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Endothelial BMPRZ Loss Drives a Proliferative
Response to BMP (Bone Morphogenetic Protein)
9 via Prolonged Canonical Signaling
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0BJECTIVE: Pulmonary arterial hypertension is a disease of proliferative vascular occlusion that is strongly linked to mutations
in BMPR2—the gene encoding the BMPR-II (BMP [bone morphogenetic protein] type Il receptor). The endothelial-selective
BMPR-II ligand, BMP9, reverses disease in animal models of pulmonary arterial hypertension and suppresses the proliferation
of healthy endothelial cells. However, the impact of BMPRZ loss on the antiproliferative actions of BMP9 has yet to be assessed.

APPROACH AND RESULTS: BMP9 suppressed proliferation in blood outgrowth endothelial cells from healthy control subjects
but increased proliferation in blood outgrowth endothelial cells from pulmonary arterial hypertension patients with BMPR2
mutations. This shift from growth suppression to enhanced proliferation was recapitulated in control human pulmonary
artery endothelial cells following siRNA-mediated BMPRZ silencing, as well as in mouse pulmonary endothelial cells isolated
from endothelial-conditional Brmpr2 knockout mice (Bmpr2°“-"). BMP9-induced proliferation was not attributable to altered
metabolic activity or elevated TGFp (transforming growth factor beta) signaling but was linked to the prolonged induction of
the canonical BMP target /D1 in the context of BMPRZ loss. In vivo, daily BMP9 administration to neonatal mice impaired both
retinal and lung vascular patterning in control mice (Bmpr2+*+) but had no measurable effect on mice bearing a heterozygous
endothelial Bmpr2 deletion (Bmpr2“¢+~) and caused excessive angiogenesis in both vascular beds for Bmpr2¢~~ mice.

CONCLUSIONS: BMPRZ2 loss reverses the endothelial response to BMP9, causing enhanced proliferation. This finding has
potential implications for the proposed translation of BMP9 as a treatment for pulmonary arterial hypertension and suggests
the need for focused patient selection in clinical trials.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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ease that is marked by the cancer-like proliferation

of pulmonary vascular smooth muscle and endothe-
lial cells." This pathological vascular remodeling leads
to occlusion of the precapillary pulmonary arteries,
increased pulmonary vascular resistance, right ventricu-
lar hypertrophy, and death due to right heart failure within
3 years of diagnosis if left untreated? Germline loss-
of-function mutations in BMPR2—the gene encoding

Pulmonary arterial hypertension (PAH) is a fatal dis-

the BMPR-II (BMP [bone morphogenetic protein] type
Il receptor)—have been identified in *20% of all PAH
cases and over 70% of inherited disease.®* These muta-
tions raise an individual's risk of developing PAH by
~20000-fold, from 10 to 15 per million in the general
population®® to a disease penetrance of 27% among
mutation carriers.” Although the heterozygous nature of
PAH-associated BMPR2 mutations should theoretically
cause a 50% reduction in BMPR-II receptor levels, cells
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Highlights

Nonstandard Abbreviations and Acronyms

Alk1 activin receptor-like kinase 1

BMP bone morphogenetic protein

BMPR-Il bone morphogenetic protein receptor 2

BOEC blood outgrowth endothelial cell

ECAR extracellular acidification rate

EGM endothelial growth media

HPAEC human pulmonary artery endothelial cell

Id inhibitor of DNA binding/inhibitor of
differentiation

IL interleukin

MPEC mouse pulmonary endothelial cell

OCR oxygen consumption rate

P postnatal day

PAH pulmonary arterial hypertension

TGFB transforming growth factor beta

TNF tumor necrosis factor alpha

WT wild type

ZsGreen zoanthus sp. green

and tissues from PAH patients typically exhibit a mean
reduction of #75%, with some patients exhibiting a near-
complete loss of BMPR-II protein®® Similar reductions
in BMPR-II protein have been reported in PAH patients
with and without BMPR2 mutations, further supporting a
critical role for BMPR-II loss and impaired BMP signal-
ing in disease pathogenesis, independent of etiology.2°

