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Abstract

Rationale: Mutations in bone morphogenetic protein receptor 2 (BMPR2) are associated with
familial and sporadic pulmonary arterial hypertension (PAH). The functional and molecular
link between loss of BMPR2 in pulmonary artery (PA) smooth muscle cells (SMC) and PAH
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pathogenesis warrants further investigation, as most investigations focus on BMPR2 in PA
endothelial cells.

Obijective: Determine whether and how decreased BMPR?2 is related to the abnormal phenotype
of PASMC in PAH.

Methods: SMC-specific Bmpr2”~ mice (BKOSMC) were created and compared to controls in
room air, after three weeks of hypoxia as a ‘second hit’, and following four weeks of normoxic
recovery. Echocardiography, right ventricular systolic pressure and right ventricular hypertrophy
were assessed as indices of pulmonary hypertension (PH). Proliferation, contractility, gene and
protein expression of PASMC from BKOSMC mice, human PASMC with BMPRZ2 reduced by
SiRNA, and PASMC from PAH patients with a BMPR2 mutation were compared to controls, to
investigate the phenotype and underlying mechanism.

Results: BKOSMC mice showed reduced hypoxia-induced vasoconstriction and persistent PH
following recovery from hypoxia, associated with sustained muscularization of distal PA. PASMC
from mutant compared to control mice displayed reduced contractility at baseline and in

response to angiotensin Il, increased proliferation and apoptosis resistance. Human PASMC

with reduced BMPR2 by siRNA, and PASMC from PAH patients with a BMPR2 mutation
showed a similar phenotype related to upregulation of pPERK1/2-pP38-pSMAD2/3 mediating
elevation in p-Arrestin2 (ARRB2), pAKT and B-catenin (CTNNBL1) and reduction in RHOA and
RACL1. Decreasing ARRB2 in PASMC with reduced BMPR?2 restored normal signaling, reversed
impaired contractility and attenuated heightened proliferation and in mice with inducible loss of
BMPR2 in SMC, decreasing ARRB2 prevented persistent PH.

Conclusions: Agents that neutralize the elevated ARRB2 resulting from loss of BMPR2 in
PASMC could prevent or reverse the aberrant hypo-contractile and hyperproliferative phenotype of
these cells in PAH.

Graphical Abstract
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Introduction

Despite current vasodilator therapy, pulmonary arterial hypertension (PAH) is frequently
a progressive and debilitating disease that is lethal in the absence of a lung transplant.

It is characterized by endothelial apoptosis, endothelial to mesenchymal transition with
resistance to apoptosis, inflammation, elastic fiber degradation and other changes in the
extracellular matrix that contribute to proliferation of vascular smooth muscle-like cells.
This culminates in the occlusion and loss of small arteries in the lung, causing severe
elevation in pulmonary vascular resistance and right heart failurel.

Mutations in bone morphogenetic receptor 2 (BMPRZ2) are present in 70% of patients
with familial PAH and in 20% of individuals with sporadic idiopathic PAH (IPAH)2:3,
collectively denoted hereditary PAH. Other mutations are infrequent and some impact the
BMPR?2 signaling pathway, such as those in the co-receptor, activin like kinase-1 gene
(ALK1), an interacting protein, caveolin-1 gene (CAV1), and a downstream transcription
factor, mothers against decapentaplegic homolog 9 gene (SMADY)*. Notably, BMPR2
expression is reduced in patients with IPAH without an identified mutation, as well as

in those whose PAH is associated with other conditions®. Numerous investigations have
focused on mechanisms relating loss of BMPR2 to pulmonary arterial endothelial cell
(PAEC) dysfunction. For example, our group showed that loss of BMPR2 in PAEC
causes impaired peroxisome proliferator activated receptor gamma and B-catenin (PPARG-
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CTNNB1) dependent angiogenesis®, associated with a reduction in apelin, a factor that
attenuates smooth muscle cell (SMC) proliferation and is anti-inflammatory’. More recent
studies related loss of BMPR?2 to endothelial mesenchymal transition® owing to an increase
in the chromatin remodeling factor high mobility group AT-hookl (HMGAL), and in co-
culture studies, loss of BMPR2 in PAEC in concert with loss of BMPR2 in pulmonary
arterial SMC (PASMC) reduces EC regeneration in response to injury by adversely
impacting NOTCH1 signaling®.

While BMPR2 expression is considerably lower in PASMC compared to PAEC in normal
cells, there is substantial evidence that the hyper-proliferative phenotype of PASMC in PAH
is also related to a cell autonomous reduction in BMPR210 and hence can contribute to
lesion formation and progressive obliteration of the pulmonary circulation. Similar to PAH
PAECS.11-13 pAH PASMC exhibit DNA damagel4, abnormal glycolytic metabolism15,
impaired activation of PPARG16, and an increase in aldehyde dehydrogenase 1 family
member A3 (ALDH1A3)%0 that contributes to their hyper-proliferative state. Loss of
BMPR2 impairs PASMC motilityl’, a feature important in the response to injury that is
regulated by a transient BMPR2 dependent induction of CTNNBL1 and activation of RHOA
and RAC118, Other studies have emphasized dysfunctional SMAD signaling!®, impaired
contractile gene expression2 and amplification of abnormalities with endothelin-121.

Transgenic mice with Bmpr2 deletion in PAEC, develop hypoxia-induced pulmonary
hypertension (PH) that persists after recovery in room airl3. The impact of Bmpr2 deletion
in SMC (BKO°™) on the development of pulmonary hypertension in mice had not been
addressed primarily because there is considerable attrition of these mice owing to severe
cardiac malformations?2. However, the incomplete penetrance of the deletion in causing the
cardiac defects allowed us to investigate the mechanism and severity of inducible PH in
those mice whose phenotype appeared normal in the absence of intervention. To avoid the
high attrition, we also created mice with an inducible Bmpr2 knock-out in SMC (iBKOSMC)
that had a similar phenotype.

B-Arrestins are ubiquitous proteins initially described for their role in G protein-coupled
receptor desensitization, sequestration, and internalization and serve as scaffold proteins for
signaling molecules that regulate gene expression and cellular responses?? including SMC
proliferation in injured arteries?. B-arrestin 2 (ARRB2) is essential for the initiation and
growth of intestinal tumors displaying elevated Wnt pathway activity?®, and B-arrestins act
as signaling scaffolds for pAKT26,

In this study we used chronic hypoxia not in association with lung disease but as a ‘second
hit’ in mice with deletion of Bmpr2in SMC, much as could be encountered during exposure
to high altitude, inflammation or sleep apnea?’. We now show that PASMC with reduced
BMPR?2 exhibit heightened proliferation and impaired contractility, and persistent hypoxia-
induced PH following return of these mice to room air. We relate these findings to increased
PERK1/2-pP38-pSMAD2/3 upregulating ARRB2 and pAKT causing GSK3p inactivation
and CTNNB1 mediated heightened proliferation, as well as reduced RHOA and RAC1
signaling that is responsible for impaired contractility. We show this relationship in human
PASMC where we reduced BMPR2 by siRNA, and in PASMC of PAH patients with a
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BMPR2 mutation. In the /BKOSMC mouse model, inducible deleting one allele of Arrb2in
SMC prevented persistent pulmonary hypertension after chronic hypoxia.

Data Availability

The authors declare that all supporting data are available within the article and its
Supplemental Material. Additional methods or data related to this study are available from
the corresponding authors upon reasonable request.

Expanded Methods are provided in the Data Supplement.

Transgenic Mice

Cell Culture

Tagin-Cre/R26R/Bmpr2~'~ mice (BKOSMS), inducible Acta2-CreER/Ta/Bmpr2™~ mice
(iBKOSMC) and Acta2-CreER/Ta/Bmpr2™~/Arb2™* mice (iBKO-iAHef™®) were created
by breeding Bmpr2foX/flox ith Tagin-Cre, Acta2-CreER, R26R, Td-tomato, or with
Arrb2fox/flox mice. The mice were back-crossed for six generations onto a C57BL/6J
background. Some BKOSMC embryos at E19.5 were collected and fixed in 4%
paraformaldehyde and heart defects evaluated by transverse and sagittal sections stained
with H&E.

