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Abstract

Background: Pulmonary arterial hypertension (PAH) is characterized by excessive proliferation of small pulmonary arteria@
cular smooth muscle cells (PASMCs), endothelial dysfunction, and extracellular matrix remodeling. G protein-coupled receptor
kinase 2 (GRK2) plays an important role in the maintenance of vascular tone and blood flow. However, the role of GRK2 in the
pathogenesis of PAH is unknown.

Methods: GRK2 levels were detected in lung tissues from healthy people and PAH patients. C57BL/6 mice, vascular smooth muscle
cell-specific Grk2-knockout mice (Grk22M?2), and littermate controls (Grk21°1%) were grouped into control and hypoxia mice
(= 8). Pulmonary hypertension (PH) was induced by exposure to chronic hypoxia (10%) combined with injection of the SU5416
(cHx/SU). The expression levels of GRK2 and Yes-associated protein (YAP) in pulmonary arteries and PASMCs were detected
by Western blotting and immunofluorescence staining. The mRNA expression levels of Grk2 and Yes-associated protein (YAP)
in PASMCs were quantified with real-time polymerase chain reaction (RT-PCR). Wound-healing assay, 3-(4,5)-dimethylthiahiazo
(-z-y1)-3,5-di-phenytetrazoliumromide (MTT) assay, and 5-Ethynyl-2’-deoxyuridine (EdU) staining were performed to evaluate
the proliferation and migration of PASMCs. Meanwhile, the interaction among proteins was detected by immunoprecipitation
assays.

Results: The expression levels of GRK2 were upregulated in the pulmonary arteries of patients with PAH and the lungs of PH
mice. Moreover, cHx/SU-induced PH was attenuated in Grk2*M?? mice compared with littermate controls. The amelioration of
PH in Grk2*M?2 mice was accompanied by reduced pulmonary vascular remodeling. Iz vitro study further confirmed that GRK2
knock-down significantly altered hypoxia-induced PASMCs proliferation and migration, whereas this effect was severely intensi-
fied by overexpression of GRK2. We also identified that GRK2 promoted YAP expression and nuclear translocation in PASMCs,
resulting in excessive PASMCs proliferation and migration. Furthermore, GRK2 is stabilized by inhibiting phosphorylating GRK2
on Tyr86 and subsequently activating ubiquitylation under hypoxic conditions.

Conclusion: Our findings suggest that GRK2 plays a critical role in the pathogenesis of PAH, via regulating YAP expression and
nuclear translocation. Therefore, GRK2 serves as a novel therapeutic target for PAH treatment.
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Introduction pathogenesis of PAH includes sustained vasoconstriction

Pulmonary arterial hypertension (PAH) is an intractable and abnormal progressive fixed vascular remodeling. This

disease characterized by progressively increasing pulmo- i? accompanied by endothelial dysfunction and activa-
nary vascular resistance (PVR) and the development of  tion of fibroblasts and smooth muscle cells (SMCs). The
right heart failure, leading to premature death.'*! The =~ PAH survival rate has dramatically improved* since the

Access this article online Correspondence to: Shaoliang Chen, Division of Cardiology, Nanjing First Hospital,
Nanjing Medical University, Nanjing, Jiangsu 210006, China
Quick Response Code: Website: E-Mail: chmengx@126.com
WWW.Cmj.org Copyright © 2024 The Chinese Medical Association, produced by Wolters Kluwer, Inc. under the

CC-BY-NC-ND license. This is an open access article distributed under the terms of the Creative
Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is
DOI: permissible to download and share the work provided it is properly cited. The work cannot be
10.1097/CM9.0000000000002946 changed in any way or used commercially without permission from the journal.

Chinese Medical Journal 2024;137(7)

Received: 01-11-2022; Online: 19-01-2024 Edited by: Rongman Jia
and Xiuyuan Hao

846


mailto:chmengx@126.com

Chinese Medical Journal 2024;137(7)

Food and Drug Administration (FDA) approval of five
classes of agents targeting the three main PAH signaling
pathways, including endothelin receptor, cyclic adenosine
monophosphate, and phosphodiesterase type-5. Emerging
data, however, suggest that the long-term benefits of mon-
otherapy or sequential combinations in treating PAH are
still uncertain,/* largely because PAH pathobiology is
not fully understood.">**! Therefore, the identification and
characterization of new therapeutic targets is a pressing
need.

The G protein-coupled receptor kinases (GRKs) are a
seven-member (GRK1-GRK?7) family of serine-threonine
protein kinases with different tissue distributions, subcel-
lular localizations, and functions.!®” G protein-coupled
receptor kinase 2 (GRK2) is the best characterized GRK:
it is a cytoplasmic protein that translocates to the plasma
membrane upon G protein-coupled receptor (GPCR)
stimulation. Once at the plasma membrane, GRK2 spe-
cifically recognizes and phosphorylates agonist-activated
GPCRs, leading to receptor desensitization and non-re-
sponsive to cardiovascular drugs.” GRK2 expression
has been implicated in the development of heart failure,
atherosclerosis, Alzheimer’s disease, inflammatory dis-
ease, and cancer through modulating GPCR-dependent
and GPCR-independent pathways.[*1%) Moreover, GRK2
mediates cell-cycle G2/M progression and the migration
and differentiation of vascular smooth muscle cells
(SMCs), thus participating in the maintenance of vascu-
lar tone and blood flow.”1% In two recent studies, Sikka
et al'V and Barreto Ortiz et all'?! reported that GRK2
inhibition enhanced the photorelaxation of the pulmo-
nary artery induced by repeated blue light exposure.
Additionally, both Piao et all'¥! and Rodriguez-Serrano
et al' showed that inhibiting GBy—GRK2 interactions
improved sensitization of the failing myocardium
induced by PAH. Although GRK2 is clearly implicated
in a number of processes critical to the vasculature, its
role in pulmonary arterial vascular smooth muscle cells
(PASMCs) and PAH has not been fully explored.