Although BMPRZ is expressed in various tissues
throughout the body, multiple studies point to the pulmonary
endothelium as the cell type that is most critically impacted
by BMPR-II loss in PAH."*'® Endothelial cells from PAH
patients with BMPR2 mutations exhibit enhanced prolif-
eration, altered glucose metabolism, reduced monolayer
integrity, and an increased susceptibility to apoptosis.'"'4~"6
Importantly, the silencing of BMPR2 in human pulmonary
artery endothelial cells (HPAECs) from healthy subjects
reproduces many of the features of this endothelial dis-
ease phenotype.”"'®'" |n vivo, mice lacking Bmpr2 in their
pulmonary endothelium exhibit reduced pulmonary endo-
thelial barrier function and have been reported to develop
pulmonary hypertension spontaneously.'®'

Recently, the therapeutic administration of recombi-
nant BMPO was presented as a mechanism to enhance
endothelial BMP signaling in PAH."" In this work, recom-
binant BMP9 was shown to selectively target the endo-
thelium but not the smooth muscle cells of the pulmonary
arteries. BMP9 improved monolayer integrity and blocked
apoptosis, while reversing established pulmonary hyper-
tension in both genetic and nongenetic rodent models of
disease. Beyond these beneficial effects, multiple studies
have also demonstrated the capacity of BMP9 to suppress
VEGF (vascular endothelial growth factor) and FGF (fibro-
blast growth factor)-induced endothelial proliferation in
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* BMPR2 loss shifts the endothelial BMP (bone mor-
phogenetic protein) 9 response from growth sup-
pression to enhanced proliferation.

* BMP9-induced proliferation with BMPR2 loss is
linked to the prolonged induction of the canonical
BMP target ID1.

+ A >b0% reduction in BMPRZ2is required to shift the
BMP9 response toward excessive proliferation.

* In vivo administration of recombinant BMP9 causes
endothelial overgrowth in the retinas and lungs of
endothelial-conditional Bmpr2 knockout mice.

vitro and block angiogenesis in vivo.'"?°2! However, these
effects on endothelial proliferation appear to be highly con-
text dependent, as additional studies using models of tumor
vascularization or mouse embryonic stem cell-derived ECs
have reported a proangiogenic role for BMP9?% 23 that is
mediated via a synergistic activity with TGF (transforming
growth factor-B).24? This discord regarding the pro- and
antiangiogenic actions of BMP9 is particularly relevant in
PAH, which is strongly associated with excessive TGF3
signaling and exhibits many features of cancer.'®?® More-
over, a recent study used BMP9 knockout mice, BMP9
neutralizing antibodies, and an Alk (activin receptor-like
kinase 1)-Fc ligand trap to demonstrate that the inhibition
of endogenous BMP9 can attenuate disease severity in
many of the same rodent models of PAH that were shown
to benefit from administration of a recombinant form of
the ligand?” Despite this uncertainty regarding the role
for BMP9 in either the pathogenesis or treatment of PAH,
its impact on endothelial proliferation has yet to be deter-
mined in cells from patients with PAH.

In the current study, we identify BMP9 as an angiogenic
switch that can either promote or prevent endothelial pro-
liferation, based on the level of BMPR-II expression. We
also demonstrate prolonged induction of canonical BMP
signaling in BMPRZ-silenced endothelial cells, providing
a mechanism by which BMP9 can drive enhanced endo-
thelial proliferation in the context of BMPRZ loss. These
findings are potentially relevant to pathological vascular
remodeling in both PAH and cancer. With the proposed
translation of BMP9 as a therapy for PAH, this work may
also offer a mechanism to determine which patients might
benefit from BMP9-based treatments.

MATERIALS AND METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Human Cell Culture