Mice at 8 weeks of age were housed under hypoxia (10% O5) for three weeks, followed

by four weeks of recovery in room air or were maintained in room air. The inducible
knock-out mice and controls were fed a tamoxifen containing diet for four weeks?® before
exposure to hypoxia. The number of mice per experiment is indicated in the figure legends.
Echocardiographic assessments of cardiac function, hemodynamic measurement of right
ventricular (RV) systolic pressure (RVSP), histological and morphometric analyses of RV
hypertrophy (RVH), and peripheral PA changes, were carried out as previously described1®.
Left ventricular end diastolic pressure (LVEDP)??, LacZ30 and Td-tomato staining were also
performed as described in the Data Supplement.

Primary murine (m) PASMC were isolated from mouse large PA following removal of

the adventitia and EC layer1? as described in the Expanded Methods in the Online

Data Supplement. Human PASMC were isolated from small PA (<1mm) harvested from
explanted lungs of PAH patients with a BMPR2 mutation undergoing lung transplantation,
and from unused donor lungs as controls?, all obtained deidentified from the Pulmonary
Hypertension Breakthrough Initiative (PHBI). Table S1 in the Data Supplement lists
demographics, PAH hemodynamics and PAH medications. PASMC were cultured in Smooth
Muscle Growth Medium (SMGM) as described!9. For siRNA transfection or treatment

by Angll or BMP4, PASMC were synchronized in starvation medium for 48 hours, then
cultured in SMGM with 5% FBS.
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Immunohistochemistry (IHC) and Morphometric Analysis

Paraffin-embedded mouse lung tissue sections (7 um) were deparaffined and rehydrated
following a standard protocol. Sections were blocked and permeabilized in the blocking
buffer (3-5% BSA, 0.2% Triton X-100 in 1X TBS plus 5% Goat or Donkey serum) for

one hour at room temperature, followed by standard protocol described in the Methods

in the Data Supplement. Controls with only the secondary antibody were used to assess
background and selectivity of staining. Images were acquired using a SPOT imaging system
(SPOT IMAGING, Sterling Heights Headquarters, MI) connected to a Leica microscope (JH
Technologies, Leica DMLB model, Fremont, CA).

Muscularization was assessed by comparing the number of muscularized PAs at alveolar
duct and wall level (SPA) to the total number of arteries at these levels. The number of
arteries at alveolar duct and wall level per 100 alveoli was also assessed. Analyses were
done blinded to the experimental group to which the section belonged. For each mouse, we
assessed six different sections representing different fields.

siRNA Transfection

Synchronized PASMC were transfected with nontargeting siRNA (siControl), or with SiRNA
targeting BMPRZ2, ARRBZ2, CTNNBI1, or SMAD2&3 using Lipofectamine RNAiMax for
overnight. After siRNA transfection and synchronization, cells were cultured in SMGM for
48 hours, and treated as described for the various assays. SiRNAs used in this study are listed
in the Data Supplement.

PASMC Contraction Assay

Synchronized PASMC transfected with sSiRNA were cultured for 48 hours, then mixed with
the collagen gel from Cell Biolabs, and loaded onto a 48-well plate (3x10° cells per 250
uL gel mix per well). After polymerization for 30 min at 37°C, the cells were cultured with
SMGM and treatments added for 48—72 hours, the plates scanned and images obtained for
gel contraction analysis. Residual gel area (mm?2) was measured using Fiji ImageJ. Wells
containing gel without embedded PASMC were included as un-contracted controls.

Proliferation and Survival Assays

Proliferation assessed by cell count: Equal numbers of PASMC were seeded in
24-well plates, cultured with 5% FBS in SMGM, and counted using a cell counter.

Proliferation by the MTT assay (ATCC): Cells were cultured in 96-well plates
following incubation with MTT solution at 37°C for 3 hours, and OD read by Microplate
Reader.

Survival: Survival following serum withdrawal was assessed by cell counts in 24-well
plates and by luminescence using the Caspase-Glo® 3/7 Assay kit (Promega) in 96-well
plates.
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Real Time PCR

Total RNA was isolated using the Zymo Research Quick-RNA MiniPrep Kit. The quantity
and quality of RNA was determined by using a spectrophotometer, and RNA was reverse
transcribed using the High Capacity RNA to cDNA Kit (Applied Biosystems). Expression
level of genes was normalized to the expression level of Actb mRNA (for mouse) or ACTB
mRNA (for human). Detailed methods and primers’ information are available in the Data
Supplement and in the Major Resources Table.

Protein Analysis by Western Immunoblot

Protein concentration was determined using the Pierce BCA assay. Catalog numbers and
dilutions of the antibodies are detailed in the Data Supplement and in the Major Resources
Table. Proteins were run on an SDS polyacrylamide gel and transferred to a nitrocellulose
membrane. Western immunoblot was performed as described in the Data Supplement.
Protein Levels were assessed relative to loading-control (GAPDH or tubulin).

Active RHOA and RACL1 Pull Down Assays

Assays were carried out on 500 pg protein from freshly prepared lysates using the Thermo
Scientific Pierce active RHO and active RAC1 Pull-Down and Detection Kits. Western
immunoblot detection was performed as described in the Data Supplement3.

Immunofluorescence on Tissue and PASMC

Human or mouse lung tissue sections (7 um) embedded in paraffin were deparaffinized

and rehydrated following standard protocols. Following the Antigen retrieval, sections were
blocked and permeabilized for one hours, and were incubated with primary antibody for
overnight followed by fluorescent conjugated 1gG secondary antibody. Controls with the
secondary antibody only were used to assess background and selectivity of staining. The
catalog numbers and dilutions of the antibodies are provided in the Data Supplement and
the Major Resources Table. Nuclei were stained with DAPI. Images were acquired using

a Leica TCS SP8 confocal microscope. Positive staining on lung sections was based on
colocalization with a smooth muscle cell marker and the location of the protein of interest
was noted as cytoplasmic or nuclear.

Filament actin Immuno-staining was carried out on fixed PASMCs described in the Data
Supplement. Filament actin was stained with DyLight 488 Phalloidin and nuclei were
stained with DAPI. Images were acquired on an Olympus Fluoview F\V1000 confocal
microscope. For assessment of actin filaments, average F-actin per cell was quantified as
total F-actin pixels divided by the number of nuclei in each field, using Fuji ImageJ.

Analyses were done blinded to the experimental group to which the section belonged.

The confocal immunofluorescent images were taken from immunostaining done at the same
time and under the same conditions for a given experiment. Images that best represented

the average level of each marker for each condition studied were selected for display in the
figures.

Circ Res. Author manuscript; available in PMC 2024 March 03.
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Ratio of F-ACTA2 to G-ACTA2 Assay

SiRNA transfected PASMC were treated with Angll (4 uM) or PBS for 6 hours. Cells were
harvested with LAS2 buffer from the G/F-ACTA2 Cytoskeleton In Vivo Assay kit. The F/G
ACTAZ2 ratio assay was performed as previously described3!, and F-ACTA2 and G-ACTA2
assessed by western immunaoblot.

Statistical Analysis

Data was analyzed using GraphPad Prism version 9.0 for Mac OS X, GraphPad Software,
San Diego, CA, USA, www.graphpad.com. For samples with an n = 6, the Shapiro-Wilk
normality test was first applied. As all data with an n = 6 passed this normality test, they
were analyzed by either parametric t-test with Welch’s correction (unpaired and two-tailed)
for two groups; by parametric 1-way ANOVA for more than two groups; or by 2-way
ANOVA for comparisons of multiple conditions applied to two or more groups, with
adjustment for multiple comparisons using Tukey’s post hoc test. As a small sample size
with an n<6 cannot be reliably tested for normality, we used a non-parametric test, either
the Kolmogorov-Smirnov t-test (unpaired and two-tailed) when two groups were being
compared, or the one-way ANOVA Kruskal-Wallis test for more than two groups, adjusted
for multiple comparisons using the Dunn’s post hoc test. A P-value of <0.05 was considered
significant. For comparisons with n=3 we indicate where the minimum achievable P-value of
0.1000 was reached using the non-parametric test.

