA-interference significantly attenuate the increased levels of
phospho-ERK1/2 observed following exposure to exogenous EGF, FGF2 and PDGF

(Fig.5C). Compared with PA-SMCs transfected with p130°®*-siRNA under basal conditions,



treatments with these growth factors offered significant increase in levels of phospho-

OCas

ERK1/2, strongly supporting that p13 is an amplifier of RTKs downstream signals.

Adapter p130°* Protein and Activity Are Increased in Rat Lungs With Monocrotaline-
induced PH and in Mouse Lungs With Chronic Hypoxia-induced PH

We next examined the protein expression pattern of p130°* and phospho-p130°® in lungs
from rodent models of PH. Rats receiving a single subcutaneous injection of monocrotaline
developed PH within 15 days and it further aggravated until 30 days as reflected by the
significant increase in mPAP, RVH and pulmonary arterial muscularization (Supplemental
Fig.S5A-B). Consistent with our findings in human lungs, we showed that p130°* and

OCaS

phospho-p13 are substantially increased in rat lungs with monocrotaline-induced PH as
well as in mouse lungs with chronic hypoxia-induced PH (Fig.6A-B and Supplemental
Fig.S6). In addition, we showed that p130°® is also substantially increased in neointimal

pulmonary vascular occlusive lesions in a pneumonectomy with monocrotaline-PH model

(Supplemental Fig.S7).

Efficacy of Gefitinib, Dovitinib and Imatinib Treatment on the Progression of

Monocrotaline-induced PH and on the Abnormal Increase of p130°*

Activity

Daily treatment with each of the three clinically approved TKls started 2 weeks after a
subcutaneous monocrotaline injection substantially attenuate the abnormal increase in
p130°® activation and regress established PH (Fig.7A-C). In rats treated with vehicle from
day-15 to day-30, a marked increase in mPAP, RVH and numbers of muscularized distal
pulmonary arteries were found compared with controls. In contrast, when rats were given
gefitinib, dovitinib or imatinib and compared to vehicle-treated rats, these hemodynamic
parameters as well as the pulmonary vascular remodeling were substantially attenuate. Day-

30 mPAP values, RVH and muscularization of pulmonary arteries in imatinib-treated rats

were similar to those in controls.
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To investigate the efficacy of TKI treatments on the abnormal increase of p130°* protein

0°& activation states and found

and activity, we conducted parallel evaluations of the p13
that lung levels of p130°® and phospho-p130°® were markedly attenuate when compared to
vehicle-treated rats (Fig.7B). On day-30, the number of PCNA-positive cells (Fig.7C) was
significantly lower in pulmonary-artery walls from either TKl-treated rats than in walls from
vehicle-treated rats and we found that these changes were accompanied by a marked

reduction in the phosphoERK1/2:ERK1 ratio. There were no significant differences between

rats given vehicle or TKls regarding body weight, systemic blood pressure, or heart rate.

Effect of Gefitinib, Dovitinib and Imatinib on Human P-EC and PA-SMC Proliferation

EGF, FGF2 and PDGF significantly increased proliferation of cultured human PA-SMCs and
P-ECs, however TKiIs significantly inhibited cell proliferation. Pretreatment with gefitinib,
dovitinib or imatinib (30 minutes) dose-dependently reduced the growth of iPAH and control
PA-SMCs treated with EGF, FGF2 or PDGF, respectively (Fig.8A). These growth-stimulating
effects are even more reduced by TKIis in iPAH PA-SMCs than in control PA-SMCs. A

similar pattern of inhibition was observed in P-ECs treated with either growth factor (Fig.8B).

