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Abstract

Rationale: Enhanced proliferation and impaired apoptosis of
pulmonary arterial vascular smooth muscle cells (PAVSMCs) are key
pathophysiologic components of pulmonary vascular remodeling in
pulmonary arterial hypertension (PAH).

Objectives: To determine the role and therapeutic relevance of HIPPO
signaling in PAVSMC proliferation/apoptosis imbalance in PAH.

Methods: Primary distal PAVSMCs, lung tissue sections from unused
donor (control) and idiopathic PAH lungs, and rat and mouse models of
SU5416/hypoxia-induced pulmonary hypertension (PH) were used.
Immunohistochemical, immunocytochemical, and immunoblot
analyses and transfection, infection, DNA synthesis, apoptosis, migration,
cell count, and protein activity assays were performed in this study.

Measurements and Main Results: Inmunohistochemical and
immunoblot analyses demonstrated that the HIPPO central
component large tumor suppressor 1 (LATS1) is inactivated in
small remodeled pulmonary arteries (PAs) and distal PAVSMCs in
idiopathic PAH. Molecular- and pharmacology-based analyses
revealed that LATSI inactivation and consequent up-regulation of its
reciprocal effector Yes-associated protein (Yap) were required for

activation of mammalian target of rapamycin (mTOR)-Akt,
accumulation of HIF1a, Notch3 intracellular domain and -catenin,
deficiency of proapoptotic Bim, increased proliferation, and survival
of human PAH PAVSMCs. LATSI inactivation and up-regulation
of Yap increased production and secretion of fibronectin that up-
regulated integrin-linked kinase 1 (ILK1). ILK1 supported LATS1
inactivation, and its inhibition reactivated LATS1, down-regulated
Yap, suppressed proliferation, and promoted apoptosis in PAH, but
not control PAVSMCs. PAVSM in small remodeled PAs from rats
and mice with SU5416/hypoxia-induced PH showed down-
regulation of LATS1 and overexpression of ILK1. Treatment of mice
with selective ILK inhibitor Cpd22 at Days 22-35 of SU5416/hypoxia
exposure restored LATS1 signaling and reduced established
pulmonary vascular remodeling and PH.

Conclusions: These data report inactivation of HIPPO/LATS],
self-supported via Yap—fibronectin-ILK1 signaling loop, as a novel
mechanism of self-sustaining proliferation and apoptosis resistance
of PAVSMCs in PAH and suggest a new potential target for
therapeutic intervention.

Keywords: HIPPO/LATSI; ILK; PAH; vascular smooth muscle;
proliferation/apoptosis imbalance
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At a Glance Commentary

Scientific Knowledge on the
Subject: Increased proliferation and
impaired apoptosis of pulmonary
arterial vascular smooth muscle

cells (PAVSMCs) are important
pathophysiologic components of
pulmonary arterial hypertension
(PAH), the understanding of which is
crucial for identifying new molecular
targets to treat this incurable disease.

What This Study Adds to the
Field: This study reports inactivation
of HIPPO/LATSI as a novel
mechanism supporting the
proliferative apoptosis-resistant PAH
PAVSMC phenotype, pulmonary
vascular remodeling, and pulmonary
hypertension. Our data describe a
novel self-supported pathologic loop
between LATSI and integrin-linked
kinase 1 as an important regulator of
self-sustaining proliferation and
survival of PAVSMCs in PAH and
provide a new potential target pathway
for therapeutic intervention.

Pulmonary arterial hypertension (PAH) is
a progressive fatal disease with a high
mortality rate (1). PAH manifests by
vasoconstriction and remodeling of small
pulmonary arteries (PAs) leading to
increased PA pressure, elevated right
ventricular (RV) afterload, and death (2).
Although marked progress had been made
in a treatment of PAH, available therapies
fail to reverse established pulmonary
vascular remodeling or prevent disease
progression in most patients (3, 4), and new
molecular targets for development of
remodeling-focused therapeutics are
urgently needed.

Increased proliferation and impaired
apoptosis of vascular cells in small PAs
are key components of pulmonary
vascular remodeling in PAH (3, 5). Distal
pulmonary arterial vascular smooth muscle
cells (PAVSMCs) in PAH undergo complex
signaling reprogramming resulting in
loss of growth suppressors, persistent
activation of proproliferative/prosurvival
pathways, and acquisition of unique
disease-specific phenotype with intrinsic
proliferative/prosurvival potential (5-7).
The complexity of molecular abnormalities

led us to hypothesize that signaling
components shared by known pathologic
pathways and functionally linked to PAH
might represent attractive therapeutic
targets to selectively reduce PAH PAVSMC
proliferation, promote apoptosis, and
reverse pulmonary vascular remodeling.

The HIPPO signaling pathway is a
master-regulator of proliferation/apoptosis
balance that prevents organ overgrowth by
restricting cell proliferation and inducing
cell differentiation or apoptosis (8). HIPPO
is comprised of Ste20-like proteinkinases
(MST) 1/2 that activate large tumor
suppressors (LATS) 1/2 by phosphorylation
at T1079 (9). Major reciprocal effectors of
HIPPO are transcriptional coactivators
Yap/Taz, which are inhibited by LATS-
dependent phosphorylation, instigating
their degradation (8). Yap/Taz promote
proliferation and survival via regulating
other transcriptional factors, and their up-
regulation has recently been reported as an
important component of PAH progression
(10). HIPPO is regulated by multiple inputs
(mitogens, extracellular matrix [ECM]
composition, and stiffness) (8), all of which
are implicated in PAH pathogenesis (2, 11,
12), and is scored as one of the most highly
related pathways to PAH by data-mining
approaches (13), suggesting its possible role
in regulating PAVSMC proliferation and
survival in PAH.