No experiment-wide/across-test multiple test correction was applied in this study. The
normality test, subsequent hypothesis tests, the exact p values and sample size are presented
in Table S2.

Study Approvals

Results

The Animal Care Committee of Stanford University approved all protocols, in keeping with
the regulations of the American Physiological Society. Procurement of the tissues from
human subjects is approved by the Administrative Panel on Human Subjects in Medical
Research at Stanford University (IRB # 350, Panel 6).

TaglIn-Cre/Bmpr2~/~ Mice Show Decreased Acute Hypoxic Vasoconstriction, and Persistent
Pulmonary Hypertension after Chronic Hypoxia

To determine whether loss of BMPR2 in PASMC contributes to PH, we created SMC
specific Bmprz”~ (BKOSMC) by crossing Bmpr2 floxed with 7ag/n-Cre mice carrying a
ROSA Cre activity reporter. Genotyping and LacZ staining confirmed knockout of Bmpr2in
vascular SMC (Figure 1A and Figure S1A). About half of the BKOMC mice died shortly
after birth. Image analysis of serial sectioning of the heart and lung tissues in the BKOMC
embryos at 19.5 days (E19.5) revealed, as previously reported?2, mice with lethal heart
defects (Figure S1B).

We investigated the response to hypoxia of BKOSMC survivors and wild-type (WT)
littermates. Eight-week-old mice were exposed to three weeks of hypoxia (10% O5)

Circ Res. Author manuscript; available in PMC 2024 March 03.
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followed by four weeks of recovery in normoxia, and compared to mice maintained in
normoxia. BKO°™ male mice had reduced acute hypoxia-induced pulmonary vascular
reactivity (Figure 1B) and while they developed features of less severe PH following chronic
hypoxia, they had persistent PH following recovery in normoxia when compared to WT
littermates, as assessed by right ventricular systolic pressure (RVSP) (Figure 1C). These
findings were consistent with right ventricular hypertrophy (RVH) assessed by an increase
in the weight of the right ventricle/left ventricle + septum (RV/LV+S) (Figure 1D) and

a reduced pulmonary artery acceleration time (PAAT) assessed by 2D-echocardiograpy
(Figure S1C), and were in keeping with persistent muscularization of distal pulmonary
arteries (PA) (Figure 1E). There was no statistically significant difference in the number
of distal PAs per 100 alveoli compared with WT mice, suggesting no loss of distal PA
(Figure S1D). The BKO°MC male mice had slightly reduced left ventricular fractional
shortening (LVFS), ejection fraction (LVEF) and cardiac output (LVCO) under hypoxia
but echocardiographic findings were similar to WT mice after recovery (Figure S1E-
S1H). These results indicate that loss of BMPR2 in murine PASMC contributes to the
persistence of hypoxia induced PH, related to increased PA muscularity, despite decreased
vasoreactivity.

The BKOSMC female mice had a somewhat less severe hemodynamic response to chronic
hypoxia as previously described in rats32 and no differences were detected in the BKOSMC
vs. WT controls potentially because of the small size of the female cohort (Figure S2A, S2B,
S2C).

BKOSMC PASMC Display Increased Proliferation and Survival, and Reduced Contractility

To understand how loss of BMPR2 reduced hypoxic vasoreactivity but induced more
persistent muscularity in the KOSMC mouse, we harvested SMC from the large PA of male
BKOSMC and WT littermates. We confirmed the reduction of Bmpr2in cultured murine
PASMC by LacZ staining and quantitative real time PCR (Figure 2A). Approximately 10—
15% of cultured cells were negative for LacZ staining likely due to some variability in Cre
activity, leading to incomplete deletion of the floxed target gene. PASMC from BKOSMC
compared to those from WT mice showed an increase in proliferation assessed by MTT
(Figure 2B) and resistance to apoptosis by caspase assay (Figure 2C), and by cell counts for
both proliferation and survival (Figure S3A, S3B). We selected angiotensin (Ang) 1133 and
BMP434 as stimuli to test PASMC contractility. There was reduced contractility in response
to vehicle, Angll (4 uM) and BMP4 (10 ng/mL) as assessed by the gel contraction assay as
greater residual gel area (Figure 2D) in PASMC from BKOSMC ys. WT mice.

Active B-catenin (ABC) promotes proliferation and survival of cultured SMC, and its
expression and activity are induced during vascular remodeling19-35, We found elevated
total B-catenin (CTNNB1) and ABC in PASMC of BKO°MCvs. WT mice (Figure 2E) that
we related to increased proliferation of PASMC, since this feature was reduced following
treatment with siRNA targeting Cnnitb1 (Figure 2F top).

Previous studies from our laboratory demonstrated that BMP2 stimulates PASMC migration
via BMPR2-dependent activation of RHOA and RAC118. RHOA signaling affects
contractility of pulmonary SMC from rats with chronic PAH3® and plays a general role in
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maintenance of SMC differentiation3’. Others showed that expression of dominant negative
RHOA abrogated apical actin assembly38. We found reduced active RHOA and active
RAC1 in BKOSMC PASMC at baseline and in response to Angll (Figure 2G, 2H) that was
consistent with their decreased contractility. To better understand the role of BMPR2 in

the regulation of SMC contractility, we examined representative SMC contractile proteins,
smooth muscle alpha actin (ACTA2), smooth muscle protein alpha of 22 kDa (TAGLN), and
calponin (CNN1). Expression of TAGLN and ACTA2 was reduced in the BKOSMC PASMC,
while the expression of CNN1 was not significantly changed (Figure S3C).

Loss of BMPR2 in Human PASMC Leads to ARRB2 Dependent Activation of pAKT and
ABC Causing Enhanced Proliferation and Survival

We next determined whether human PASMC would also show a pro-proliferative,
hypocontractile PASMC phenotype in response to loss of BMPR2 and further addressed

the mechanism involved. When BMPR2 was reduced by siRNA (siBMPR?2) in small human
PASMC, a hyper-proliferative phenotype was evident as judged by the MTT assay (Figure
3A) and by cell counts (Figure S4A) and this was accompanied by enhanced survival in
response to serum withdrawal, assessed by the caspase activity assay (Figure 3B) and by
cell counts (Figure S4B). Interestingly DNA damage was slightly reduced in normoxia but
increased with hypoxia and with reoxygenation in the PASMC with BMPRZ2siRNA (Figure
S4C). Improved cell survival in normoxia was not associated with increased DNA damage.

We previously showed that the ligand BMP2 only transiently increased ABC in human
PASMC via pAKT-mediated phosphorylation and inactivation of GSK-3p18 but that ABC
was required for the increase in NFY, a transcription factor that regulates cell cycle genes

in PAH PASMC10, Reducing BMPR2 by siRNA increased phosphorylation of GSK-38

at Serine 9, increasing the level of inactive GSK-3p [pGSK-3p(S9)] and ABC, without a
change in other molecules complexed with ABC such as disheveled (DSH) or Axin (AXIN)
(Figure 3C).

ARRB?2 interacts with AXIN and DSH after Wnt3A stimulation of mouse embryo
fibroblasts, resulting in GSK-3 inactivation and ABC stabilization3°. Based on these
findings, we hypothesized that loss of BMPR2 in PASMC results in an increase in ARRB2,
pPAKT and pGSK-3p(S9) mediated activation of CTNNB1. Indeed, ARRB2 was increased
in PASMC with reduced BMPR2 by siRNA whereas ARRB1 was unchanged (Figure

3D). This was accompanied by an increase in pAKT(Ser473), pGSK-3p(S9) and ABC

at baseline or following Angll stimulation. Further studies probing the isoform involved
indicated that there was an increase in pAKT1 recognized by the Ser473 antibody (Figure
S4D). Moreover, decreasing ARRBZby siRNA attenuated the heightened pAKT(Ser473),
pGSK-3p(S9) and ABC (Figure 3E), suggesting that ARRB2 is upstream of pAKT (Ser473),
pGSK-3B(S9) and ABC in stimulating the hyperproliferative phenotype that results from
loss of BMPR2.