HIPPO signaling pathway is a master regulator of cell
proliferation, differentiation, and apoptosis.l'’! Yes-as-
sociated protein (YAP) is a major downstream effector
of the HIPPO pathway. When phosphorylated, YAP is
stabilized in the cytoplasm by binding to 14-3-3 protein.
When dephosphorylated, activated YAP translocates
into the nucleus to bind the TEA domain (TEAD) tran-
scription factor, resulting in extracellular matrix (ECM)
composition, and the transcription of growth-promoting
genes, therefore contributing to cells proliferation and
migration,!'>~!8 and participating in the PAH devel-
opment.['”"l" Furthermore, YAP and transcriptional
coactivator with PDZ-binding motif (TAZ) promote
the proliferation and migration of PASMCs and small
pulmonary arterial remodeling in idiopathic PAH.['7-1]
Importantly, the HIPPO pathway can be regulated by
GPCR signaling. Activation of Gs-coupled receptors
increased LATS1/2 kinase activity, thus resulting in the
inhibition of YAP function.'"®! G protein-coupled bile acid
receptor activation can control YAP activity and regulate
distinct functions of cell growth and apoptosis.?°! There-
fore, we hypothesized that GRK2, a regulator of GPCR,
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modulated the YAP signaling and contributed to PAH in
mice and humans.

Methods

Human hemodynamic measurements and lung tissue
processing

This study was approved by the Institutional Review
Board of Nanjing First Hospital, Nanjing Medical Uni-
versity (No. KY20220425-09), which was in accordance
with the Declaration of Helsinki regarding investigations
in humans, and written consent was obtained from all
patients.

Human pulmonary hemodynamics and pulmonary arte-
rial pressure were measured using a 7.5F flow-directed
Swan-Ganz catheter (774P75, Edwards Lifesciences LLC,
Irvine, CA, US), according to a standard protocol. The
pulmonary arteries were extracted from two non-trans-
plantable normal donor lungs, in addition to the adjacent
normal lung tissue in a lung cancer patient, and the lungs
of six patients undergoing lung transplantation at the
Lung Transplant Group, Affiliated Wuxi People’s Hospi-
tal of Nanjing Medical University. Of these six patients
who underwent lung transplantation, three patients had
mild pulmonary hypertension (PH; average value of sys-
tolic pulmonary arterial pressure [sPAP] was 46 mmHg)
secondary to severe lung disease (one with chronic
obstructive pulmonary disease and two with idiopathic
pulmonary fibrosis), and another three subjects were
diagnosed with non-familial PAH (average value of sPAP
was 93 mmHg). Human PASMCs were isolated from the
lung tissues of normal donors and patients with PH.

Experimental hypoxic PAH modeling and grouping

All experiments involving animals were approved by the
Institutional Animal Care and Use Committee of Nanjing
First Hospital, Nanjing Medical University (No. DWSY-
23110414).

A single intraperitoneal injection of SU5416 (a vascular
endothelial growth factor (VEGF) receptor inhibitor,
20 mg/kg, weekly, subcutaneous injection; Sigma-Aldrich,
St. Louis, MO, USA) on day 1 was followed by exposure to
normobaric hypoxia (5.5 L/min flow of hypoxic air with
10% O, and 90% N,) from day 2 to day 29 to establish
hypoxic PH model. Chambers were opened twice weekly
for cleaning and replacement of food and water. The
oxygen concentration was monitored continuously in the
model-making period. Mice exposed to normoxic condi-
tions (21% oxygen) were kept in the same room on the
same 12-hour light/12-hour dark cycle as mice exposed
to hypoxia. Male C57BL/6] mice (8 weeks old, 20-25 g)
(n = 6-8 for each group) were obtained from GemPhar-
matech company in Nanjing, China. Mice were randomly
assigned to the control group or the experimental group,
allowing researchers to perform blinded procedures and
histological analyses.
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SMC-specific Grk2 over-expression or Grk2 knock-down mice

SMC-specific Grk2 over-expression mice were treated
with the adeno-associated virus (AAV)-SM22 (smooth
muscle protein 2) a-3Flag-SV40 PolyA contained a tran-
script of the mouse Grk2 gene (NCBI Reference Sequence:
NM_130863.2, produced by Genechem Co. Ltd., Shang-
hai, China) by tail vein injection.

Grk2 knock-down mice were created by tail vein
injection with an adeno-associated virus carrying ade-
no-associated virus 9 (AAV9)-shGRK2 (shRNA-GRK)
(5'-GCAAGUGUCUCCUGCUUAATT-3",  5’-UUAAG-
CAGGAGACACUUGCT-3', AAV9-shRNA; 1 x 10° PFU
(plaque forming unit) per mice, also produced by Gene-
chem Co. Ltd. Two weeks later, the mice in this study were
randomly exposed to hypoxia plus SU5416 (PH model)
or 21% oxygen (control group).

SMC-specific Grk2 knock-out mice

Grk2foiox (Grk2%) mice (Stock No. 012458, GRK2t-
m1Gwd/J; The Jackson Laboratory, Bar Harbor, ME,
USA) were crossed with SM220.-CRE (cyclization recom-
binase) mice (provided by Genetic Animal Center, Nanjing
University, Nanjing, China). SM220a-CRE+Grk2 mice
were crossed with Grk2"f mice to generate mice with
SMC-specific deletion of Grk2 (Grk24?2), All mice used
in this study were bred on a congenic 129/C57BL6 back-
ground. The Grk2 wild type (WT) and Grk2 floxed alleles
were verified by polymerase chain reaction (PCR), using
the following primers: 5-TGAGGCTCAGGGATACCT-
GTCAT-3" and 5'-CAGGCATTCCTGCTGGACTAG-3'.
Mice harboring the SMC-specific Grk2 allele deletion
were also genotyped for CRE by PCR, using the following
primers:  5-TGCCACGACCAAGTGACAGCAATG-3’;
5'-ACCAGAGACGGAAATCCATCGCTC-3". Grk2"t
and SMC-specific Grk2 knockout mice were randoml
divided into three groups: the Grk2" group, the Grk2"
PH group (PH model), and the Grk2*M?> PH group
(SMC-specific Grk2 knockout PH model).

Classification of muscularization of small pulmonary artery

The degree of muscularization of small pulmonary arteries
(<150 um) was defined in accordance with the methods
of a previous study.*!!