In the present study, we report a novel
role for the HIPPO central component
LATSI as an important regulator of
proliferation/apoptosis imbalance in
human PAH PAVSMCs, present a novel
mechanism supporting self-sustaining
proliferative/apoptosis-resistant PAH
PAVSMC phenotype, and provide a new
potential target pathway for therapeutic
intervention.

Methods

The online supplement provides more
detailed information.

Human Tissues and Cell Cultures
Unused donor (control) and idiopathic
PAH lung sections were provided by the
Pulmonary Hypertension Breakthrough
Initiative. Primary distal PAVSMCs from
different subjects were provided by
Pulmonary Hypertension Breakthrough
Initiative and the University of Pittsburgh
Vascular Medicine Institute Cell Processing
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Core under approved protocols. Cells
isolation, characterization, and maintenance
were performed under Pulmonary
Hypertension Breakthrough Initiative
protocols as described elsewhere (5). All
experiments were repeated on primary (3-8
passage) PAVSMCs from a minimum of
three subjects. Before experiments, cells
were incubated for 24-48 hours in basal
media with 0.1% bovine serum albumin.

Immunohistochemical,
Immunocytochemical, and
Immunoblot Analyses and
Transfection, Infection, DNA
Synthesis, Apoptosis, Migration, and
Cell Count Assays

These were performed as described (5, 14,
15). siRNAs and shRNAs were purchased
from Dharmacon (Lafayette, CO) and
Origen (Rockville, MD). Wild-type (WT),
T1079A, and kinase-dead (KD) LATS1
construct design is described Figure E1 in
the online supplement (9). The primer
design and site-directed mutagenesis to
generate LATS1 T1079D were performed
according to the manufacturer’s
instructions (Agilent Technologies, Santa
Clara, CA) (see Figure E2). Softwell
hydrogel-coated plates were purchased
from Matrigen (Brea, CA).

Activity Assays

For Yap/Taz activity assay, cells were
cotransfected with Yap/Taz-responsive
synthetic TEAD promoter 8 X GTIIC-luc
(16) (Addgene, Cambridge, MA) and
control pGL4 Renilla hRluc reporter
(Promega, Madison, WI). An 8 X GTIIC-
luc induction was counted as firefly/sea
pansy luciferase ratio. Wnt/B-catenin and
HIFla activation assays were performed
using Wnt/B-Catenin TF Activation
Profiling Plate Array (Signosis, Santa Clara,
CA) and TransAM HIF-1 (Active Motif,
Carlsbad, CA) according to manufacturers’
protocols.

Animals

All animal procedures were performed
under the protocols approved by the
University of Pittsburgh Animal Care and
Use Committee. Six- to-eight-week-old
male Sprague-Dawley rats (Charles

River Laboratories, Wilmington, MA)
received SU5416 injection (20 mg/kg,
subcutaneously) and maintained for 3 weeks
under chronic hypoxia (10% O,), and for
5 weeks under normoxia (17, 18).
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Six- to-eight-week-old male C57BL/6] mice
(Jackson Laboratories, Bar Harbor, ME)
were exposed to hypoxia (10% O,) up to 35
days; SU5416 (20 mg/kg, subcutaneously)
injections were performed at Days 0, 7, and
14. Treatment with Cpd22 (20 mg/kg,
intraperitoneally 5 d/wk) (EMD Millipore,
Billerica, MA) or vehicle was performed at
Days 22-35. Negative control subjects
included normoxia-maintained male age-
matched animals (5, 14). Hemodynamic
and histochemical analyses were performed
as described (5, 19). Blinded analysis of
small PAs (25-150 pm outer diameter) was
performed as described (5, 20). The Fulton
index was calculated as RV/(left ventricle
[LV] + septum) weight ratio.

Data Analyses

Immunoblots, DNA synthesis, and
apoptosis assays were analyzed using Image]
(NIH, Bethesda, MD) and StatView (SAS
Institute, Cary, NC) software, and
hemodynamic and morphometric data
using Indus Instruments (Webster, TX),
IOX2 (Emka Technologies, Falls Church,
VA), Emka (Emka Technologies), Matlab
(MathWorks, Natick, MA), and
MetaMorph (Nashville, TN). Statistical
comparisons between two groups were
performed by the Mann-Whitney U test.
Statistical significance was defined as P less
than or equal to 0.05.

Results

HIPPO/LATS1 Is Inactivated in Distal
PAVSM from Subjects with PAH

That Is Required for Increased
Proliferation and Survival

Histochemical analysis revealed that smooth
muscle a-actin (SMA)-positive areas of
small (50-150 uM) remodeled, but not fully
obliterated PAs from subjects with
idiopathic PAH had marked reduction of
active T1079-phosphorylated LATS1 and
increased proliferation (detected by
proliferating cell nuclear antigen [PCNA])
compared with control subjects (Figure 1A)
suggesting the link between decreased
P-LATSI levels and VSMC remodeling