We confirmed that pAKT(Ser473) is downstream of ARRB2 and upstream of pGSK-33(S9),
by inhibition of pAKT kinase activity using GSK690693, currently in clinical development
for patients with various malignancies*0. PASMC were treated with siBMPR2 or siControl
for 48 hours, then with GSK690693 (2 uM and 10 uM) for 48 hours. Down-regulation
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of pGSK-3B(S9) was attributed to inhibition of pAKT activity, despite accumulation of
pAKT(Serd73) protein (Figure S4E).

We next tested if the ARRB2-pAKT-ABC pathway regulated proliferation. Indeed, reducing
ARRB2 or CTNNBL attenuated the increased proliferation in human PASMC with reduced
BMPR2 (Figure S4F, SAG). Taken together, our results indicate that loss of BMPR2 in
human PASMC causes ARRB2-dependent activation of pAKT and ABC, related to their
pro-proliferative and anti-apoptotic phenotype.

Loss of BMPR2 increases ARRB2 via pERK-pP38-SMAD2/3

We next determined whether the loss of BMPR2 mediates an increase in ARRB2 via
enhanced pERK, pP38 and/or SMAD2/319 expression. Reducing SMAD2 or SMAD3 by
SiRNA in in BMPRZ2 deficient cells (Figure S4H) decreased ARRB2 and downstream
effector ABC at the protein level without affecting pP38 (Figure 4A). However, when pP38
catalytic activity (not protein) was reduced by SB20358041 pSMAD2/3 was reduced but
not pERK (Figure 4B). Further, when pERK was inhibited by PD98059, pP38, pSMAD2/3
and ARRB2 and ABC were decreased (Figure 4C). This suggests an axis whereby pERK
activates pP38 to increase pSMAD2/3 resulting in elevated levels of ARRB2 and, as a
consequence, ABC (Figure 4C, schema).

Loss of BMPR2 Reduces Human PASMC Contractility via ARRB2 Dependent RHOA/RAC1
and Reduction in Actin Stress Fibers

BMP signaling promotes SMC contractile proteins34 and facilitates PASMC motilityl.
RHOA regulates the formation of actin stress fibers and focal adhesions*2. Inactivation of
RHOA is essential for the reduction of tension and contractility3!. We assessed contractility,
RHOA and RAC1 at baseline and in response to Angll stimulation in PASMC with reduced
BMPR2 by siRNA. We observed reduced contraction, measured by a gel contraction assay
(Figure 5A), and decreased total and active RHOA and RAC1 by immunoblot (Figure 5B,
5C), similar to the phenotype observed in murine PASMC from the BKOSMC mice.

We examined representative contractile proteins in PASMC treated with siBMPR2.
Expression of TAGLN was reduced in PASMC with loss of BMPRZ, while the expression
of ACTA2, CNN1 were not significantly altered (Figure S5A). TAGLN binds filament
(F)-ACTA2 stress fibers and is important in their organization®3. As judged by Phalloidin
immunofluorescent staining, F-ACTAZ2 stress fibers were decreased in human PASMC with
reduced BMPR2, and the enhanced production of F-ACTAZ2 in response to Angiotensin

Il stimulation was attenuated (Figure 5D). This is consistent with a reduced filament- to
globule-ACTA2 ratio (F/G ACTA2) in PASMC with loss of BMPR2. (Figure S5B).

To further relate the reduced contractile phenotype to the increase in ARRB2, we
investigated PASMC transfected with siBMPRZ, siARRBZ or both, at baseline and in
response to Angll stimulation. Reducing ARRBZ by siRNA prevented the decrease in
RHOA and RAC1 (Figure 6A) and improved the contractility of PASMC with reduced
BMPRZ (Figure 6B). The decrease in TAGLN was reversed, without significant impact

on ACTA2 and CNN1 (Figure S5A). Taken together, our data suggest that the impaired
contractility caused by loss of BMPR2 in human PASMC is related to an ARRB2-dependent
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reduction of RHOA, RAC1 and TAGLN, that leads to the destabilization of actin stress
fibers.

PASMC in PAH-BMPR2),;: Displayed Abundant ARRB2 and ABC Protein Associated with
Enhanced Proliferation and Survival

We then extended our investigation to PASMC from PAH patients with a BMPRZ2 mutation
(PAH-BMPRZ2y,,,), harvested from lungs removed at transplant from PAH-BMPRZ,,;
patients, and from unused donor lungs as controls. Demographic and hemodynamic
information are provided in Table S1. Confocal microscopic analysis revealed that the
expression of both ARRB2 (in the cytoplasm) and ABC (in nuclei) were abundant in the
small PASMCs in PAH-BMPRZ2,,,,:compared with donor control lungs (Figure 7A, 7B). In
agreement with our findings in PASMC where BMPR2 was reduced by siRNA, PASMC
from PAH-BMPR2y,,, patients displayed elevated proliferation and apoptosis resistance
compared to donor controls (Figure SBA-S6D). This was associated with an increase in
ARRB2, pAKT and ABC in the PAH-BMPRZ,,; PASMC (Figure 7C). Reducing ARRB2
by siRNA in PAH-BMPRZ,,; PASMC significantly decreased pAKT and ABC (Figure 7D).
Inhibiting pAKT phosphorylation activity with GSK9609634° (2 uM and 10 uM) caused
accumulation of pAKT and ARRB?2 (at higher dose), and reduced pGSK-3p(S9) (Figure
S6E). The enhanced proliferation of PAH-BMPRZ,,,,PASMC vs. donor control PASMC
was suppressed by reducing ARRB2 and CTNNB1 with siRNA (Figure 7E, 7F), and by
inhibition of pAKT activity with GSK690693 (Figure S6F).

PASMC from PAH-BMPR2y\,+ Show Reduced Contractility, Related to Increased ARRB2 and
Reduced RHOA/RAC1

Similar to our findings with loss of BMPR2 in PASMC, we found decreased contractility

in PAH-BMPRZ),; PASMC compared with donor PASMC (Figure 8A), with lower RHOA
and RAC1, and an attenuated response to Angll stimulation (Figure 8B, 8C). Furthermore,
reducing ARRB2 by siARRBZ2increased RHOA and RACL1 in the PAH-BMPRZ2y,,; PASMC
(Figure 8D).

In summary our studies in human PASMC with mutant or reduced BMPR2, show

that the consequent increase in ARRB2 results in pAKT-GSK3pB(S9)-mediated activation
of CTNNBL1, that is responsible for the hyperproliferative phenotype and that ARRB2
dependent reduction in RHOA/RAC1, TAGLN and in actin stress fibers causes
hypocontractility (Schema in Figure 8E).

Reducing Arrb2 in SMC Prevents the Development of PH in iBKO-iAHetS™¢ Mice

Because of the prenatal attrition of the BKOSMC mice, we created a tamoxifen inducible
model for the next series of studies, Acta2-CreER/Ta/Bmpr2™~ (iBKOSMC). These mice
allowed us to investigate whether reducing Arrb2 prevents the development of PH in the
iBKOSMC mice, by also generating inducible Acta2-CreER/Ta/Bmpr2~~/Arrb2™* mice
(/IBKO-iAHetSMO),

We assessed the response of /BKOSMC mice, iBKO-iAHetSMC mice, and control mice
(iWT) to hypoxia and recovery in room air vs room air. Mice 6—7 weeks of age were fed
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Tamoxifen in their diet for 4 weeks, followed by exposure to hypoxia (10% O,) for three
weeks and four weeks of recovery in room air, and compared to mice at similar age and
genotype maintained in room air (Figure 9A). Deletion of Bmpr2and one allele of Arrb2

in PASMC was evident by PCR genotyping and co-localization of ACTA2 and Td-tomato.
The detailed confocal images demonstrated Td-tomato expression in SMC but not in the

EC in tissue sections (Figure S7A and Figure 9B). We confirmed by RT-gPCR that the
major reduction in BMPR2 occurs in SMC with no statistically significant difference in
PAEC and minor reductions in the heart and lungs consistent with the presence of SMC

in these tissues (Figure S7B). The /BKO°MC mice exhibited a phenotype similar to the
BKOSMC mice, assessed by impaired vasoreactivity judged in relation to norepinephrine,
and reduced chronic hypoxia induced PH, but impaired resolution of PH with reoxygenation
judged by elevated RVSP (Figure 9C, 9D), echocardiographic determination of reduced
PAAT (Figure S7C), and RVH (Figure 9E), associated with heightened muscularity in distal
PAs (Figure 9F). There was no significant difference in the number of distal PAs per 100
alveoli compared with iWT under same condition (Figure S7D). The /BKO-iAHet*MC mice,
however, displayed a phenotype similar to the iWT mice (Figure 9D-F and Figure S7C

and D), suggesting that deletion of one allele of Arrb2in iIBKOSMC prevented persistent