Hemodynamic measurements, pulmonary angiography, and
right ventricle (RV) weight calculation

Right ventricular systolic pressure (RVSP) was measured
by right heart catheterization, as previously described.!!"!
Mice were anesthetized with continuous isoflurane (1%)
inhalation. To expose the heart, a small left oblique
thoracotomy was performed at the left third to fourth
intercostal space. Probes were then inserted into the right
ventricle and the waveform was recorded. Pulmonary
angiography using polysilicon was performed, as previ-
ously described.'"”! All animals were sacrificed, and the
lung and heart tissues were harvested after hemodynamic
measurements were obtained. The right ventricle was
then dissected from the left ventricle and septum, and the
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ventricles were weighed separately. The right ventricle
hypertrophy index (RVHI) was defined as the ratio of the
weight of the RV to the weight of the left ventricle with
the septum.

Histological and immunohistochemical analyses

Animals were sacrificed and the lungs were removed, per-
fused with ice-cold saline to remove the blood and fixed in
4% paraformaldehyde solution. The lungs were cut into
S-um-thick sections for hematoxylin and eosin (H&E)
staining, according to the manufacturer’s protocols.
Images were captured under a light microscope (original
magnification, 200x; Nikon, Tokyo, Japan).

Isolation and culture of human PASMCs

The isolation, culture, and identification of human
PASMCs from 500 um to 1500 um-diameter arterioles
from patients with or without PAH were performed, as
previously described.”?! Human PASMCs were obtained
from ScienCell Research Laboratory (Carlsbad, CA,
USA) and cultured in smooth muscle cell growth medium
(SMGM) containing 5% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 pg/mL streptomycin in a
humidified incubator at 37°C with 5% CO,. During the
experiment, the cells were cultured in serum-free medium
for 12 h, the proteasome inhibitor MG132 (0.2 umol/L,
Selleck, Houston, TX, USA), or the protein synthesis
inhibitor cycloheximide (15 umol/L, Selleck), followed by
exposure to hypoxia (3% oxygen).

PASMGs proliferation and migration assays

PASMCs migration was assessed by wound healing assay
and Boyden chamber migration assay, as previously
described.?!!

Western blotting

Cell lysates of small pulmonary arteries from patients or
donors, lung tissue samples from mice, or PASMCs were
prepared as previously described.l?!! Protein samples were
extracted from nuclear and cytoplasmic fractions were
performed using a nuclear and cytoplasmic extraction kit
(Thermo Fisher Scientific, Waltham, MA, USA), according
to the manufacturer’s instructions. The antibodies used
include GAPDH, B-actin, phospho-AKT (Ser473), AKT,
YAP, H3, E3 ubiquitin-protein ligase Mdm2 (MDM2) (all
used at 1:1000; Cell Signaling Technology Inc., Beverly,
MA, USA), phospho-GRK2 (Tyr86, Try13, Try92), or
GRK2 (1:200; Santa Cruz, CA, USA). The immunoreac-
tive protein bands were scanned by chemiluminescence
system (Syngene, Cambridge, UK). Densitometric analysis
of immunoblots was performed using Image] software
(National Institutes of Health, Bethesda, MD, USA).

Real-time PCR (RT-PCR)

Total RNA was extracted from tissues or cells using
Trizol reagent (Vazyme Biotech, Nanjing, China)
according to the manufacturer’s instructions. RNA was
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reverse-transcribed into ¢cDNA using HiScript® III RT
SuperMix for qPCR (+gDNA wiper) (Vazyme Biotech,
Nanjing, China) and quantitative RT-PCR was con-
ducted using Taq Pro Universal SYBR qPCR Master Mix
(Vazyme Biotech, Nanjing, China) and ABI 7500 Fast
Real-Time PCR system (Applied Biosystem, Calsbad, CA,
USA). Primers were designed according to known mouse
gene sequences listed in Supplementary Table 1, http://
links.lww.com/CM9/B818.

Immunoprecipitation (IP)

For IP, cells were lysed in buffer containing 25 mmol/L
N-2-hydroxyethylpiperazine-N-ethane-sulphonicacid
(HEPES), 1 mmol/L ethylene diamine tetraacetic acid
(EDTA), 125 mmol/L NaCl, 0.5 mmol/L NaF, 0.25%
Nonidet P-40, 5% glycerol (pH 6.8), 10 ug/mL leupeptin,
20 pg/mL aprotinin, and 1 mmol/L phenylmethylsulfonyl
fluoride. The lysates were centrifuged at 15,000 x g for
10 min, and the supernatants were collected. Antibodies
specific for GRK2, MDM2 (Cell Signaling Technology)
were added to the supernatants and vibrated at 4°C
overnight. The resulting immune complexes were isolated
with protein A/G-agarose beads (2 h, vibrating, at room
temperature). The bound proteins were eluted off the
beads and were analyzed by Western blotting with anti-
GRK2 antibodies.

Small interfering RNA (siRNA) and plasmids transfection

GRK2-siRNA (5'-GGGAUCUUCGACUCAUATT-3’; 5'-
UAUGAGUCGAAGAUCUCCCTT-3’) and scrambled
control sequences were obtained from GenePharma
(Shanghai, China). Wild-type GRK2 (named WT-GRK2),
GRK2 (Tyr86 site mutant to Asp, Tyr86-Asp), and HA
(human influenza hemagglutinin)-Ub plasmids were
bought from Addgene, Watertown, MA, USA. They were
transfected into PASMCs using Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s protocol. After transfection for 6 h, the medium
was replaced with SMGM supplemented with 5% serum.

Adenoviral overexpression of GRK2

PASMCs were seeded at 5 x 10° cells per 35-mm-diameter
well and after 12 h, cell growth was arrested by washing
three times with PBS before adding FBS-free OptiMEM.
The cells were cultured at 37°C in 5% CO, with adenovi-
rus expressing either human GRK2 ¢DNA driven by the
cytomegalovirus early promoter (Ad-GRK2) or an empty
vector (Ad-NC).

Immunofluorescence staining

Frozen lung tissue sections and cells were blocked at
non-specific sites with 5% albumin from bovine serum
(BSA) for 1 h, the sections and cells were incubated with pri-
mary antibodies against GRK2 (1:20) or a-SMA (smooth
muscle actin) (1:100) overnight at 4°C. After labeling
with Alexa 488/555 secondary antibodies (1:200, green,
Cell Signaling Technology), sections or cells were coun-
terstained with 4’,6-diamidino-2-phenylindole (DAPI).
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Fluorescence images were acquired using a confocal
laser scanning microscope Zeiss LSM 880 (Oberkochen,
Germany).