in vivo. Primary distal PAVSMCs from
patients with idiopathic PAH had P-T1079
LATS]1 deficiency and significantly higher
proliferation rates compared with control
subjects (Figures 1B-1D). Transfection of
human PAH PAVSMCs with construct
encoding myc-tagged human LATS1 with
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Figure 1. HIPPO/large tumor suppressor 1 (LATS1) is inactivated in pulmonary arterial vascular smooth
muscle cells in human pulmonary arterial hypertension (PAH) that is required for increased proliferation
and impaired apoptosis. (A) Histochemical analysis of human lung tissues. Left to right: hematoxylin and
eosin (H&E) staining; P-T1079 LATS1 (brown); smooth muscle a-actin (SMA) (green); proliferating cell
nuclear antigen (PCNA) (red); PCNA (red) + SMA (green) merge. Images are representative of three
control subjects and three subjects with idiopathic PAH; minimum of 10 PA/subject. Scale bar =50 pm.
(B-D) Pulmonary arterial vascular smooth muscle cells from four idiopathic PAH and four control (Contr)
subjects were subjected to immunoblot (B and C) or DNA synthesis (bromodeoxyuridine [BrdU] incorporation
assay) (D) analyses. (B) Two bands = two altematively spliced human LATS1 isoforms (50). (C and D) Data are
P/total LATS1 ratio; folds to control (C) and percentage of BrdU-positive cells per total number of cells (D). Data
are means * SE; n=4 subjects/group; P < 0.05 by Mann-Whitney U test. (E-L) Cells were transfected

with indicated mammalian vectors or empty plasmid (—) (E-J) or small interfering RNA (SIRNA) LATS1 and
control SiRNA GLO (—) (K and L) for 48 hours followed by DNA synthesis (BrdU) (£, /, and K), immunoblot (F, J,
and L), apoptosis (terminal deoxynuclectidyl transferase dUTP nick end labeling [TUNEL]) (G), and migration
(Boyden chamber assay) (H) analyses. (F, J, and L) Representative immunoblots from three (F and J) and four
(L) subjects per group (see Figure E3 for statistical analysis). Data represent percentage of BrdU- (€, /, and K) or
TUNEL-posttive cells (G) per total number of cells taken as 100% and fold changes to control (H). Data are
means * SE from three (E and G—)) and four (K) subjects per group. *P < 0.05 for LATS1 T1079D versus
empty vector (—) (E and G), LATS1 T1079A and LATS1 kinase-dead (KD) versus empty vector (—) (), and
SIRNA LATS1 versus control SiRNA (=) (K) by Mann-Whitney U test. WT = wild type.
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single amino acid mutation mimicking
constitutive T1079 phosphorylation
(T1079D) (9), but not WT LATSI,
markedly reduced proliferation, increased
levels of proapoptotic marker Bim (5), and
induced apoptosis (Figures 1E-1G; see
Figure E3A) without significant effect

on cell migration (Figure 1H).
Dephosphomimetic LATS1 T1079A,
LATS1 KD (9), and siRNA LATSI, but
not LATS1 WT and control siRNA,
significantly increased proliferation and
reduced Bim levels in nondiseased
PAVSMCs (Figures 11-1L; see Figures E3B
and E3C).

Together, these data demonstrate that
LATS] inactivation caused by T1079
dephosphorylation is required for increased
proliferation and survival of human
PAH PAVSMCs. Interestingly, T1079A
and WT LATSI down-regulated DNA
damage effector poly(ADP-ribose)
polymerasel (PARP1) in human PAH
PAVSMCs (17) (see Figure E4), suggesting
that LATS1-dependent regulation of
DNA damage response does not require
phosphorylation and is likely uncoupled
from LATSI-dependent regulation of
proliferation/apoptosis signaling.

HIPPO/LATS1 Inactivation Promotes
Human PAH PAVSMC Proliferation
and Survival via Yap

We reasoned that LATS] inactivation in
PAH PAVSMCs could result in up-
regulation of proproliferative/prosurvival
Yap/Taz (21). Indeed, we detected
significantly higher Yap/Taz protein levels,
activity (Figures 2A-2C), and Yap nuclear
accumulation (Figure 2D) in human PAH
PAVSMCs compared with control subjects.
“Active” LATS1 T1079D, but not WT,
significantly reduced Yap/Taz content in
human PAH PAVSMCs. Transfection of
control PAVSMCs with LATS1 KD or
dephosphomimetic LATS1 T1079A
markedly increased Yap/Taz protein levels
compared with LATS WT-transfected cells
(Figures 2E; see Figure E5) showing that
LATSI inactivation is responsible for
Yap/Taz accumulation. shRNA Yap or
verteporfin (VP), a small molecule
blocking binding of Yap with its major
transcriptional partner TEAD (22), reduced
proliferation and promoted apoptosis in
human PAH PAVSMCs (Figures 2F-2K).
Interestingly, Yap down-regulation
significantly decreased Taz levels (Figures
2F and 2I), suggesting a predominant role
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Figure 2. HIPPO/large tumor suppressor 1 (LATS1) inactivation increases human pulmonary arterial
hypertension (PAH) pulmonary arterial vascular smooth muscle cell (PAVSMC) proliferation and survival
via Yap. (A and B) Immunoblot analysis of distal PAVSMCs from four nondiseased (control [Contr]) and
four subjects with idiopathic PAH; data represent fold changes in Yap/Taz/actin ratio to control; data are
means =+ SE; four subjects per group; *P < 0.05 by Mann-Whitney U test. (C) Endogenous Yap/Taz
activity accessed by dual-luciferase reporter assay. Data represent fold changes in 8 X GTIIC-luc/hRluc
ratio to control; data are means = SE; four subjects per group; *P < 0.05 by Mann-Whitney U test.