DISCUSSION

Migration and proliferation of ECs and SMCs constitute an essential part of the pulmonary

0% and its

vascular remodeling seen in PAH. Herein, we reported evidence that p13
signaling plays a critical role in the PAH pathogenesis by modulating pulmonary vascular cell
migration, proliferation and by acting as an amplifier of RTKs downstream signals. We
showed that the adapter p130°* protein and activity are increased in the serum and in walls
of distal pulmonary arteries and in cultured P-ECs and PA-SMCs from iPAH patients. We
obtained evidence for convergence and amplification of the growth-stimulating effect of EGF,

OCas

FGF2 and PDGF signaling pathways via p13 signaling pathway. In addition, we showed



that the EGF-R inhibitor gefitinib, the FGF-R inhibitor dovitinib and the PDGF-R inhibitor
imatinib dose-dependently reduced the growth-stimulating effect of EGF, FGF2 or PDGF
and substantially attenuate the increase in p130° activation. Finally, we found that p130°*
protein and activity are increased in rat lungs with monocrotaline-induced PH as well as in
mouse lungs with chronic hypoxia-induced PH; daily treatment with either TKI started 2
weeks after a subcutaneous monocrotaline injection substantially attenuate the abnormal
increase in p130° activation and regress established PH, as judged on mPAP, RVH, and

pulmonary arterial muscularization.

Tyrosine phosphorylation events mediated by aberrant activation of EGF-R, FGF-R
and PDGF-R pathways have been proven to be involved in the development of several
diseases including cancer and PAH(4-8, 23, 24). Inhibition of these specific RTK signaling
decreases the abnormal proliferation and migration of pulmonary SMCs and ECs in human
and experimental PH and may represent an attractive treatment for PAH. After promising
phase I/ll results, imatinib is moving into a phase Il trial in PAH(25). All these elements
support the idea that a better understanding of these signaling pathways in the pulmonary
vasculature will help us understand the mechanism of pulmonary vascular remodeling and

provide new or more powerful therapeutic tools/ targets for PAH.

RTK activity in resting and normal cells is tightly controlled. Upon ligand binding and
activation, the intracellular catalytic domain of RTKs catalyzes receptor autophosphorylation
of cytoplasmic tyrosine residues serving as docking sites for SH2- and phosphotyrosine-
binding-containing molecules. Assembly of activated protein complexes triggers signaling
cascades that can activate or repress genes involved in cell proliferation, migration and
survival. Among these key intracellular transducers of these RTKs signals, p130°* is a
central multi-domain docking protein, with an N-terminal SH3 domain, a central "substrate
domain" consisting of multiple SH2-domain binding motifs (Tyr-x-x-Pro), and a "Src-binding
domain" near the C-terminus(26, 27). p130°* is regulated in part by a phosphorylation

(active form)/ dephosphorylation mechanism. The tyrosine phosphorylation of the p130°®

10
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substrate domain is due mostly to the activity of Src and focal adhesion kinase (FAK) (28).

OCas

However, little is known regarding the role of p13 in the aberrant activation of RTK

pathways in PAH for which there is a need for development of effective targeted therapies.

We found a marked increase in p130°*

protein levels in tissue and serum of iPAH patients.
Although the mechanism(s) that lead to abundance of the protein in serum is not fully
understood, microparticles may partly contribute to this abnormality in iPAH patients. PH
patients exhibit higher circulating levels of microparticles compared to control subjects(29)
and we have shown that pulmonary vascular cells exhibited high levels of p130°.
Therefore, we can speculate that the abnormal high release of these plasma membrane
vesicle fragments from pulmonary vascular cells may partly contribute to this abnormal
increase in levels of circulating p130°® protein in iPAH patients. Since circulating p130°®
protein levels are not elevated in asthmatic patients without a systemic corticosteroid
therapy, this abnormal high circulating p130“® protein level may not be related to chronic
inflammation. We cannot also exclude that hemodynamic forces (shear stress) could also
represent another mechanisms responsible for these effects. Moreover, elevated expression
of p130°* in tissue as well as in serum of patients with either non-small-cell lung cancer or
pulmonary tuberculosis has been recently reported by Bo Deng et al.(30). These in situ
observations were confirmed in vitro, with cultured human PA-SMCs and P-ECs exhibiting
increased expression and activity of p130°®, providing evidence that p130°* over-
expression/ over-activity in iPAH pulmonary vascular cells is an intrinsic abnormality of these
cells. The tissue sections and cells we studied were from patients with end-stage PAH
receiving drug therapy, so we cannot exclude the possibility that these abnormalities
represent a compensatory mechanism and are not associated with early stage vascular
remodeling in PAH. Although determinations of serum p130°® levels were also performed in
less severe PAH patients, at this time we can only conclude that these abnormalities in

p130°* signaling are present at least throughout the last stages of the disease aggravation.