Statistical analysis

Data are expressed as the mean + standard error of the
mean (SEM). Statistical analyses of differences between
groups were performed using Student’s z-test. One-way
analysis of variance (ANOVA) with Bonferroni correction
was used for multiple group comparisons. Equivalence of
variance between groups was confirmed using an F-test
for comparisons between two groups and a Brown—-For-
sythe test in conjunction with ANOVA, when applicable.
Normal distribution was assumed for all statistical analy-
ses and confirmed when group sizes allowed for testing of
normality. The difference in muscularization was analyzed
using chi-squared or exact test. All statistical tests used
two-sided tests of significance. GraphPad Prism 8 (www.
dotmatics.com) was applied, and P <0.05 indicated statis-
tically significant differences.

Results

GRK2 was associated with PAH and PAH disease severity

We first aimed to establish an involvement of GRK2
in PAH. To this end, we compared the protein levels in
pulmonary artery (PA) isolated from three normal donor
lungs and six recipient lungs. Of these six patients who
underwent lung transplantation, three patients had mild
pulmonary hypertension (PH) secondary to severe lung
disease (one with chronic obstructive pulmonary disease
and two with idiopathic pulmonary fibrosis) and another
three subjects had severe non-familial PAH [Figure 1A].
We found that GRK2 protein levels in PA from three
severe PAH patients were 5.2-fold higher than those from
donor lungs and 2.5-fold higher than those from three
patients with mild pulmonary hypertension [Figure 1A].
For further validation, GRK2 expression and distribution
were determined via immunofluorescence. Immunofluo-
rescence staining of PA of PAH patients demonstrated that
GRK2 was highly expressed in the thickened medial layer
[Figure 1B]. We then compared GRK2 protein expression
in lung tissues taken from mice with hypoxia-induced
PAH (cHx/SU) and control mice. Similar to the human
data, higher GRK2 levels were detected in lung tissues
from PH mice than those from normoxia control mice
[Figure 1C], mainly expressed in the thickened medial
layer [Figure 1D].

To confirm this finding in an in vitro system, we cultured
human PASMCs under hypoxic conditions (3% oxygen)
for various lengths of time and found a time-dependent
elevation in GRK2 protein expression [Figure 1E]. To
identify if the difference in GRK2 protein expression
exists between PAH and non-PAH PASMCs, we isolated
and sub-cultured PASMCs from the small PA of three
PAH patients and three controls [Figure 1F]. We observed
a higher level of GRK2 protein in PASMCs from PAH
patients than those from controls.
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Figure 1: GRK2 is associated with PAH and PAH disease severity. (A) Western blotting analysis of GRK2 expression in pulmonary arterial vessels of healthy donors and patients with
different systolic pulmonary arterial pressures (n = 3). (B) GRK2 (red) and a.-SMA (green) immunofluorescence staining in small pulmonary arteries from humans with or without PAH.
Nuclei are counterstained with DAPI (blue) (7 = 8). Scale bar, 50 pm. (C) GRK2 expression in lung tissues of mice with hypoxia (cHx)/SU5416 (Su)-induced PAH compared to that in control
mouse lungs (n = 8). (D) GRK2 (red) and o.-SMA (green) immunofluorescence staining in small pulmonary arteries from mice with or without cHx/SU-induced PAH (n = 8). Scale bar, 100
pm. (E) The level of GRK2 protein in human PASMCs stimulated with hypoxia at various time points (n = 3). (F) GRK2 expression in sub-cultured PASMCs derived from the lungs of three
normal controls (normal) and three patients with PAH (PAH = 78, 89, and 92 mmHg) (n = 3). *P <0.05 and "P <0.001 vs. normal, *P <0.001 vs. mild-PAH, $P <0.001 vs. Ctl, "P <0.01
and 1P <0.001 vs. Ctl, **P <0.01 vs. normal. The data represent the means + SEM. o.-SMA: o.-smooth muscle actin; cHx/SU: Hypoxia + SU416; Ctl: Control; DAPI: 4’,6-diamidino-2-phe-
nylindole; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; GRK2: G protein-coupled receptor kinase 2; PAH: Pulmonary arterial hypertension; PASMCs: Pulmonary arterial smooth

muscle cells; SEM: Standard error of the mean; SPAP: Systolic pulmonary artery pressure.

GRK2 plays a critical role in the development of PH induced
by hypoxia

Our data confirmed increased GRK2 protein level
in PA of PAH. However, the consequences of GRK2
down-regulation on PASMCs proliferation/migration
or PAH progression are unknown. We thus studied the
effect of GRK2 down-regulation on PAH development
in mice via tail vein injection of adeno-associated virus
9 (AAV9) carrying a GRK2 short hairpin RNA (AAV-
GRK2 shRNA). Analyses by immunofluorescence
staining and Western blotting showed efficient downreg-
ulation of GRK2 in lungs of AAV-GRK2 shRNA-treated
mice compared with controls [Supplementary Figure 1,
http://links.lww.com/CM9/B818]. We observed GRK2
down-regulation in normoxic mice did not change RVSP
[Figure 2A,B] and right ventricle hypertrophy index
(RVHI) [Figure 2C]. Hypoxia-induced increases of RVSP
and RVHI were significantly reversed by GRK2 down-
regulation [Figure 2A—C]J.

To assess the anatomical change of the pulmonary artery
caused by GRK2 down-expression under hypoxia, we
then performed mouse pulmonary angiography and found
that compared to hypoxic mice, hypoxic mice treated with
GRK2 shRNA exhibited diffuse vascular blush consistent
with a patent distal pulmonary vascular tree [Figure 2D].
Distal small PA normally has no or very less SMCs and
will develop severe PASMCs proliferation (i.e., muscu-
larization) during PAH development.[*®! Therefore, we
measured the improvement of muscularization by GRK2
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down-regulation in mice. Figure 2E,F illustrate that GRK2
down-regulation revealed a lower degree of both partial
(defined as H&E staining 25-75%) and full (defined as
H&E staining >75%) muscularization in mice under
hypoxia. The improvements in muscularization by GRK2
down-regulation resulted in a significant reduction in wall
thickness [Figure 2G]. The messenger RNA (mRNA) lev-
els of molecules involved in vascular remodeling, such as
SM22a, smooth muscle myosin heavy chain (SMMHC),
monocyte chemoattractant protein-1 (MCP-1), matrix
metalloproteinase 2 (MMP2), matrix metalloproteinase
99 (MMP), connective tissue growth factor (CTGF),
Collagen I, Collagen III, and Vimentin were significantly
increased in the pulmonary arteries of hypoxic mice
and down-regulation of GRK2 reversed these changes
[Figure 2H]. Furthermore, paroxetine is a potent GRK2
inhibitor with higher selectivity for GRK2. Compared to
hypoxic mice, using paroxetine significantly prevents the
development of PAH as determined by the reduction of
RVSP, RVHI muscularization, and wall thickness [Supple-
mentary Figure 2, http:/links.lww.com/CM9/B818].