(D) Representative images from three subjects per group. Yap, red; nuclei (DAPI), blue. Arrows indicate
cells with increased nuclear localization of Yap (ourple). (E) Immunoblot analysis of cells transfected with
indicated LATS1 constructs or empty vector (—) for 48 hours. Immunoblots are representative of three
separate experiments, each performed on cells from a different subject (see Figure E4 for statistical
analysis). (F—K) Immunobilot (F and /), DNA synthesis (bromodeoxyuridine [BrdU] incorporation) (G and J),
and apoptosis (terminal deoxynucleotidyl transferase dUTP nick end labeling [TUNEL]) (H and K) analyses
of PAH PAVSMCs infected with shYap-producing or control adenovirus (—) for 72 hours (F—H) or treated
for 24 hours with 1 M VP or diluent (—). (F and /) Data are fold changes in Taz/tubulin ratio to controls;
immunoblots are representative of three experiments, each on cells from a different subject with PAH.
*P < 0.05 by Mann-Whitney U test. (G, H, J, and K) Data represent percentage of BrdU- (G and J) or
TUNEL-positive cells (H and K) per total number of cells taken as 100%. Data are means + SE, n=3
subjects per condition (F, G-, and K); n=4 subjects per condition (J); *P < 0.05 by Mann-Whitney U test.
DAPI = 4’ 6-diamidino-2-phenylindole; KD = kinase-dead; sh = short hairpin RNA; VP = verteporfin;

WT =wild type.
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PAVSMC proliferative/apoptotic responses.
Bioinformatic analysis (23-26) (see
online supplement) showed enrichment

Kudryashova, Goncharov, Pena, et al.: HIPPO-ILK in Pulmonary Hypertension

sets AKT, NOTCH, WNT, HIF, and
BMP in the shortest paths in a global
interactome connecting HIPPO
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components to the pulmonary
hypertension (PH) network (27) (see
Figure E6) from which the AKT set was
ranked as a most probable candidate. A
proliferative/antiapoptotic role of mTOR-
Akt and Notch3 intracellular domain in
PAH PAVSMCs had been reported by us
and others (5, 28, 29), and we confirmed
activation of HIF1 and Wnt/B-catenin
using respective activation assays (see
Figure E7). Supporting the bioinformatic
predictions, inactivation of LATS1 in
nondiseased human PAVSMC:s significantly

up-regulated mTOR-Akt, as evidenced by
A B
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increase in P-S473 Akt, mTORC2-
specific P-T2481 mTOR, and mTORC1-
specific P-S6 (5, 14, 30-32), and led to
accumulation of -catenin, Notch3
intracellular domain, and HIF1la, whereas
“restoration” of P-T1079 LATS1 or
suppression of Yap in PAH PAVSMCs by
LATSI T1079D or VP had the opposite
effect (Figure 3; see Figure E8). Collectively,
these data show that LATSI inactivation
up-regulates proliferative/prosurvival
signaling and promotes human PAH
PAVSMC proliferation and survival via

Yap.
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Figure 3. HIPPO/large tumor suppressor 1 (LATS1) inactivation up-regulates mTOR-Akt signaling.
Cells were transfected with indicated LATS1 constructs or empty vector (=) (A and B), or treated
with diluent (=) or 1 uM VP for 24 hours (C) followed by immunoblot analysis to detect indicated
proteins. Representative images and statistical analysis of three separate experiments, each performed on cells
from a different subject. Data are fold changes in phosphor/total ratios to control (—) (A and B) or diluent (C).
Data are means * SE; *P < 0.05 versus — by Mann-Whitney U test. KD = kinase-dead; mTOR =
mammalian target of rapamycin; PAH = pulmonary arterial hypertension; VP = verteporfin; WT = wild type.

870

HIPPO/LATS1 Inactivation Promotes
Fibronectin Production and
Up-regulates Integrin-linked Kinase 1
Because HIPPO/LATS] inactivation is
linked with ECM composition, we next
tested whether mechanistic link exists
between LATSI and fibronectin, increased
levels of which are linked with pulmonary
vascular remodeling (33-35). We found
that PAH-derived PAVSMCs produce and
secrete higher levels of fibronectin than
control subjects (Figures 4A, 4B, 4D, and 4E).
LATS1 KD- or LATS1 T1079A-induced
HIPPO/LATS inactivation in control
PAVSMC:s significantly increased fibronectin
levels, whereas VP-dependent Yap down-
regulation in human PAH PAVSMCs
markedly reduced fibronectin content
(Figures 4F and 4G). siRNA fibronectin
significantly inhibited proliferation and
induced apoptosis in PAH PAVSMCs
(Figures 4H, 4], and 4K) showing that LATS1
inactivation and up-regulation of Yap
promote fibronectin production that is
required for increased PAH PAVSMC
proliferation and survival.

The major downstream effector of
fibronectin is integrin-linked kinase 1
(ILK1) (36), overexpression of which plays
a prooncogenic role in human cancers (37).
We found that ILKI is overexpressed in
isolated PAVSMCs and SMA-positive areas
of distal remodeled PAs from subjects
with idiopathic PAH (Figures 4A and 4L),
which was associated with VSM-specific
proliferation (PCNA) in remodeled, but
not fully obliterated vessels (Figure 4L).
Importantly, siRNA fibronectin reduced
ILK1 protein levels in human PAH
PAVSMCs (Figures 4H and 4I).
Furthermore, selective ILK inhibitor Cpd22
(38) suppressed growth, proliferation, and
induced apoptosis in human PAH, but
not control, PAVSMCs (Figures 5A-5C).
In aggregate, these data show that LATS1
inactivation promotes fibronectin
production that up-regulates ILK1, leading
to increased proliferation and survival of
PAH PAVSMCs.