Blood outgrowth endothelial cells (BOECs) were generated
from donor peripheral blood samples as described previ-
ously® and were confirmed for an endothelial phenotype by
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flow cytometry. For BOEC generation, all blood donors provided
informed consent in accordance with study 07/H0306/134
(Cambridgeshire 3 Research Ethics Committee, Cambridge,
United Kingdom) or study DBMS-047-15 (Queen's University
Health Sciences and Affiliated Hospitals Research Ethics
Board, Kingston, Canada). BOEC lines were cultured in endo-
thelial growth media (EGM)-2MV (Lonza, Basel, Switzerland)
with 10% Premium Grade fetal bovine serum (FBS; Wisent,
Saint-Jean-Baptiste, Canada) and were used for experiments
between passages 4 and 8. All cell lines were confirmed to be
free of mycoplasma infection. Information on the demograph-
ics and BMPR2 mutation status of BOEC donors is detailed
in Table | in the Data Supplement. Unless specified otherwise,
experiments involving BOEC stimulation with BMP9 were per-
formed in EGM-2MV with 10% FBS after a 4-hour quiescence
period in endothelial basal media-2 supplemented with peni-
cillin (1 unit/mL), streptomycin (100 pL/mL), and 2% FBS.
HPAECs were purchased from Lonza and cultured in EGM-2
with 2% FBS (Lonza), as per the supplier's instructions. As with
BOECs, HPAECs were quiesced in endothelial basal media-2
with 2% FBS for 4 hours before BMP9 treatment.

siRNA Silencing

HPAECs were plated at a density of 10500 cells/cm? and were
allowed to adhere overnight. Before transfection, cells were cul-
tured for 3 hours in Opti-MEM (ThermoFisher, Waltham, MA).
Silencing of BMPR2 was achieved using SMARTpool siRNAs
(Dharmacon, Lafayette, CO) in combination with DharmaFECT
1 transfection reagent at a final siRNA concentration of 10
nmol/L, as per manufacturer's instructions. Cells were incu-
bated in Opti-MEM with siRNA for 4 hours before being
returned to culture in EGM-2 with 2% FBS. For studies exam-
ining the combined silencing of /D71 and BMPRZ, siRNAs were
used at concentrations of 20 nmol/L and 10 nmol/L, respec-
tively. Nontargeting control siRNAs were used as needed to
top up the total siRNA concentration to 30 nmol/L. For dual
silencing studies, HPAECs were cultured in EGM-2 with 5%
FBS to ensure postsilencing viability.

Proliferation Assay

BOECs, HPAECs, or mouse pulmonary endothelial cells
(MPECs) were plated at 20000 cells per well in a 24-well tis-
sue culture plate and were left to adhere overnight. HPAECs
were subjected to one extra day in culture to perform the siRNA
knockdown. Cells were then quiesced for 4 hours in endothe-
lial basal media-2 with 2% FBS before culture in full growth
media (Lonza) for 96 hours, with or without 1 ng/mL human
BMP9 (R&D Systems, Minneapolis, MN)—the dose used in pre-
vious studies examining the impact of BMP9 on endothelial
cell function."" Media, with or without BMP9, was replenished
at 48 hours after the initiation of BMP9 treatment. Proliferation
of BOECs, HPAECs, and MPECs was determined by total cell
count at 96 hours. Cells were trypsinized in PBS containing
2x trypsin (20 mmol/L) and were counted by hemocytometer
using trypan blue as a viability marker.

Immunoblotting
Cells were plated in 6-cm dishes and were treated with BMP9,
as described for the proliferation assay above. At 2, 24, or 72
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hours post-stimulation, cells were washed once with PBS and
lysed in radioimmunoprecipitation assay buffer (0.6M Tris-HCl,
pH 8.0, 0.1% SDS, 1% Igepal-CA-630; all Sigma Aldrich, St.
Louis, MO) containing 150 mmol/L NaCl, 10 mmol/L NaF,
0.5% sodium deoxycholate, 2 mmol/L sodium orthovanadate,
and 1x EDTA-free protease inhibitor cocktail (cOmplete Mini;
Roche Diagnostics, GmbH, Mannheim, Germany). Lysates were
sonicated, and total protein content was quantified using the DC
protein assay (Bio-Rad, Hercules, CA), as per the manufactur-
er's instructions. Cell lysates (8-20 ug/well) were separated on
12% SDS-PAGE gels and transferred to polyvinylidene fluoride
membranes (Millipore, Burlington, MA). The membranes were
blocked with 5% nonfat milk in Tris buffered saline containing
0.05% Tween 20. Blots were probed with primary and second-
ary antibodies, as detailed in the Data Supplement. Densitometry
was performed using Bio-Rad Image Lab software.