We next investigated the consequences of GRK2
up-regulation in mice with smooth muscle cell-targeted
GRK2 overexpression (SMC-GRK2). The SMC-specific
transgene expression of GRK2 was achieved by AAV9.
Immunofluorescence staining showed PASMCs-specific
upregulation of GRK2 in the lungs of SMC-GRK2 mice
compared with controls [Supplementary Figure 3, http://
links.lww.com/CM9/B818]. Under hypoxic conditions,
GRK2 over-expression displayed a much more severe
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Figure 2: GRK2 down-regulation in PASMCs ameliorates PAH features in vivo. (A) Representative images of RVSP waves in control + NC shRNA (Ctl + NC sh) mice, Ctl + GRK2 shRNA
(Ctl + GRK2 sh) mice, cHx/SU + NC shRNA (cHx/SU + NC sh) mice, and cHx/SU+ GRK2 shRNA (cHx/SU + GRK2 sh) mice (n = 8). (B) Assessment of RVSP in each group (n = 8). (C) RVHI
calculated by the right ventricle to left ventricle + septum (RV/LV + S) weight ratios in each group (n = 8). (D) Representative images of pulmonary angiograms of cHx/SU + NC mice
and cHx/SU + GRK2 shRNA mice (n = 6). (E) H&E-stained sections of small pulmonary arteries from each group (n = 8). Scale bar, 50 ym. (F) None, partial, and full muscularization of
pulmonary arteries are shown as percentages (n = 8). (G) Assessment of the pulmonary arterial wall thickness as a percentage of the luminal diameter (n = 8). (H) RT-PCR assessment of
the mRNA level of SM22c., SMMHC, MCP-1, MMP2, MMP9, CTGF, Collagen |, Collagen Ill, and Vimentin in the lungs of each group (n = 8). “P <0.001 vs. Ctl + NC sh. $P <0.05, P <0.01
and ¥P <0.001 vs. cHx/SU + NC sh. The data represent the means + SEM. AAV9: Adeno-associated virus 9; cHx/SU: Hypoxia/SU5416; Ctl: Control; CTGF: Connective tissue growth factor;
GRK2: G protein-coupled receptor kinase 2; H&E: Hematoxylin and eosin; MCP-1: Monocyte chemoattractant protein 1; MMP2: Matrix metallopeptidase 2; MMP9: Matrix metallopeptidase
9; mRNA: Messenger Ribonucleic acid; NC: Null control; PAH: Pulmonary arterial hypertension; PASMCs: Pulmonary arterial smooth muscle cells; RT-PCR: Real-time Polymerase Chain
Reaction; RVHI: Right ventricle hypertrophy index; RVSP: Right ventricular systolic pressure; SEM: Standard error of the mean; SM22a.: Smooth muscle protein 22-o; SMMHC: Smooth

muscle myosin heavy chain.

PH phenotype than control mice as determined by RVSP
[Figure 3A,B] and RVHI [Figure 3C]. To assess the
anatomical change of the pulmonary artery caused by
hypoxia, we performed mouse pulmonary angiography,
and observed small vessel occlusion in hypoxic mice, with
an increase in the severity of occlusion in SMC-specific
GRK2 over-expression mice under hypoxia [Figure 3D].
Next, we also measured muscularization in the small
PA. Compared to normoxic mice, littermates exposed to
hypoxia exhibited severe muscularization that was either
partial or full [Figure 3E,F]. Compared to the hypoxic
condition alone, SMC-specific GRK2 over-expression
under hypoxia exposure had no effect on the percent-
age of partial muscularization, but significantly further
increased full muscularization [Figure 3E,F], which is
consistent with the more profound thickening of the
vessel wall [Figure 3G]. The mRNA levels of SM22aq,
SMMHC, MCP-1, MMP2, MMP9, CTGE, Collagen I,
Collagen III, and Vimentin also increased significantly
when GRK2 was over-expressed [Figure 3H]. Collectively,
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these data showed the improvements in small pulmonary
arterial remodeling and hypoxia-induced PAH develop-
ment by GRK2 down-regulation. Furthermore, GRK2
over-expression severely exaggerated hypoxia-induced
PAH development.

SMC-specific Grk2 knock-out mice are resistant to PAH
development

Our data thus described a protective effect of GRK2
down-regulation against hypoxia-induced PAH. We
therefore asked whether SMC-specific GRK2 deletion
also affects hypoxia-induced PAH in vivo. To do so, we
used mice with a homozygous Grk2 deletion specifically
in SMCs (Grk2*M22) [Figure 4A] confirmed by genotypic
identification using PCR [Figure 4B] and immunofluores-
cence staining of lung sections [Supplementary Figure 4,
http://links.lww.com/CM9/B818]. Compared to Grk2"
mice maintained under normoxia thatdid not develop PAH,
Grk2" mice exposed to hypoxia for 4 weeks developed


http://links.lww.com/CM9/B818

Chinese Medical Journal 2024;137(7)

WWW.Cmj.org

B
EBCtl

Ctl+SMC-GRK2

(1N

*
—

-iﬁ

|-|++

cHx/SU

G H 20
@BCtl CICt+SMC-GRK2
CIcHX/SUBBCHX/SU+SMC-GRK2 <15}

>
< 60 1 2
g 5 -
@ 40 z
g £
9
[Z]
= 20
£
3
2 0

OCtI+SMC-GRK2
CcHx/SUEBCHX/SU+SMC-GRK2

cHx/SU+

cHx/SU SMC-GRK2

cHxisu+  F = ct
: SMC GRKZ 0O  Ctl+SMC-GRK2
% O cHx/SU
80 @ cHx/SU+SMC-GRK2
S
— 60 §
2
= Il
Naot 5
©
3 §
wn 20 ||
=}
=
None Partial Full
I am Ctl
© cHx/SU