11



Over-abundance and over-activity of p130°® signaling may contribute at multiple

levels to pulmonary vascular remodeling seen in PAH. First, p130°%

signaling is known to
modulate cellular proliferation. p130°® is over-produced in many human cancers, and
p130°® is required for KRAS, BRAF, PTEN and PIK3CA oncogene-dependent
proliferation(31) as well as for transformation by several oncogenes, such as Src, ERBB2,
and the nucleophosmin-anaplastic lymphoma kinase(32). It has been reported that p130°*
confers resistance to anticancer drugs such as doxorubicin and tamoxifen via activation of
signaling pathways mediated by various kinases, including Src, EGF-R, protein kinase B
(AKT) and ERK1/2(33, 34). In breast cancer patients, elevated p130°* levels are associated
with a decreased response to tamoxifen therapy, early disease recurrence, and lower long-
term survival(35). The tamoxifen resistance conferred by p130°® has been linked to Src-
driven cell proliferation and survival pathways mediated either in complex with the estrogen
receptor to promote ERK signaling and cyclin D1 induction or to an estrogen receptor-
independent manner involving EGF-R and Stat5b(9, 36-38). c-Src is abundant in vascular
tissue(39) and Courboulin et al.(40) showed a basal over-activation of the Src-STAT3
pathway in iPAH PA-SMCs, supporting the hypothesis that p130°* signaling may be
abnormally activated, thereby indirectly promoting cell growth and migration. Here, we
showed that siRNA mediated knockdown of p130“® or its activation by Src significantly
diminished the proliferative potential of iPAH cells. In addition, we found that the growth-
stimulating effect of EGF, FGF2 or PDGF is also substantially reduced in both cell types with

OCas

more pronounced effects in iPAH cells. Second, a role for p13 signaling in migration of

0%%-null mouse

fibroblasts has been well documented. Impaired migration capacity of p13
embryo fibroblasts can be restored by ectopic expression of wild-type p130°* but not by
mutants lacking the sites of tyrosine phosphorylation in the substrate domain(41, 42). We
found that siRNA mediated knockdown of p130°* significantly reduced the migratory
potential of iPAH PA-SMCs and P-ECs. Third, we demonstrated that p130°® acts as an
amplifier of EGF-R, FGF-R and PDGF-R downstream signals. In control and iPAH PA-

OCas

SMCs, we found a rapid and sustained increase in the ERK1/2 and p13 activation states

12
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following exposure to exogenous EGF, FGF2 and PDGF. Decreasing p130°*-signaling by
RNA-interference or by Src inhibitor-1 significantly attenuates growth factor-induced ERK
activation. However, treatments of PA-SMCs transfected with p130°® siRNA with either
growth factor still offered significant increase in levels of phospho-ERK1/2, supporting the
notion that p130°* is an amplifier of RTKs downstream signals. Signaling via the
p130°®/Crk complex also promotes cell survival via activation of ERK and Rac pathways(43,
44), and it has been reported that uncoupling of p130°® and Crk is required for c-Abl-

mediated apoptosis to take place(45).

Altered bone morphogenetic protein (BMP)/TGF- signaling is now recognized as a
major factor in the PAH pathogenesis (46). Interestingly, a previous study from Kim et al.(47)

demonstrates that p130°®

is also a negative modulator of the TGF-3 signaling pathway by
binding to smad3 and preventing its phosphorylation by the TGFB receptor. In mammary
epithelial cells, p130°® overexpression shifts TGFB signaling from smad2 and smad3
phosphorylation to p38 MAPK activation, rendering these cells resistant to TGFB-induced
growth arrest and enhancing their metastatic potential(48). Since relationships exist between

BMP and TGF-f signaling(49), further studies are therefore requested to better understand

the importance of p130°° in this complex interplay.