ILK1 Inactivates HIPPO/LATS1
Leading to Increased PAH PAVSMC
Proliferation and Survival

To determine the mechanisms of
HIPPO/LATSI inactivation, we first
examined LATS1 canonical activators
MST1/2, deficiency of which is strongly
linked with cancer progression (8). PAH
PAVSMCs, although demonstrating
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Figure 4. HIPPO/large tumor suppressor 1 (LATS1) inactivation promotes fibronectin production and
up-regulates integrin-linked kinase 1 (ILK1). (A-C) Immunoblot analysis of distal pulmonary arterial
vascular smooth muscle cells from five subjects with idiopathic pulmonary arterial hypertension (PAH) and
five nondiseased (control [Contr]) subjects. Data represent fold changes in fibronectin (Fn)/tubulin (B) and
ILK1/tubulin ratios (C) to control subjects. Data are means = SE; n=5 subjects per group; *P < 0.01,
**P < 0.05 versus control by Mann-Whitney U test. (D and E) Cells were maintained in cultural media for
48 hours; then supernatants were collected, normalized by total cell protein content, and subjected to
immunoblot analysis to assess Fn levels. (D) Representative immunobilots. (E) Fn protein levels were
normalized to the nonsignificant band and presented as fold changes versus control (taken as one fold).
Data are means = SE from n =4 subjects per group; *P < 0.05 versus control by Mann-Whitney U test.
(F and G) Cells were transfected with mammalian vectors expressing indicated LATS1 constructs or
empty vector (=), or treated with 1 uM VP for 24 hours followed by immunoblot analysis to detect Fn and
tubulin. Data are means = SE from n =3 subjects per group; data represent fold changes in Fn/tubulin
ratio to LATS1 WT or diluent (=), respectively. **P < 0.05 by Mann-Whitney U test. (H-K) PAH pulmonary
arterial vascular smooth muscle cells were transfected with small interfering RNA fibronectin (siFn) or
control siRNA GLO (—), and immunobilot (/), DNA synthesis (bromodeoxyuridine [BrdU]), or apoptosis
(terminal deoxynucleotidyl transferase dUTP nick end labeling [TUNEL]) analyses were performed. Data
represent ILK1/tubulin ratio folds to control (/), percentage of BrdU- (J) or TUNEL-positive cells (K) per
total number of cells taken as 100%. Data are means =+ SE from three subjects per group.

**P < 0.05 versus control siBNA GLO (—) by Mann-Whitney U test. (L) Histochemical analysis of
human lung tissues. Left to right: hematoxylin and eosin (H&E) staining; ILK1 (red); ILK1

(red) + smooth muscle a-actin (SMA) (green); proliferating cell nuclear antigen (PCNA) (red); PCNA
(red) + SMA (green). Images are representative of three control subjects and three subjects with
idiopathic PAH; minimum of 10 PAs per subject. Scale bar =50 ym. KD = kinase-dead;

NS = nonspecific; VP = verteporfin; WT = wild type.
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P-LATS1 deficiency and Yap/Taz
accumulation, showed no reduction of
MST1 or MST?2 levels and even trend to
increased P-T183/T180 MST1/2,
contributing to MST activation (see Figures
E9A-E9F) (8). Furthermore, siRNA-induced
knock-down of MST1 or 2 in control
PAVSMCs, whereas decreasing MST1/2
levels neither reduced P-T1079 LATS1 nor
elevated Yap/Taz (see Figure E9G-E9I)
suggesting that LATS] inactivation is likely
MST1/2-independent.

To dissect pro-PH factors accounting
for PAH-specific HIPPO/LATS1
inactivation in nondiseased PAVSMCs, we
first tested substrate stiffness, which can
regulate LATS1 in MST-independent
manner (39) and was recently reported
as an early event inducing Yap/Taz
accumulation in PH vasculature (10). We
found that maintenance of nondiseased
PAVSMCs on the substrates of increased
stiffness, reported in PAH PAs, induced
P-LATSI deficiency (Figures 6A and 6B),
suggesting the role of increased stiffness in
HIPPO/LATSI inactivation. Because ECM
composition and mitogens also regulate the
LATS1-Yap/Taz axis in other cell types,
we next evaluated various ECM proteins
(collagen 1, collagen IV, fibronectin,
laminin), and soluble pro-PH factors
(endothelin receptor 1, interleukin-6, tumor
necrosis factor-a, insulin growth factor-1,
platelet-derived growth factor-BB [PDGEF-
BB]) implicated in PAH. Among all
tested factors, PDGF-BB and fibronectin
induced PAH-specific LATS1-Yap/Taz
dysregulation (reduced P-T1079 LATS1
and accumulation of Yap/Taz) (Figures
6C-6G; see Figure E10). Together, these
data identify PDGF-BB, fibronectin, and
increased stiffness as factors inducing
HIPPO/LATSI inactivation and suggest
multifactorial mechanism of LATS1-
Yap/Taz dysregulation in PAH.