@ cHx/SU+SMC-GRK2

Figure 3: GRK2 up-regulation in PASMCs exacerbates PAH in vivo. (A) Representative images of RVSP waves in Ctl mice, AAV9-mediated SMC-specific GRK2 over-expression (Ctl + SMC-
GRK2) mice, cHx/SU mice, and cHx/SU + SMC-GRK2 mice (n = 8). (B) Assessment of RVSP in each group (n = 8). (C) RVHI calculated in each group (n = 8). (D) Representative pulmonary
angiograms of Ctl, cHx/SU, and cHx/SU+SMC-GRK2 groups (n = 5). (E) Representative H&E-stained sections of small pulmonary arteries from the lungs of four groups (n = 8). Scale bar,
50 pm. (F) None, partial, and full muscularization of pulmonary arteries are shown as percentages (n = 8). (G) Pulmonary arterial wall thickness as a percentage of the luminal diameter
(n = 8). (H) mRNA level of SM22c., SMMHC, MCP-1, MMP2, MMP9, CTGF, Collagen I, Collagen Ill, and Vimentin in the lungs of each group (n = 8). “P <0.05, P <0.01 and $P <0.001
vs. Ctl. TP <0.05, 1P <0.01, and "P <0.001 vs. cHx/SU. The data represent the means + SEM. AAV9: Adeno-associated virus 9; Ctl: Control; cHx/SU: Hypoxia/SU5416; CTGF: Connective
tissue growth factor; GRK2: G protein-coupled receptor kinase 2; H&E: Hematoxylin and eosin; MCP-1: Monocyte chemoattractant protein-1; MMP2: Matrix metallopeptidase 2; MMP9:
Matrix metallopeptidase 9; mRNA: Messenger Ribonucleic acid; PAH: Pulmonary arterial hypertension; PASMCs: Pulmonary arterial smooth muscle cells; RVHI: Right ventricle hypertrophy
index; RVSP: Right ventricular systolic pressure; SEM: Standard error of the mean; SM22c.: Smooth muscle protein 22-o; SMC: Smooth muscle cell; SMMHC: Smooth muscle myosin

heavy chain.

PAH, as evidenced by an increase in RVSP [Figure 4C,D]
and RVHI [Figure 4E|. Pulmonary arterial angiography
showed severe occlusion of distal small pulmonary arter-
ies in Grk2™ mice after 4 weeks of exposure to hypoxia
[Figure 4F], in consistent with increased muscularization
[Figure 4G,H| and vessel wall thickness [Figure 4I]. By
contrast, Grk2*M22 mice exposed to 4 weeks of hypoxia
developed less severe PAH, as evidenced by significant
decreases in RVSP [Figure 4C,D]| and RVHI [Figure 4E]
compared to Grk2" mice. Angiography confirmed the
improved blood flushing and decreased distal small vessel
occlusion in Grk2*M22 mice after 4 weeks of exposure
to hypoxia [Figure 4F]. Furthermore, Grk2*°M?? mice
had almost normal-appearing vessel lumens [Figure 4G]|
without excessive vessel wall thickening [Figure 4H,I].
Full muscularization in small vessels was signiﬁcant y
reversed in Grk2*M?2 mice compared to that in Grk2"f
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mice [Figure 4H]. The mRNA levels of SM22a, SMMHC,
MCP-1, MMP2, MMP9, CTGE Collagen I, Collagen
III, and Vimentin were significantly increased in the pul-
monary arteries of PAH mice, and GRK2 deficiency in
SMCs reversed these changes [Figure 4]]. Taken together,
these data support that SMC-specific Grk2 knock-out
prevented PAH development.

GRK2 promotes hypoxia-induced PASMCs proliferation and
migration

The proliferation and migration of PASMCs are important
factors for vascular-wall remodeling in PAH development.
To provide the direct evidence about the change of PASMCs
migration and proliferation, wound-healing assay, 3-
(4,5)-dimethylthiahiazo  (-z-y1)-3,5-di-phenytetrazoliumro-
mide (MTT) assay, and 5-Ethynyl-2’-deoxyuridine (EdU)
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staining were performed in PASMCs. Compared to
hypoxia exposure (3% oxygen), GRK2 down-regula-
tion led to a profound inhibition of PASMCs migration
[Figure 5A,B] and proliferation [Figure 5C]. Wound-
healing assay, MTT assay, and EdU staining also indicated
that the knockdown of GRK2 decreased the migration
and proliferation potential of PASMCs from PAH patients

853

under normoxic conditions [Figure 5D-F]. Furthermore,
results also demonstrated a further increase of PASMCs
migration [Figure 5G,H] and proliferation [Figure 5I]
worsened by GRK2 over-expression under hypoxia, com-
pared to hypoxia exposure alone. Collectively, these data
showed that GRK2 promoted hypoxia-induced prolifera-
tion and migration of PASMCs.
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GRK2-YAP signaling is involved in PAH

HIPPO pathway is the master regulator of organ growth by
limiting cell migration and proliferation.!'*! Downstream
molecules of the HIPPO pathway have been implicated
in PAH, including YAP and phosphorylated AKT-Ser
473.1"1 Moreover, GPCRs and their ligands regulate the
HIPPO pathway and its downstream signaling molecules
in failing myocardium,!'®! but a specific interplay between
GRK2 and HIPPO-YAP in PASMCs is unknown. In this
regard, we thus studied GRK2 and YAP protein levels in
PASMCs isolated from human subjects. Indeed, we noted
that GRK2 and YAP protein expression and AKT-Ser473
phosphorylation levels were markedly up-regulated in
PASMCs from patients with PAH compared to healthy
subjects [Figure 6A]. This finding suggests that GRK2,
YAP, and AKT-Ser 473 are implicated in PAH develop-
ment.