Although the vascular changes that occur in animal models of PH do not reflect the

complex pulmonary vascular lesions seen in PAH patients, our results support a

OCas OCas

pathophysiological role for p13 in PAH. First, we demonstrate an increase in p13
expression and activity within walls of remodeled pulmonary arteries of either monocrotaline-
or pneumonectomy with monocrotaline-injected rats and chronically hypoxic mice. Second,
we found that daily treatment with imatinib, gefitinib, or dovitinib started 2 weeks after a
subcutaneous monocrotaline injection substantially attenuate the abnormal increase in
p130°® activation and regress established PH. Third, we found that either TKls in vivo and in

vitro not only decreased the p130°® and ERK1/2 activation states, but also directly inhibit

pulmonary vascular cell proliferation. Further investigation with direct manipulations of

13



p130°® in smooth muscle (SMCs) or endothelial cells (ECs) in vivo are important to
demonstrate that p130cas is therapeutically targetable in PH. There are no selective p130°®
inhibitors currently available, but these results should stimulate work on the design and

synthesis of such inhibitors, and encourage their evaluation in experimental PH.

In summary, our study provides the first evidence that adapter p130°® protein and
activity are abnormally increased in both pulmonary artery walls and cultured pulmonary
vascular cells from PAH patients. Although further experiments are required to identify the

OCaS

exact mechanism underlying the over-expression of p13 in pulmonary vascular cells, we

0°* in regulating migration and proliferation of

clearly show the critical involvement of p13
these cells. We report strong evidence that p130°® acts as a nodal signaling platform on
which several RTK signaling pathways converge, supporting the idea that p130°* facilitates

the intracellular transmission of the signal induced by major RTKs in iPAH.

14
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FIGURE LEGENDS

Figure 1. Serum p130°* Protein Levels. Levels of circulating p130°%

protein were
markedly increased in the serum of patients with PAH compared with those from controls.

Values are means+SEM.

Figure 2. Over-expression of p130°® in lungs and cultured pulmonary vascular cells
from patients with iPAH. (A) Representative photomicrographs of distal pulmonary arteries
in lung sections from controls (panel a and c) and iPAH patients (panels b and d). Scale
bar=100um. Expression of p130°® and phospho-p130°* (B) in cultured PA-SMCs (C) and in
P-ECs from iPAH patients and controls. Localization of p130°* and phospho-p130°* (D) in

PA-SMCs and (E) in P-ECs. Scale bar= 20um. Values are means+SEM (n=5).

Figure 3. p130Cals Facilitates The Proliferative and Migratory Actions of EGF, PDGF,
and FGF2 in Cultured Human PA-SMCs. (A) Proliferative and (B) migration potential of
PA-SMCs from iPAH- and control-patients with or without p130°® inhibition by RNA-
interference or Src inhibitor-1. (C) Representative gelatin zymography and densitometry

carried out on conditioned media of human PA-SMCs. Values are means+SEM (n=5).

Figure 4. p130°* Facilitates The Proliferative and Migratory Actions of 10 ng/mL of
EGF, PDGF, and FGF2 in Cultured Human P-ECs. (A) Proliferative and (B) migration
potential of P-ECs with or without p130* inhibition by RNA-interference. Values are

means+SEM (n=5).

Figure 5. EGF, FGF2 and PDGF Signaling Pathways Converge to p130°* Which Acts
as an Amplifier of Downstream Signals. (A) Representative Western blots and
quantifications of the phospho-p130°* / p130°* and the phospho-ERK1/2/ ERK1 ratios in
iPAH and control PA-SMCs in presence or in absence of EGF, FGF2 or PDGF (10ng/ml) for
15 minutes with or without a 30 minutes pretreatment with 1uM of gefitinib, dovitinib or

imatinib. (B) Representative Western blots and quantifications of the phospho-p130°® /

23



p130°* and the phospho-ERK1/2/ ERK1 ratios in control PA-SMCs in presence or in
absence of the above mentioned growth factors for 15 minutes with or without a 30 minutes
pretreatment with Src Inhibitor-1  (10°M). (C) Representative Western blots and
quantifications of the phospho-ERK1/2/ ERK1 ratio in control PA-SMCs with or without
p130°* inhibition by RNA-interference and in presence or in absence of growth factors for

15 minutes. Values are means+SEM (n=5).