PH during recovery. Further immunoblot analysis of the PAs revealed that /BKO-iAHet"MC
mice had a normal ARRB2 expression level, resulting in restoration of ABC and RHOA
expression in the PAs to the iIWT levels (Figure 9G). Moreover, immunofluorescent analysis
of lung tissue sections of the recovery cohort showed an increase in pAKT(Ser473) and
Ki67 in the /BKOSMC vs. iBKO-iAHetSMC and control mice (Figure 9H and Figure S7TE
respectively). In these studies, the /BKOSMC female mice were similar to the males in the
reduced hypoxia induced and persistent PH during recovery in Room Air (Figure S7F, G,
H), and LV function including LVEDP were similar in all cohorts in males and females
(Figure S8A-S8I). [AHer*MC were similar to controls under normoxia, following chronic
hypoxia, and reoxygenation in room air (Figure S9). While a contribution of fibroblasts with
deletion of BMPR2 could not be completely ruled out, our previous study deleting BMPR2
specifically in fibroblasts using a Co/1A2-CreER inducible Bmpr2 KO mouse showed not
significant differences in the PH phenotype comparing with iWT mice (Figure S9).

Discussion

In this study we found that PASMC with loss of BMPR2 are hypocontractile, hyper-
proliferative and resistant to apoptosis, features that can explain lack of resolution of
structural remodeling and persistent pulmonary hypertension after an inducing stimulus like
hypoxia even unrelated to lung disease. These findings suggested that deficiency of BMPR2
in PASMC can contribute to the development of PAH. The role of loss of BMPR2 in other
cells, such as bone marrow derived cells, is also important to investigate since bone marrow
transplantation of CavZ mutant mice was sufficient to prevent pulmonary hypertension®4.

As TAGLN is expressed in cardiomyocytes early in development®, it is not surprising
that Bmpr2 deletion by 7ag/n-Cre causes heart defects*®. It is unknown why there is
incomplete penetrance of the lethal phenotype and only mildly impaired cardiac function
under chronic hypoxia. The impaired contractility of PASMC appears to account for the
reduced PA vasoconstriction observed in response to acute hypoxia, likely accounting for
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the slight decrease in right ventricular systolic pressure during chronic hypoxia. Similar
muscularization of distal arteries under hypoxia despite lower pressures in the BKOSMC
mice could be attributed to the enhanced proliferation of PASMC, whereas the sustained
PH in the mice with loss of BMPR2 in PASMC is consistent with the reduced propensity
to apoptosis of PASMC that is associated with regression of chronic hypoxia-induced

PH. Interestingly, sustained hypoxia-induced PH after return to room air is also evident

in transgenic mice with Bmpr2t3 or Pparg*’ deleted in EC, and appears to reflect the
contribution of EC to hyperproliferative phenotype of SMC. In the clinical setting reduced
BMPR2 can worsen even transient hypoxic PHZ7.

We attribute the relationship of heightened proliferation and resistance to apoptosis to
CTNNB1 mediated gene regulation. We previously showed transient expression of CTNNB1
in response to BMP2 stimulation and pAKT (Ser473) inactivation of GSK3p18. Based upon
these studies, we pursued the role of pAKT(Ser473) in the activation of CTNNB1. Sustained
expression of CTNNB1 was posited to lead to enhanced PASMC proliferation in response to
growth factors such as PDGF28. In these studies, it was shown that mutant DVL that could
not interact with RHOA and RAC1 allowed for persistent activation of CTNNB1, explaining
both impairing contractility and the propensity for heightened proliferation particularly in
response to growth factors such as PDGF6:18, Targeting this pathway has been effective in
preventing experimentally induced neointimal formation in systemic arteries*8,

We recently reported that the hyperproliferative phenotype of PAH PASMC is related to
CTNNB1-TCF-LEF mediated upregulation of ALDH1A3 and nuclear transcription factor
Y subunit alpha (NFYA)10, and those genes regulated by NFYA that include metabolic
enzymes necessary for glycolytic metabolism and cell cycle genes important in cell
division10.

In addition to classical functions downstream of G-protein coupled receptors, B-arrestins
function as scaffolding signaling molecules in a number of growth factor mediated
pathways?8. In endothelial cells, VEGFR3 requires ARRB1 for angiogenic function, related
in part to phosphorylation of endothelial nitric oxide synthase®® and ArrbZ~~ mice had
worse hypoxia induced PH49. ARRB2 has been linked to BCL2 associated agonist of cell
death (BAD) phosphorylation and resistance to apoptosis in rat SMC®0, Another study
showed that loss of Arrb2in low-density lipoprotein receptor-deficient mice (Lalr”") fed
a high fat diet are protected from atherogenesis and Ar627~ mice are protected from
thickening of the vessel wall due to injury, compared with wild type mice24. In addition,
there is an interaction between ARRB2 and DVL that could support a displaced interaction
with RHO and RAC®! leading to their destabilization. Arrestins have also been directly
implicated in RHO and RAC mediated focal adhesion formation in HEK293T cells and
mouse embryonic fibroblasts®2.

Vascular SMC, unlike other muscle cells, do not terminally differentiate, and in response to
injury, generally de-differentiate resulting in loss of contractility and abnormal proliferation,
migration, and extracellular matrix production34:53, On the other hand, normal laminar
shear stress induces synthetic to contractile phenotypic modulation of vascular SMC>4.
Dysregulation of SMC growth and differentiation could lead to pathological remodeling
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of the vessel wall. Indeed, BMP signaling inhibits vascular SMC proliferation®®, and
microarray analysis of lung tissue from mice expressing dominant negative Bmpr2in SMC
revealed decreased SMC differentiation markers2°. In conclusion, our study reveals an
independent contribution of BMPR2 in SMC to the pathology associated with PAH and a
BMPR2 mutation. Strategies to augment BMPR2 signaling should consider the contribution
of SMC as well as EC BMPR?2 in reversing the pathology of PAH.
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Non-standard Abbreviations and Acronyms

ABC Active beta-catenin

BKOSMC Bmpr2 knock-out in smooth muscle cell ( 7ag/n-Cre/
Bmprz™")

EC Endothelial cell

F-ACTA2 Filamentous alpha actin

G-ACTA2 Globular / monomeric alpha actin

GST-RBD GST fusion protein of the Rhotekin binding domain

GST-PBD GST fusion protein of the Pak1 binding domain
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IF Immunofluorescence
IPAH Idiopathic pulmonary arterial hypertension
iBKOSMC Mice with tamoxifen-inducible Bmpr2knock-out in

smooth muscle cells (Acta2-CreER/Td tomato/Bmpr2™")

iBKO-iAHetSMC Mice with tamoxifen-inducible knock-out of both Bmpr2
alleles and one ArrbZ2allele in smooth muscle cells (Actaz-
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iBKOFibro

PAAT
PA

PAEC
PAH
PASMC
PH
pGSK3-B
PERK
PAKT
PCR
RT-gPCR
RVSP
RVH
RV/LV+S
R26R
SiRNA
SMC
SMGM
Td

WT

CreER/Td/Bmpr2™~/Arrb2™"%)

Mice with tamoxifen-inducible Bmpr2knock-out in
fibroblast cells (Col1A2-CreER/R26R/Bmpr2™")

Pulmonary arterial acceleration time

Pulmonary artery

Pulmonary artery endothelial cells

Pulmonary arterial hypertension

Pulmonary artery smooth muscle cells

Pulmonary hypertension (refers to mouse experiments)
Phospho- glycogen synthase kinase 3- beta (inactive)
Phosphorylated extracellular signal related kinase
Phosphorylated protein kinase B

Polymerase chain reaction

Real time quantitative polymerase chain reaction
Right ventricular systolic pressure

Right ventricular hypertrophy

Right ventricle/left ventricle + septum (weight ratio)
Rosa 26 Reporter transgene

Small interference RNA

Smooth muscle cell

Smooth Muscle Growth Medium

Td tomato reporter transgene

Wild-type control mice included 7ag/n-Cre*/R26R* and
Tagin-Cre /R26R* /Bmpr2™ littermates.
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Novelty and Significance
What is known?