Because all three identified factors
activate ILK1, which may act as LATS1
inhibitor in tumor cells (37, 40, 41), we
hypothesized that PAH PAVSMC-specific
LATSI inactivation depends on ILK1. We
found that Cpd22-mediated ILK inhibition
in PAH PAVSMCs increased P-T1079
LATS1; down-regulated Yap/Taz levels,
transcriptional activity, and nuclear
accumulation; and inhibited LATS1-Yap
downstream effectors Akt and mTOR
without significant effects on control cells
(Figures 5D-5G; see Figures E11A and
E11B). “Inactive” LATS1 T1079A protected
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Figure 5. Integrin-linked kinase 1 down-regulates HIPPO/large tumor suppressor 1 (LATS1), leading
to increased pulmonary arterial vascular smooth muscle cell (PAVSMC) proliferation and

survival. (A-C) Cells, treated with diluent (—) or 5 uM Cpd22 were subjected to cell count

(5-d treatment) (A), DNA synthesis (bromodeoxyuridine, 24-h treatment) (B), and apoptosis (TUNEL,
24-h treatment) (C) analyses. Data are means = SE; (A) n =4 subjects per group; (B and C) n=3
subjects per group. *P < 0.05 for diluent-treated pulmonary arterial hypertension (PAH) versus
diluent-treated control (Contr) cells; **P < 0.05 for Cpd22- versus diluent-treated PAH PAVSMCs by
Mann-Whitney U test. (D and E) Cells were treated with 1 yM Cpd22 for 30 minutes (D) or 24 hours
(B). Immunoblots are representative of three experiments, each performed on cells from a different
subject. See Figures E11A and E11B for statistical analysis. (F) PAH PAVSMCs (four subjects per
group), cotransfected with 8 X GTIIC-luc and pGL4 Renilla hRluc, were treated with 5uM Cpd22 or
diluent (=) (24 h), and endogenous Yap/Taz activity accessed by dual-luciferase reporter assay.

*P < 0.05 for Contr versus PAH cells; **P < 0.05 for diluent- versus Cpd22-treated PAH cells by
Mann-Whitney U test. (G) Immunohistochemical analysis of PAH PAVSMCs treated with indicated
concentrations of Cpd22 for 24 hours. Red, Yap/Taz; blue, DAPI. Images are representative of three
separate experiments, each on cells from a different subject. (H and /) PAH PAVSMCs were
transfected with indicated LATS1 constructs or empty vector for 48 hours, treated with 1 yM Cpd22
or diluent (=) for 24 hours, and immunoblot (H) or DNA synthesis analyses (/) were performed.

(H) Representative immunoblots from three experiments, each on cells from a separate subject.
See Figure E11C for statistical analysis. (/) *P < 0.05 versus empty vector-transfected diluent-treated
cells; **P < 0.05 versus empty vector-transfected Cpd22-treated cells by Mann-Whitney U test.
DAPI = 4',6-diamidino-2-phenylindole; KD = kinase-dead; mTOR = mammalian target of rapamycin;
TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labeling; WT = wild type.
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PAH PAVSMCs from Cpd22-dependent
down-regulation of Yap/Taz and P-2481
mTOR (Figure 5H; see Figure E11C).
Furthermore, T1079A and KD, but not WT
LATSI, prevented Cpd22-dependent
inhibition of PAH PAVSMC proliferation
(Figure 5I) showing that ILK acts upstream
of LATSI.

Together with our findings that LATSI
inactivation up-regulates the fibronectin—
ILK1 axis (Figure 4), these data suggest
that, in PAH PAVSMCs, LATS1 is self-
inactivated via a Yap-fibronectin-ILK1 loop.
Confirming our findings, inhibition of ILK
with Cpd22 reduced fibronectin levels in
PAH PAVSMCs (see Figure E12A); and
siRNA fibronectin decreased the levels of
LATSI reciprocal effectors Yap/Taz and
T2481 mTOR phosphorylation (see Figure
E12B).

ILK Inhibition Reactivates
HIPPO/LATS1, Reduces Established
Pulmonary Vascular Remodeling and
PH, and Improves RV Morphology and
Function In Vivo

Rats with SU5416/hypoxia-induced PH
(18, 20, 42) showed decreased P-T1079
LATS1, overexpression of ILK1, and
increased proliferation (detected by PCNA)
in SMA-positive areas of small (25-150
pm) remodeled PAs (Figure 7A) suggesting
that the signaling abnormalities with
human PAH are shared. Reduced P-T1079
LATS1 was also detected in RV, but not
skeletal muscle from rat PH cohort (see
Figure E13), suggesting potential link
between LATS1 down-regulation and RV
dysfunction.

Following our in vitro findings, we
tested effects of Cpd22 on established PH
in vivo (see Figure E15). Three weeks
after SU5416/hypoxia challenge, similar to
human PAH (Figure 4L), small remodeled
PAs from animals with SU5416/hypoxia-
induced PH showed P-T1079 LATSI
reduction and overexpression of ILK1
(Figure 7B), suggesting that signaling
mechanisms with human PAH are shared.
That was associated with significant VSM
remodeling, elevated RV systolic and mean
PA (sRVP and mPAP) pressures without
significant changes in systolic left
ventricular pressure and mean arterial
pressure, increased total pulmonary
vascular resistance, RV hypertrophy, and
max dP/dT (Figures 7C-7H; see Figure
E14), indicative of a developed PH
phenotype. Starting Day 22, mice, still kept
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Figure 6. Increased substrate stiffness, fibronectin, and platelet-derived growth factor-BB (PDGF-
BB) down-regulate HIPPO/large tumor suppressor 1 (LATS1) signaling in nondiseased pulmonary
arterial vascular smooth muscle cells. (A-G) Immunoblot analysis of nondiseased (control) human
pulmonary arterial vascular smooth muscle cells maintained on the Softwell hydrogels with 0.2-kPa
and 25-kPa stiffness (A and B), plates covered with indicated matrix proteins (C and D), or treated
with 10 ng/ml PDGF-BB for 0.5 and 24 hours (E-G; see Figure E10 for IL-6, ET-1, tumor necrosis
factor-a, and insulin-like growth factor-1). Immunoblots are representative of three separate
experiments, each performed on cells from a different subject. Data are means *= SE from three
subjects per group; *P < 0.05 versus control (—) (B, F, and G); *P < 0.05 versus control and versus

poly-p-lysine (D) by Mann-Whitney U test.