To investigate potential YAP-AKT regulation by GRK2,
we then studied the change in mRNA and protein levels
of YAP and phosphorylation of AKT-Ser 473 induced
by GRK2 expression in human donor PASMCs sub-cul-
tured under normoxic and hypoxic conditions. PASMCs
exposed to hypoxia exhibited increased YAP and AKT-
Ser 473 protein levels. This elevation in YAP protein and

WWW.Cmj.org

AKT-Ser 473 phosphorylation levels was further enhanced
upon GRK2 over-expression [Figure 6B], accompanied by
increased YAP nuclear translocation [Figure 6C]. Next,
we studied the inhibitory effects of GRK2 down-regula-
tion on YAP protein and AKT-Ser 473 phosphorylation
levels and found that PASMCs transfected with GRK2
siRNA demonstrated marked reductions in YAP protein
expression and AKT-Ser 473 phosphorylation levels
[Figure 6D] and YAP nuclear translocation [Figure 6E]
under hypoxia conditions. Next, we studied the AKT-
Ser 473 regulation by YAP and found that PASMCs
transfected with YAP siRNA resulted in a reduction in
AKT-Ser 473 phosphorylation under hypoxic exposure
[Figure 6F], suggesting YAP functioning as the upstream
of AKT. In Supplementary Figure 5, http:/links.lww.
com/CM9/B818, we found that GRK2 overexpression
significantly increased PASMCs proliferation and migra-
tion under hypoxia exposure. YAP knocked down by
siRNA reversed the increase of PASMCs proliferation
and migration induced by GRK2 overexpression. As
shown in Supplementary Figure 6, http:/links.lww.com/
CM9/B818, Western blotting showed that YAP was
downregulated in the lung tissues in SMC-specific Grk2
knockout mice compared to control mice under hypoxia
conditions. To investigate mechanism by which GRK2
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SEM: Standard error of the mean; si: Small interfering; YAP: Yes-associated protein.

regulates YAP, we then examined the mRNA levels of
YAP and observed that GRK2 down-regulation sup-
pressed YAP mRNA levels [Figure 6G]|. Furthermore, we
treated PASMCs with cycloheximide, a protein synthesis
inhibitor, under normoxia or hypoxia conditions. As
shown in Supplementary Figure 7, http://links.lww.com/
CM9/B818, hypoxia exposure showed no effect on the
degradation of YAP in the presence of cycloheximide.
Next, we treated cells with the proteasome inhibitor
MG-132. GRK2 down-regulation significantly decreased
the YAP level in PASMCs under hypoxia conditions no
matter with or without MG132 treatment [Figure 6H].
These data indicated that YAP was up-regulated at a
transcriptional level by GRK2 in response to hypoxia.
Collectively, we provide evidence that GRK2 might be an
upstream mediator of the YAP-AKT signaling pathway
by modulating synthesis and nuclear localization of YAP,
and it may be by this mechanism that GRK2 contributes
to PAH development.
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Hypoxia inhibits ubiquitination degradation of GRK2 in
PASMCs

Here, our study provides evidence that the protein
levels but not the mRNA levels of GRK2 changed in
hypoxia compared to normoxia [Figure 7A]. These
results suggest that hypoxia-induced up-regulation of
GRK2 protein was related to altered protein stability.
For this issue, PASMCs were treated with cycloheximide
to block protein synthesis and analyzed for GRK2
protein decay over time by Western blotting. We found
that GRK2 protein degraded in a time-dependent way
under normoxic conditions, while hypoxia treatment
resulted in an increase of GRK2 stability in PASMCs
[Figure 7B]. GRK2 has been previously described for its
degradation by the ubiquitin-proteasome pathway. To
address whether GRK2 could be modified by ubiquitin,
PASMCs were transiently co-transfected with GRK2 and
hemagglutinin (HA)-tagged ubiquitin (HA-Ub) plasmids
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followed by the treatment of the proteasomal inhibitor
MG132. We found that hypoxia significantly decreased
GRK2 ubiquitination levels by IP assay [Figure 7C]. The
results suggest that hypoxia inhibits the ubiquitination
degradation of GRK2.

A previous study reported that GRK2 phosphorylation
at multiple sites may affect GRK2 activity in response to
different stimuli.l**! Furthermore, one study reported that
HEK-293 cells transfected with B-AR and GRK2 Y13
or Y86 or Y92F (Tyr-Phe) mutant markedly decreased
GRK2 phosphorylation by c¢-Src in the presence of iso-
proterenol, which was particularly low in the Y13/86/92F
triple mutant,’**! indicating mutation at Tyr86/13/92 sites
blocking the GRK2 degradation by c¢-Src under B-AR
activation. We therefore tested the impact of hypoxia on
GRK2 phosphorylation at these sites. The GRK2 phos-
phorylation at Tyr13/92 did not significantly increase over
time of hypoxia, whereas PASMCs exposed to 12-48 h
hypoxia exhibited a consistent reduction in GRK2-Tyr
86 phosphorylation [Figure 7D]. Taken together, these
findings suggest that GRK2 might be stabilized by inhib-
iting phosphorylating GRK2 on Tyr 86 and subsequently
activating ubiquitylation under hypoxic conditions.

Discussion

The present study explores the importance of GRK2
in PAH development. We find that GRK2 has a critical
role in PASMCs proliferation/migration in hypoxia plus
SU5416-induced PH in mice and human PAH development
through promoting YAP expression and nuclear translo-
cation. Our findings should be very strongly clinically
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relevant. While the mechanisms of PAH are multi-facto-
rial, excessive proliferation and migration of PASMCs in
small pulmonary vessels, leading to medial thickening and
luminal stenosis or occlusion with subsequent increased
PVR and the phenotype of PAH, is the final common
pathobiological mechanism of PAH. Our study presents
four major findings. Increased levels of the GRK2 protein
in most organs have been linked to many cardiovascular
diseases;!*1% however, the precise underlying mechanisms
of GRK2 in the development of arterial hypertension are
controversial,['®>! as deletion of GRK2 in a mouse model
did not prevent arterial hypertension development.!!*]
Here, we demonstrate that GRK2 protein levels positively
correlate with PAH severity in patients and in mice with
hypoxia-induced PAH, directly linking GRK2 signaling
to PAH development. We further show that SMC-specific
GRK2 knock-out mice are resistant to PAH development
due to a decrease in vessel wall thickness and maintenance
of the luminal area. Then, we show that GRK2 over-ex-
pression induces excessive PASMC proliferation and
migration, mainly by increasing YAP protein expression
and promoting YAP nuclear translocation. These findings
described the importance of GRK2-YAP signaling in PAH
development in both humans and mice.