. Mutations in bone morphogenetic protein receptor, type 2 (BMPR?2) are
associated with familial and sporadic pulmonary arterial hypertension (PAH)
and reduced BMPR?2 is associated with all forms of PAH.

. The functional and molecular link between loss of BMPR2 in pulmonary
arterial smooth muscle cells (PASMC) and PAH pathogenesis warrants further
investigation, as most investigations focus on the role of BMPR2 in PA
endothelial cells.

What new information does this article contribute?

. We show that loss of BMPR2 causes impaired contractility and heightened
proliferation of PASMC and contributes to the development of PAH.

. The hyperproliferative and hypo-contractile phenotype of PASMC with
loss of BMPR2 results from elevated pERK1/2-pP38-pSMAD2/3-mediated
increase in B-Arrestin2 (ARRB2), a scaffolding protein and consequent
increase in pAKT-mediated nuclear translocation of active B-Catenin
(CTNNBL1), a transcriptional co-activator of genes important in proliferation.
At the same time, increased ARRB2 results in a reduction in RHOA/RAC1,
as well as TAGLN and filament actin, negatively impacting the contractile
apparatus.

. ARRB?2 and nuclear CTNNB1 are elevated in PASMC of PAH patients with a
BMPRZ2 mutation, compared to PASMC of healthy controls.

Our findings indicate that compromise in BMPRZ2 function in PASMC severely impacts
the contractile and well-differentiated phenotype, by a mechanism in which activation of
the TGFp signaling pathway elevates ARRB2, a scaffolding protein necessary for pAKT
mediated translocation of CTNNB1 a transcriptional co-activator of proliferation genes.
Targeting elevated ARRB2 in could prevent the pathological phenotype of PASMC that
underlies the progression of PAH.

Circ Res. Author manuscript; available in PMC 2024 March 03.



1duosnuely Joyiny 1duosnue Joyiny

1duosnuepy Joyiny

Wang et al.

RVSP
(mmHg)

Page 22

it A
30 1 e
$55 999
20 4
10 1
0

Baseline Acute Baseline

hypoxia recovery

1duosnue Joyiny

C
Normoxia, 7 weeks
% . A Clwr
.= |Hypoxia,3 weeks % Recovery, 4 weeks [] BKosve
WT & BKOSMC Assess PAAT, RVSP, RVH,
8-10 weeks histology, etc.
D E
40 - 5% 0.8 -
itk #f# # HHHHE $$
i *% - * ##
VS $3% *k
RVSP 50 RV/LV+S 0.4 - $5%
(mmHg) ﬁ ﬁ
0 ; ; 0 m . ,
Normoxia Chronic Recovery Normoxia Chronic Recovery
hypoxia hypoxia
F
WT BKOQOSMC oo
PN - < ¥ 100 " iz
£y ~ N 3 R *h
V4 x:;.\k_ ¢ £ ~ya _* N 80 o °
e ] A o B W ' Muscularized
N4 Y Nt e 6 Ay N { 60
|- ) ;,,:‘ € /‘3 M '_(-' \ §\-’. i»}",‘.‘: | vessels 40 $$
. '.’ . > \ - ¢ \‘_: e QA_‘“ & J (%) =
A N d 4 Telss > ]
5= L e e g 20 4
Bl S T e | ﬁ m
e *\ Y R -
Ay AR °
= LA = 2 Normoxia Chronic Recovery

hypoxia

Figure 1. TagIn-Cre/R26R/Bmpr2—/— (BKOSMC) mice exhibit reduced vasoreactivity and
persistent pulmonary hypertension (PH) following recovery from chronic hypoxia.

BKOSMC and wild type (WT) littermate were exposed to chronic or acute hypoxia, and
compared to mice housed under normoxia (room air). (A) Representative mouse left lung
with LacZ staining in pulmonary arteries (scale bar: 3 mm) and H&E stained lung sections
(7 um thick, scale bar: 100 um). (B) Pulmonary vascular reactivity: Continuous RVSP
measurements were obtained in ventilated, anesthetized mice under the following sequence:
40% O, for 5 minutes (baseline), followed by 10% O, for 15 minutes (acute hypoxia),
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and 15 minutes in 40% O, (baseline recovery). (C-F) Chronic hypoxia: Mice were exposed
to three weeks of hypoxia (10% O,) followed by four weeks recovery in normoxia, or
followed for seven weeks in normoxia. (C) Experimental design. (D) Right ventricular
systolic pressure (RVSP). (E) Right ventricular (RV) hypertrophy, weight ratio of RV vs.
LV+Septum. (F) Muscularity of distal arteries at alveolar wall and duct level (Images

on the left are from the recovery groups, scale bar: 25 um). Data represent mean+SEM,
n=5-8 mice per group, *~<0.05, **/<0.01, ****£<0.0001 BKOvs. WT, under the same
conditions; #P<0.01, ##pP<0.001, ###P<0.0001 vs. room air or baseline, same genotype;
and $%/<0.01, $3$2<0.001, $$$$/<0.0001, recovery vs. hypoxia or acute hypoxia, same
genotype. Analyses performed by unpaired two-way ANOVA, and adjusted for multiple
comparisons using Tukey’s post hoc test in (A-E), and by non-parametric Kruskal-Wallis
one-way ANOVA, adjusted for multiple comparisons using the Dunn’s post hoc test in (F).
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Figure 2: Heightened proliferation and impaired contractility in Tagin-Cre/R26R/Bmpr2
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(BKOSMC) PASMC related to elevated B-Catenin (CTNNBL) and decreased RHOA and RACL.
Murine (m) PASMC were isolated from large PA of BKOMC and littermate controls.

Each data point is a biological replicate, representing mPASMC isolated by combining 2-3
PAs (see Methods). (A) Representative image of LacZ stained mPASMC in culture (Scale
bar, 50 um) with quantitative real time PCR of mPASMC on the right, attesting to the
knockdown Bmpr2in the mPASMC. (B) Proliferation, assessed by MTT assay in 96-well
plates with 1,000 mPASMC seeded per well. (C) Survival, assessed by Caspase 3/7 Assay in
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96-well plates with 20,000 mPASMC seeded per well following serum withdrawal. (D) Gel
contractility assay of PASMC from BKOSMCys. WT mice. mPASMC were evenly mixed
with collagen gel and seeded on 48-well plates (3x10° cells per 250 uL of gel per well).
The embedded cells were treated with vehicle (0.1% BSA in PBS), BMP4 (10 ng/mL) or
Angiotensin Il (Angll, 4 uM) for 72 hours. The residual gel area was analyzed by ImageJ.
Wells with the gel without embedded cells served as a negative control. (E) Representative
immunoblot of CTNNB1 and active B-Catenin (ABC) in WT or BKOSMC mPASMC, with
densitometric analysis relative to ACTB as loading control. (F) Proliferation assessed by
cell counts. On day 1, 20,000 mPASMC were seeded per well in 6-well plates, comparing
MPASMC from BKOSMC and WT mice where Ctnnbi was reduced by siRNA, vs. treatment
with non-targeting siRNA (siControl). Quantitative real time PCR below, attesting to the
knock-down of Bmpr2and Ctnnb1 in the mPASMC. (G) Representative immunoblot of
total RHOA and RAC1 in mPASMC of BKOSMCys. WT mice, with densitometric analysis
relative to GAPDH as loading-control. (H) Representative immunoblot of active RHOA and
RAC1 in mPASMC of BKOSMC vs. WT mice, at baseline (0 hour) and in response to Angll
(4 uM) stimulation for 2 or 6 hours, with densitometric analysis relative to GAPDH as
loading control. In (E, G and H), data were normalized to the lane on the left.