Figure 6. Adapter p130°* Protein and Activity Are Increased in Rat Lungs With
Monocrotaline-induced PH and in Mouse Lungs With Chronic Hypoxia-induced PH.
Representative Western blots and quantifications of the p130°®/ B-actin and the phospho-
p130°%/ p130°* ratios and representative images of p130® immunostaining (A) in lungs
from monocrotaline-injected rats and controls (B) and in lungs from mice exposed to chronic

hypoxia or to room air. Values are meanstSEM (n=5). Scale bar = 50um in all sections.

Figure 7. Evaluation of the Efficacy of Gefitinib, Dovitinib and Imatinib Treatment on
the Progression of Monocrotaline-induced PH and on the Abnormal Increase of
p130°* Protein and Activity. (A) RVSP, mPAP, RVH and numbers of muscularized
pulmonary arteries. (B) Representative Western blots and quantification of the phospho-
p130°%/ p130°* ratio and the phospho-ERK1/2/ ERK1 ratio. Values are means+SEM (n=5).
(C) Representative images of hematoxylin-eosin (H&E) staining, alpha-smooth muscle actin
(aSM-actin), proliferating cell nuclear antigen (PCNA) and CD-68 immunostainings of
monocrotaline-injected rat lungs treated or not with gefitinib, dovitinib, imatinib or vehicle.

Scale bar = 50um in all sections.

Figure 8. Effect of Gefitinib, Dovitinib and Imatinib on Human PA-SMC and P-ECs
Proliferation From Patients With iPAH and Controls. Proliferation of control- and iPAH
(A) PA-SMCs and (B) P-ECs in presence or in absence of fetal calf serum (FCS), EGF,
FGF2 or PDGF (10ng/ml) with or without a 30 minutes pretreatment with 1uM of gefitinib,

dovitinib or imatinib (24 h). Values are meanstSEM (n=5).
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Figure 5. A
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Figure 5. B-C
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Figure 6.
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Figure 7. A-B
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Figure 7. C
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Figure 8.
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Table 1 - Characteristics Of Controls And Patients With PAH For Determination Of Serum
p130° Protein Levels:

PAH Controls
n=37 n=40
Age, yrs 504+27 419%2.1
Sex, M/F (ratio) 10/27(0.4) 19/21(0.9)
Mutation in BMPR2 gene, n
Carrier 16 NA
No-carrier 21 NA
NYHA functional class, n
class | 1 NA
class Il 24 NA
class Il 12 NA
6-MWD, m 445 + 20 NA
mPAP, mmHg 493+24 NA
Cl, /min/m? 3.10+£0.16 NA
PVRi, mmHg/l/min/n? 8.7+0.7 NA
PCWP, mmHg 76+0.7 NA
Specific PAH Therapy
- ERA 31 NA
- PDESI 27 NA
- Prostanoids 16 NA
-CCB 7 NA
- No Treatment 0 NA

6-MWD=6-minute walk test; CCB=calcium channel blocker;
Cl=cardiac index; ERA=endothelin receptor antagonists;
mPAP=mean pulmonary artery pressure; NA=No applicable;
NYHA=New York Heart Association; PCWP=pulmonary capillary
wedge pressure; PDESi=phophodiesterase 5 inhibitors; PVRi=
pulmonary vascular resistance index
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Table 2 - Characteristics Of Controls And Patients With iPAH Before Lung Transplantation:

iPAH Controls
n=7 n=7
Age, yrs 398+22 464+23
Sex, M/F (ratio) 2/5(0.40) 2/5(0.40)
Mutation in BMPR2 gene, n
Carrier 0 NA
No-carrier 7 NA
NYHA functional class, n
class lll 2 NA
class vV 5 NA
mPAP, mmHg 69.9+ 2.1 NA
Cl, I/min/m? 26+0.1 NA
PVRi, mmHg/l/min/n? 14.6 £ 0.6 NA
PCWP, mmHg 8+0.5 NA

Cl=cardiac index; mPAP=mean pulmonary artery pressure; NA= no
applicable; NYHA=New York Heart Association; PCWP=pulmonary
capillary wedge pressure; PVRi= pulmonary vascular resistance
index