under hypoxia, were randomly assigned to
two groups and treated with Cpd22 or
vehicle for 2 weeks. Vehicle-treated animals
showed the trend to phenotype worsening
(further increase in sSRVP and VSM
remodeling) compared with the 3-week
time-point. Cpd22 restored P-T1079
LATS1 in SMA-positive areas in small
muscular PAs, reduced VSM remodeling,
and decreased SRVP and mPAP without

significant effects on systolic left ventricular
pressure and mean arterial pressure
(Figures 8A-8D; see Figure E16). Cpd22-
treated mice showed decreased RV
hypertrophy and improved max dP/dT
(Figures 8F and 8E, respectively) and RV
contractile index (98.7 + 3.7 vs. 81.8 + 3.7
in vehicle-treated mice; P < 0.05)
suggesting that Cpd22 improves RV
morphology and function. Collectively,

Kudryashova, Goncharov, Pena, et al.: HIPPO-ILK in Pulmonary Hypertension

these data demonstrate that ILK inhibition
restores LATS] signaling and reverses
established pulmonary vascular remodeling
and PH in vivo.

Discussion

This study identifies HIPPO/LATS1
signaling as an important regulator of
proliferative apoptosis-resistant PAVSMC
phenotype in PAH and suggests a
potentially attractive therapeutic target
pathway to reduce existing pulmonary
vascular remodeling and PH (Figure 8G).
Our new findings include that (I)
HIPPO/LATSI is inactivated in distal
remodeled PA from subjects with
idiopathic PAH and two rodent models of
severe PH, and in human PAH PAVSMCs;
(2) LATSI inactivation enables activation
of Yap, consequent up-regulation of
proproliferative/prosurvival pathways, and
increased proliferation and survival; (3)
LATS] inactivation is self-supported by
bidirectional negative cross-talk with

ILK1 via the Yap-fibronectin axis; and (4)
pharmacologic inhibition of ILK up-
regulates LATS1, inhibits proliferation, and
induces apoptosis in human PAH, but not
control PAVSMCs, and reduces established
pulmonary vascular remodeling and PH

in vivo.

Defective coordination of cell death
and proliferation in microvascular
PAVSMCs underlines pulmonary vascular
remodeling, a critical component of PAH.
Here, we demonstrate that HIPPO
signaling, a nexus of proliferation/apoptosis
balance (21), is disrupted in the
proliferative PAVSMCs from small
remodeled PAs in idiopathic PAH lungs,
evidenced by the deficiency of the active
phosphorylated form of its core growth-
suppressor kinase LATS1, which is coupled
with up-regulation of its major reciprocal
effectors Yap/Taz, stimulators of
proliferation, survival, and self-renewal
(21, 43). Using a panel of LATS1 mutants,
bioinformatic network-based approach, and
siRNA and pharmacologic interventions,
we found that active LATS1 maintains low
proliferation rates and physiologic levels of
apoptosis in adult PAVSMCs, whereas its
inactivation promotes concomitant
activation of Yap, up-regulation of several
proliferative/prosurvival signaling pathways
without the need of stimulating it cognate
receptors, and acquisition of a proliferative,
apoptosis-resistant PAVSMC phenotype.
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Figure 7. P-T1079 large tumor suppressor 1 (Lats1) deficiency in murine animal models of pulmonary hypertension (PH). (A) Hematoxylin and eosin (H&E)
and immunohistochemical analyses of lung tissues from 6- to-8-week-old male Sprague-Dawley rats with SU5416/hypoxia-induced PH (8 wk of PH
induction). Upper panel (left to right): H&E staining; P-T1079 LATS1 (red); smooth muscle a-actin (SMA) (green) + 4',6-diamidino-2-phenylindole (DAPI) (blue);
P-T1079 LATS1 (red) + SMA (green) + DAPI (blue); proliferating cell nuclear antigen (PCNA) (red); PCNA (red) + SMA (green). Lower panel (left to right): H&E
staining; integrin-linked kinase 1 (ILK1) (red); SMA (green) + DAPI (blue); ILK1 (red) + SMA (green) + DAPI (blue); PCNA (red); PCNA (red) + SMA (green).
Images are representative of three animals per condition, minimum of 10 vessels per animal per condition. Scale bar=50 ym. (B) H&E staining and
immunohistochemical analysis of lung tissues from 6- to-8-week-old C57BL/6J mice with SU5416/hypoxia-induced PH (3 wk of PH induction). Images are
representative of three animals per condition, 10 pulmonary arteries (PAs) per animal per condition. Red, P-T1079 Lats1 (left panel) and ILK1 (right