Data represent mean+=SEM. Data were analyzed by non-parametric Kolmogorov-Smirnov
t-test. In (A, B, C, E, G), n=4 biological replicates; */<0.05 vs. WT. In (D and H),

n=3 biological replicates; + denotes comparisons vs. WT at the same time point or
treatment condition, where the minimum achievable P-value for n=3 was reached by the
non-parametric t-test. In (F), n=3 biological replicates; + denotes comparison of siCtnnb in
the same genotype (cell number and CtrinbI mRNA), or confirms Bmpr2 knockdown.
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Figure 3: Loss of BMPR2 in human PASMC increases proliferation and survival related to
B-Arrestin 2 (ARRB2) dependent activation of pAKT and ABC.

Human PASMC isolated from small pulmonary arteries (PA) of unused donor lungs were
cultured as described in Methods and transfected with siRNA targeting BMPRZ2 (sSiIRMPR2)
or non-targeting siRNA (siControl). (A) Proliferation, assessed by MTT assay in 96-well
plates with 1,000 PASMCs seeded per well. (B) Survival, assessed by Caspase 3/7 Assay
following serum withdrawal. On day 1, in 96-well plates, 20,000 PASMCs were seeded

per well. (C) Representative immunoblots of pAKT(Ser473), DSH, AXIN, inactive pGSK3-
B [PGSK3-B(S9)] and ABC in PASMC, with densitometric analysis, and schema of the
signaling pathway on the right. (D) Representative immunoblot of BMPR2, ARRB2 and
ARRB1 in PASMC in response to Angll (4 uM) stimulation for 2 or 6 hours, with
densitometric analysis, and schema of the signaling pathway on the right. (E) BMPRZ,
ARRBZ or both genes were reduced in PASMC by siRNA, compared with siControl.
BMPR2, ARRB2, pAKT(Ser473), pGSK3-p(S9), and ABC were analyzed by western blot
following stimulation with Angll (4 uM) for 6 hours. In (C, D and E), Densitometric
analysis relative to GAPDH as loading control, normalized to the lane on the left.

Data represent mean+SEM. Data were analyzed by non-parametric Kolmogorov-Smirnov
t-test. In (A-C) n=4 Donors; */<0.05, vs. siControl under the same conditions. In (D, E),
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n=3; + denotes the minimum achievable P-value for n=3 was reached by the non-parametric
t-test comparing siBMPRZ2vs. siControl under the same conditions in (D), and siARRBZ2in
the same genotype at the same time point, or confirms reduced BMPR2 with siRNA in (E).
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Figure 4: Loss of BMPR2 in human PASMC increases pERK, pP38 and pSMAD 2&3, associated
with an increase in ARRB2 and ABC.

Human PASMC isolated from small PA of unused donor lungs were cultured as described
in Methods and transfected with siRNA targeting BMPRZ2 (siRMPR2) or with non-targeting
siRNA (siControl). (A) PASMC transfected with siRNA targeting BMPRZ (siRMPR2),
SMAD2&3 (siSMADZ and siSMAD?3), or both, compared with non-targeting siRNA
(siControl). Representative immunoblots of SMAD2&3, pP38(MAPK), ARRB2 and ABC
in PASMC, with densitometric analysis. (B) and (C) siBMPRZ2 and siControl transfected
PASMC were pretreated with (B) pP38(MAPK) inhibitor, SB203580 (10 uM) or with

(C) pERKZ1/2 inhibitor, PD98059 (20 uM) for 1 hour prior to culture for 48 hours and
compared with the vehicle groups. Representative immunoblots of pERK1/2, pP38(MAPK),
pSMAD2&3, ARRB2, pAKT(Ser473) and ABC in PASMC, with densitometric analysis. On
the right, experimental design and schema representing the pathway we propose based on
this study. Data show protein relative to GAPDH as loading control, normalized to the lane
on the left.

Data represent mean+SEM of n=3 Donors. Data were analyzed by non-parametric
Kolmogorov-Smirnov t-test. + denotes comparisons where the minimum achievable P-value
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for n=3 was reached, comparing the effect of siSMADZ2&3 or inhibitor treatment in
siControl or in siBMPRZ.
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Figure 5: Human PASMC with loss of BMPR2 show reduced contractility, related to reduced
RHOA and RAC1, and ACTAZ2 fibers (F-ACTAZ2).

Human PASMC were isolated from small PA of unused donor lungs, cultured as described
under ‘Methods’, and transfected with siRNA targeting BMPRZ2 (siRMPR2) or with non-
targeting siRNA (siControl). (A) Gel contractility assay, as described for Figure 2D,
following stimulation by Angiotensin 1l (Angll, 4 uM) or vehicle (PBS) for 72 hours. (B, C)
PASMC were treated with Angll (4 uM) for 2 or 6 hours, compared with baseline (0 time).
Representative immunoblot of BMPRZ2, total and active RHOA (in B), and BMPRZ2, total
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and active RAC1 (in C), with densitometric analysis relative to GAPDH as loading control,
normalized to the lane on the left. (D) Confocal microscopic images of PASMC following
Angll (4 uM) or vehicle (PBS) stimulation for 6 hours, showing filament actin fibers probed
by Phalloidin conjugates (green) and nuclei stained by DAPI (blue). Average F-ACTA2 per
cell (total F-ACTAZ pixels divided by the number of nuclei in each field) was determined
using Fuji ImageJ. Scale bar, 30 um (top and middle rows); 15 um for zoomed in images,
bottom row.

Data represent mean+SEM. (A-C) n=3 Donors; + denotes comparisons vs. siControl under
the same condition, where the minimum achievable P-value for n=3 was reached by non-
parametric Kolmogorov-Smirnov t-test. (D) n=15 fields; ****/<0.0001 vs. siControl under
the same condition, and ###P<0.05, comparing the same genotype across conditions, by one
way ANOVA adjusted for multiple comparisons using Tukey’s post hoc test.
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Figure 6: Reducing ARRB2 in PASMC with loss of BMPR2 restores normal levels of RHOA,
RAC1 and contractility.

Human PASMC isolated from small pulmonary arteries of unused donor lungs were cultured
as described under ‘Methods’, and transfected with SiRNA targeting BMPRZ (siBMPR2),
ARRBZ (siARRB2), or both, vs. non-targeting siRNA (siControl). (A) Representative
immunoblot of total RHOA and RACL in PASMC in response to Angll (4 uM) stimulation
for 6 hours or at baseline (time 0), with densitometric analysis relative to GAPDH as loading
control, normalized to the lane on the left. (Reduction of BMPR2 and ARRB2 by siRNA in
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the same sample is shown in Figure 3E). (B) Gel contractility assay (representative image),
as described in Figure 2D, in PASMC transfected with siBMPRZ2, siARRBZ, or both, vs.
siControl transfected cells, in response to Angll (4 uM) or vehicle (0.1% BSA in PBS)
stimulation for 72 hours.

Data represent mean+SEM of n=3 donors; + denotes comparisons where the minimum
achievable P-value for n=3 was reached by non-parametric Kolmogorov-Smirnov t-test
comparing the effect of siARRBZ2in siControl or in siBMPRZ at the same time point or
treatment condition.
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Figure 7: Increased proliferation and survival in PASMC of PAH patients with BMPR2

mutation, related to activation of ARRB2-pAKT-ABC axis.

(A, B) Human lung tissue sections (7 um thick) from PAH patients with a BMPRZ2 mutation
(PAH- BMPRZ,,,, or from donor lungs (Donor), were probed with antibodies against
ARRB2, ABC or ACTA2, and imaged by confocal microscopy. Terminal bronchiolus PA
(SPA) at two levels, 100-250 pm and 250-500 um were assessed from 3 Donors or PAH-
mut patients and 5 random fields for each Donor or PAH patient. (A, B) Representative
Immunofluorescent staining of ARRB2 or ABC (red), ACTAZ2 (green) and nuclei (DAPI,
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blue). Arrows in zoomed images on the right point to PASMC with abundant ARRB2 in the
cytoplasm (in A) and ABC in the nucleus (in B). Scale bars, 50 um in the three left columns,
20 pum, right column. (C-F) PASMC were isolated from SPA of PAH-BMPRZ2,,,; patients,

or from unused donor lungs. (C) Representative immunoblot of ARRB2, pAKT(Ser473)

and ABC in PASMC, with densitometric analysis relative to GAPDH as loading control.