Vasoconstriction and vascular remodeling of the pul-
monary artery participate in PAH development and
progression, from the beginning to the end stage of the
disease.l'"®! Dysregulated pulmonary vascular control
mediates and contributes to vascular remodeling!!'!122¢]
characterized by vasoconstriction, cellular hyperplasia,
thrombosis, and sclerosis, resulting in luminal obliteration.
This combination of features reduces pulmonary vascular
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compliance. Gros et al'% reported that GRK2 activity is
selectively increased in lymphocytes from hypertensive
subjects. Recently, Tutunea-Fatan et al'*”! found that
GRK2 expression is increased in arterial hypertension,
facilitating the development of the hypertensive state
by increasing the desensitization of GPCRs important
for vasodilation. These researchers also reported that
GRK2 deficiency leads to age-dependent development
of hypertension as a consequence of global alterations
in GPCR signaling, implying that the balance among
mechanisms regulating vascular tone is shifted to favor
vasoconstriction in the absence of GRK2 expression.
Moreover, two studies highlighted the possible role of
GRK2 in mediating pulmonary arterial relaxation upon
exposure to blue light, with unknown mechanisms.!'!:12]
Our results demonstrate that the exaggerated pulmonary
arterial remodeling in response to hypoxia can be mostly
improved by specifically deleting GRK2 in PASMCs
accompanied by inhibition of AKT phosphorylation—a
known mediator of SMC proliferation.?>?8! These find-
ings highlight the important roles and mechanisms of
GRK2 in PAH development.

There is accumulating evidence for the importance of the
HIPPO-YAP pathway in vascular remodeling and related
cardiovascular diseases.l'>?°l Consistently, our results
show that YAP protein expression is significantly increased
in the pulmonary artery of patients with PAH and in lung
tissues of mice with hypoxia-induced PAH. Emerging
evidence indicates a critical function for YAP in regulating
PASMCs proliferation and migration and pulmonary
vascular remodeling through an ECM-YAP feedback loop
in animal models.!'83% YAP has been implicated in the
stiff matrix-induced expression of glutaminase attributed
to PH.BY In addition, LATS1, an upstream regulator of
YAP, is inactivated in small pulmonary arterial VSMCs in
PAH,!'>182% which induces the expression of its reciprocal
effector YAP and increases fibronectin production and
secretion by activating integrin-linked kinase 1 (ILK1) in
pulmonary arterial VSMCs.!"*! In turn, ILK1 negatively
regulates LATS1, and this YAP-fibronectin-ILK1 signaling
loop has been shown to control pulmonary arterial VSMC
proliferation and survival. Therefore, a positive feedback
loop involving actomyosin contractility, ECM stiffness,
and sustained YAP activation contributes to hypoxia-in-
duced PAH development at different levels.['>2°]

Nuclear YAP/TAZ mainly interacts with transcription
factors of the TEAD family, and others, to regulate gene
expression.!'%2°311 Upon phosphorylation by LATS1/2,
YAP interacts with 14-3-3, which stabilizes YAP; in turn,
YAP is prevented from translocating into the nucleus.*?!
Here, our data point out that GRK2 promotes YAP
translocation into the nucleus by increasing YAP expres-
sion and preventing the interaction of YAP with 14-3-3.
Moreover, Moon et al'®3! reported that Nemo-like kinase
(NLK) phosphorylates YAP at Ser128 both in vitro and in
vivo, which blocks interaction with 14-3-3 and enhances
its nuclear localization. These studies have established that
YAP inhibition via both LATS-dependent and LATS-inde-
pendent mechanisms. We found that although LATS1 was
down-regulated in response to hypoxia, LATS1 expres-
sion did not change in response to GRK2 over-expression,

857

WWW.Cmj.org

silencing, or deletion, indicating that the canonical HIPPO
pathway is not modulated by GRK2. Furthermore, our
data showed that GRK2 deletion inhibited YAP nuclear
translocation, and that GRK2-YAP axis plays a crucial
role in PAH development.

Our results show that hypoxia inhibits the ubiquitination
degradation of GRK2. Enhanced GRK2 degradation by
the proteasome pathway occurs upon GPCR stimulation,
which allows cellular adaptation to chronic stimulation
in a physiological setting.[”->3**l ERK phosphorylation at
Ser670 and S-nitrosothiol (SNO) at Ser340 inhibits GRK2
activation, while PKA phosphorylation at Ser 685 can pro-
mote GRK2 activation.?3! Conversely, GRK2 degradation
under isoproterenol stimulation was diminished in cells
transfected with B-AR and GRK2-Y13 or Y86 or Y92F
mutant, which was particularly low in the Y13/86/92F
triple mutant.?>** However, our results demonstrate
that down-regulation of GRK2 ubiquitination levels by
decreasing phosphorylating GRK2 at Tyr-86 (but not at
Tyr-13 or Tyr-92) under hypoxia conditions. Conclusively,
our findings reveal an effective way to regulate the rate of
degradation of GRK2 and provide a potential therapeutic
target for PAH.

It is essential to acknowledge the various constraints
inherent in this study. To comprehensively assess the rela-
tionship between GRK2 expression and pulmonary artery
pressure, as well as the severity of pulmonary vascular
remodeling, further investigations with a larger sample
size are warranted. In some respects, we encountered
challenges in conclusively establishing YAP as the direct
targets of GRK2. Furthermore, additional research efforts
are imperative for a comprehensive understanding of the
roles played by GRK2 in pulmonary vascular remodeling
and for the development of innovative pharmaceutical
interventions targeting GRK2 as a therapeutic strategy for
pulmonary hypertension.

In summary, our results show that an increased baseline
level of GRK2 protein correlates with increased PAH
severity in both humans and mice under hypoxia. Despite
pivotal studies have pointed out the YAP regulation by
GPCR in heart development, regeneration, and disease,3*
we for the first show that the GRK2-YAP-AKT signaling
pathway induces PASMCs proliferation and pulmonary
vascular remodeling in response to hypoxia. These findings
may be beneficial to provide effective strategies for the
treatment of PAH.
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