panel); green, SMA; blue, DAPI. Scale bar =25 pm. (C-F) PA medial thickness (MT) (C), mean systolic right ventricular pressure (sRVP) (D), mean pulmonary
artery pressure (MPAP) (E), total pulmonary vascular resistance (PVR) (F), Fulton index (RV/[LV + S]) (G), and max dP/dT (H) of mice subjected to
SU5416/hypoxia or normoxia exposure for 3 weeks. n =5 mice/control (Contr) group; n=6 mice per PH group. Data are means * SE; *P < 0.01 by
Mann-Whitney U test. See Figure E14 for systolic left ventricular pressure and mean arterial pressure data. LV = left ventricle; RV = right ventricle; S = septum.
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vascular remodeling and pulmonary hypertension (PH). Six- to 8-week-old male C57BL/6J mice were
subjected to SU5416/hypoxia exposure as described in the MetHops section. Three weeks after PH
induction, mice were treated with vehicle (Veh) or Cpd22 (20 mg/kg, intraperitoneally, 5 d/Awk) for 2 weeks.
Then hemodynamic measurements were performed, lung and heart tissues were collected for
immunohistochemical and morphologic analyses; Fulton index was calculated as RV/(LV + S) ratio. Normoxia-
maintained same-age male C57BL/6J mice were used as control (Contr) animals. (A) Hematoxylin and eosin
(H&E) staining and immunohistochemical analysis of lung tissue sections. Images were representative of three
mice per condition; minimum of 10 pulmonary arteries (PAs) per condition. Red, P-T1079 Lats1; green,
smooth muscle a-actin (SMA); blue, DAPI. Scale bar =50 pm. (B-F) PA medial thickness (MT) (B), systolic
right ventricular pressure (sRVP) (C), mean pulmonary arterial pressure (mPAP) (D), max dP/dT (E), and Fulton
index (F). Data are means *+ SE; n=5-8 mice per group. *P < 0.01 for PH Veh versus Contr (B-F) and for PH
Cpd22 versus PH Veh (D); P < 0.05 for PH Cpd22 versus PH Veh (B and C) by Mann-Whitney U test (see
Figure E16 for systolic left ventricular pressure and mean arterial pressure). (G) Schematic representation of the
potential function of HIPPO in nondiseased puimonary arterial vascular smooth muscle cells (VSM) (eff) and
proposed mechanism of pulmonary VSM-specific HIPPO dysfunction in PH (ight). DAPI = 4’ 6-diamidino-2-
phenylindole; Fn = fibronectin; ILK = integrin-linked kinase; LV = left ventricle; RV = right ventricle; S = septum.
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The postulated key role for LATSI in
unstimulated proliferation and survival of
PAH PAVSMCs is further supported by
our new findings showing that LATS1
dysfunction is self-preserved by a
pathogenic loop via Yap/fibronectin-
dependent up-regulation of ILK1, which
inhibits LATSI and “locks” HIPPO in an
inactive state (Figure 8G) that can explain
increased proliferation and apoptosis
resistance of PAH PAVSMCs without
mitogenic stimuli.

Although elevated levels of fibronectin
in remodeled PAs in PAH have been
positively associated with medial
hypertrophy and neointima formation
(33-35), its role in the proliferative
response of pulmonary vascular cells in
PAH remained unclear. We demonstrate
that PAH-specific dysregulation of LATS1-
Yap in PAVSMCs promotes fibronectin
production, which is required for increased
proliferation and survival. This observation
is suggestive of PAVSMC involvement in
modulating ECM composition and
provides a functional link between
fibronectin and proliferative/prosurvival
PAVSMC phenotype in PAH.

Moreover, we found that increased
fibronectin content in human PAH
PAVSMCs supports overexpression of
ILK1, a LATSI inhibitor in tumor cells (40).
Although never studied in PAH,
fibronectin-induced ILK1 overexpression in
human cancers promotes cell proliferation
and survival with or without growth factor
receptor involvement (37). We found
that selective ILK inhibition reactivates
HIPPO/LATSI in PAH PAVSMCs, leading
to down-regulation of LATSI reciprocal
downstream effectors Yap/Taz and mTOR,
suppression of proliferation, and induction
of apoptosis. To our knowledge, these
data present the first evidence of a
bidirectional negative cross-talk between
LATS1 and ILK1, which provides a novel
mechanistic link between ECM remodeling
and increased proliferation and survival of
PAVSMGCs in PAH.

Our findings suggest a multifactorial
nature of LATS1 down-regulation by
increased stiffness, fibronectin, and
promitogenic PDGF-BB. Supporting our
observations, increased stiffness was
recently reported as an early event inducing
adventitial fibroblasts-specific Yap/Taz in
PH (10), but the links among ECM,
PDGF, and HIPPO/LATS]1 remain to be
elucidated. We also anticipate that other
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factors, such as dysregulation of BMPRII
and transforming growth factor-3
signaling, linked with HIPPO and Yap in
cancer and embryonic stem cells (21,
44-46), might further impact LATS1-
dependent regulation of PAVSMC
phenotype in PAH. Furthermore,
HIPPO/LATSI involvement in PAH may
not be restricted by pulmonary vasculature.
Indeed, LATS1 down-regulation in RV
from rats with experimental PH raises the
possibility of HIPPO/LATSI involvement
in RV hypertrophy and/or dysfunction,
which is shown to be linked with fibrosis
and abnormal ECM content.

Collectively, our study demonstrates a
key role for LATS1-ILK1 cross-talk in the
increased proliferation and survival of
PAVSMCs in PAH. Attractiveness of this
pathway as a potential therapeutic target is
further supported by our observations that
pharmacologic disruption of this pathogenic
loop by Cpd22 does not restore nondiseased
cell phenotype, but selectively eliminates
diseased cells via induction of apoptosis.
ILK1 inhibitors have shown great potential
in preclinical cancer studies as highly
selective agents without apparent toxicity
and currently are under development for
clinical use or entered clinical trials

(38, 47-49). Although our study has focused
on the PAVSMCs and not other pulmonary
vascular cell types, adventitial fibroblasts
and endothelial cells in human PAH also
have proliferation/apoptosis imbalance,
suggesting potential involvement of HIPPO
and/or ILK1. Given our current findings
that Cpd22 reduces established PH in vivo,
preclinical testing of ILK inhibitors on
other human PAH cell types and
experimental PH models warrants further
investigation.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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