(D) PASMC from PAH-BMPRZ,,,; patients were transfected with siRNA targeting ARRB2
(SiARRB2) or with non-targeting siRNA (siControl), and ARRB2, pAKT(Ser473) and ABC
evaluated by immunoblots. Representative blots are shown, with densitometric analysis
relative to GAPDH as loading control. In (C, D), data was normalized to the lane on the left.
(E) Proliferation, assessed by cell counts with 10,000 PASMCs seeded per well in 24-well
plates at day 1, comparing PAH-BMPRZ2,,,,+Vvs. Donor PASMC transfected with siARRBZ2
vs. siControl, and plated at the same initial density. Representative immunoblot below,
attesting to the reduction of ARRB2 in the PASMC. (F) Proliferation, assessed by cell
counts similar to (E), under the conditions of Figure 6E, comparing treatment by si CTNNBI
vs. siControl. Quantitative real time PCR below, attesting to the reduction of CTNNBI in the
PASMC.

Data represent mean+SEM. (A and B) n=15 fields, **** £<0.0001 vs. Donor by parametric
t-test with Welch’s correction. (C) n=4 PAH patients or donors; */<0.05 vs. Donor PASMC
by non-parametric Kolmogorov-Smirnov t-test. (D, E, F) n=3 PAH patients or Donors; +
denotes comparisons where the minimum p value was achieved by the non-parametric test
comparing siARRBZ2vs. siControl in (D, E), or sSiCTNNBI vs. siControl in (F), in the Donor
or PAH patient PASMC.

Circ Res. Author manuscript; available in PMC 2024 March 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Wang et al.

Donor PAH-BMPR2,,
Vehicle
Angll
No cells
B PAH
Donor  BMPR2,,,
Angli(hr): 0 2 6 0 2 6
Total RHOA [we bl - wuws| 22kDa
GAPDH [smemem e | 57 02
4
3
Total RHOA

rel. 2

Angli(h)y 0 2 6 0 2 6

S
i . o
siRNA: 0 X

RHOA | s @ | 22 kDa
15

GAPDH | s | 37 kDa
Protein 1

rel.
Ract [== =] 21100 50n o5

Page 36

[] ponor
30 * +
[ PAH-BMPR2,,,,
Residual 20
gel area
2
(mm2) 10
0
Vehicle Angll
C PAH

Donor  BMPR?2,

-mut

Angli(h): 0 2 6 0 2 6

2

1.5
Total RAC1

+ o+
rel. 1 *
GAPDH
0.5
0

02 6 02 6

RHOA RAC1 [] PAH+siControl
+ + [l PAH+siARRB2

0

BMPR1

|

REDUCED SMC CO{?ACTION W

TR R R RN
sbsbbbs

...............

* INCREASED SMC PROLIFERATION

Pulmonary Hypertensive Phenotype

Figure 8: PASMC from PAH-BMPR2y,t patients show reduced contractility, related to reduced
RHOA and RACL. Reducing ARRB2 restores RHOA and RAC1.

PASMC were isolated from small PAs of PAH-BMPRZ2,,,,or from unused donor lungs as
controls (Donor). (A) Gel contractility assay, as described for Figure 2D, following Angll
(4 uM) or vehicle stimulation. Residual gel area (mm?2) was analyzed by ImageJ. (B, C)
Representative immunoblot of total RHOA (B) and total RAC1 (C), in response to Angll
(4 uM) for 2 and 6 hours vs. time 0 (baseline), with densitometric analysis. (D) ARRB2
was reduced by siRNA targeting ARRBZ (siARRB2) vs. siControl in PASMC from PAH-
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BMPRZ,,+as shown in Figure 7D. Representative immunoblots of ARRB2, RHOA and
RAC1, with densitometric analysis. In (B, C, D), densitometric analysis is shown relative to
GAPDH as loading control, normalized to the lane on the left.

Data represent mean+SEM of n=3 Donors or PAH patients; + denotes comparisons where
the minimum achievable P-value for n=3 was reached by the non-parametric Kolmogorov-
Smirnov t-test, comparing PAH-BMPR2,,: vS. Donors under the same condition in (A-C),
or s_tARRBZ2vs. siControl in D.

(E) Model: Schematic diagram summarizing the findings. Reduced BMPR2 in SMC

leads to pERK-pP38-pSMAD2/3 dependent increase in ARRB2. The increase in ARRB2
results in pAKT-GSK3p mediated activation of CTNNB1, leading to increased proliferation.
Increased ARRB2 leads to reduced RHOA and RAC1, and actin stress fibers, resulting in
impaired contractility. The dashed line indicates association per published reports23.
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Figure 9: Reducing ARRB2 in Acta2-CreER/Td/Bmpr2~/~ (ikOSMC) mice prevents development
of pulmonary hypertension.

(A) Experimental design: Mice with tamoxifen-inducible Bmpr2knock-out in SMC
(iIBKOSMO), or iBKOSMC mice with one Arrb2allele deleted (Acta2-CreER/Ta/Bmpr2™~/
Arrb2™*; (IBKO-iAHet"M9), and controls (iWT) were exposed to chronic hypoxia as
described in Figure 1C. (B) Representative Immunofluorescent staining of Td tomato (red),
ACTAZ2 (green) and nuclei (DAPI, blue) from mouse lung sections (7 um thick) obtained
from /BKOSMC mice. The ACTA2-CreER is selectively knocking out Bmpr2in SMC. No
Td tomato expression in ECs (arrow). Scale bar: 25 pm; 5 um in magnified panels. (C)
Vasoreactivity assessment with Norepinephrine (NE): continuous RVSP measurement on
iBKOSMC ys iWT (females and males) at baseline and NE treatment (Tx) (IV 20 pg/30

g BW in 1 min). (D) Right ventricular systolic pressure (RVSP) and (E) Right ventricular
(RV) hypertrophy, weight ratio of RV vs. left ventricle and septum (RV/LV+S) of mice
housed in room air, chronic hypoxia, and following recovery in room air. (F) Muscularity
of distal arteries at alveolar wall and duct level. Images are from the recovery group (7

pm thick; scale bar: 25 pm). (G) Large PA (LPA) isolated from the recovery cohorts,

IWT, /BKOSMC and iBKO-iAHetr*MC mice. Lysates were prepared after removal of the EC
and adventitial fibroblast layers. Representative immunoblot of BMPR2, ARRB2, ABC,
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and RHOA, with GAPDH as loading control, confirming this regulatory pathway in the
iBKOSMC and jBKO-iAHet*C mice. Each lane represents combined LPA from four mice
(n=4). (H) Representative Immunofluorescent staining of pAKT(Ser473) (red), ACTA2
(green) and nuclei (DAPI, blue) from mouse lung sections (7 pm thick) obtained from the
recovery cohorts, iIWT, /BKOSMC and iBKO-iAHetMC (n=5 mice per group). Scale bars:
15um; 4um in magnified panels. Each point represents the average number of positive pAKT
cells per SPA (15-40 pm) per field, from 3 random sections per mouse.

Data represent mean+SEM. (C) n=6 or n=9 (iWT females) and n=8 (iWT males); */<0.05
vs. iWT, under the same condition; ###/<0.0001, vs. baseline, same genotype and same
gender. (D, E, F) n=8, 10 or 12 mice (normoxia, hypoxia and recovery, respectively);
**P(),01, ***P<0.001, ****P<0.0001 vs. iWT under the same conditions; #/<0.05,
##pc0.01, ##P<0.001, ###p<0.0001 vs. normoxia, same genotype; $/<0.05, $$/<0.01,
$3$%<0.0001 vs. /BKO under the same conditions; T7/2<0.01, T71/<0.001, T11A<0.001
vs. Hypoxia, same genotype. (C-F) Analyses performed by two-way ANOVA and Tukey’s
multiple comparisons test. (H) n=15 fields; ****<0.0001 vs. iWT, ## p<0.0001, vs.
iBKOSMC under same condition, by one-way ANOVA with adjustment for multiple
comparisons using Tukey’s post hoc test.
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