Apoptosis Assay

HPAECs were cultured for 72 hours in full growth media, with
or without BMP9 stimulation. As detailed above, media was
replaced at 48 hours of culture. Cells were then trypsinized (10
mmol/L trypsin), stained with FITC-conjugated annexin-V and
propidium iodide (both BioLegend), as per the manufacturer’s
instructions, and assessed by flow cytometry. Apoptotic cells
were defined as positive for annexin-V and negative for prop-
idium iodide, while necrotic cells were positive for both markers.

Metabolism Assay

HPAECs were plated at 30000 cells per well and allowed to
adhere overnight before siRNA-mediated silencing of BMPRZ,
as detailed above. The following day, cells were quiesced for 4
hours and treated for 24 hours with BMP9 before the assess-
ment of metabolic activity. Oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) were measured as
markers of mitochondrial and glycolytic flux using the Seahorse
XFe24 Extracellular Flux Analyzer (Agilent, North Billerica, MA).
All assays were performed as described previously,?® with the
exception that 1 ng/mL BMP9 was added to the assay media
when indicated. All data represent the average of 5 wells per
condition minus the background reading.

RNA Isolation and qPCR

RNA was harvested from cultured cells at 4, 24, or 48 hours after
BMP9 stimulus or from neonatal mouse lungs at the time of sac-
rifice. RNA was isolated using Trizol and purified using Direct-Zol
RNA isolation columns with DNase treatment (Zymo Research,
Irvine, CA). Total RNA was reverse transcribed using SuperScript
IV VILO cDNA synthesis kit (ThermoFisher), and quantitative
polymerase chain reactions were performed in triplicate using
PowerUp SYBR Green Master Mix (Applied Biosystems, Foster
City, CA). Primer sequences are listed in Table Il in the Data
Supplement. All primers were confirmed to have efficiencies of
>900%. Relative mRNA expression was quantified relative to the
appropriate reference gene using the 22CT method.®

Mouse Model

Animal work was approved by the Queen’s University Animal
Care Committee (Kingston, Canada). Mice bearing the L1-Cre
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construct, which expresses Cre recombinase under control of
a portion of the Alk1 promoter,®' were crossed with mice pos-
sessing a floxed copy of the Bmpr2 allele.3? Offspring from this
breeding were then crossed with mice bearing the Ai6 floxed
reporter construct within the Rosa26 locus,® allowing for the
conditional expression of ZsGreen (zoanthus sp. green) fluo-
rescent protein and the recombination of floxed Bmpr2 alleles,
exclusively in cells expressing Cre recombinase (Figure | in
the Data Supplement). All mice were from a C57BL/6J back-
ground. Male and female mice with the following genotypes
were used for experimental studies: L 7-Cre*~/Ai6*~/Bmpr2++
(Bmpr2ec++), L 1-Cre*-/Ai6*-/Bmpr2es  (Bmpr2:c+-), or
L 1-Cre*-/Ai6*~/Bmpr2#es (Bmpr2“c-"-),

Mice were assigned to groups by animal identification num-
ber, allowing for the blinding of all procedures to both animal
genotype and treatment until after the completion of data acqui-
sition and analysis. No animals were excluded from analysis.

MPEC Isolation and Culture

MPECs were isolated from 3-week-old male and female
Bmpr2=c+*, Bmpr2“*”~, and Bmpr2“”~ mice. As sex was not
documented at the time of isolation, results for both sexes were
analyzed together. Briefly, lungs were flushed with heparinized
PBS, harvested, and digested in PBS containing 1 mg/mL
collagenase/dispase and 30 pg/mL DNase (both Roche) for
45 minutes at 37 °C. Digested lungs were strained through
a 40-um filter and resuspended at 107 cells/mL in PBS with
0.5% BSA and 2 mmol/L EDTA. Cells were incubated with 25
pL/107 cells of Dynabeads (ThermoFisher), preconjugated to
a biotinylated a-CD31 antibody (clone: MEC13.3; Biolegend,
San Diego, CA) according to the manufacturer's protocol before
magnetic enrichment of CD31-positive cells. Enriched cells
were resuspended in EGM-2MV and plated in an uncoated
T-75 for 1 hour to remove potentially contaminating fibroblasts.
Nonadherent cells were collected, plated in EGM-2MV with
10% FBS at 4000 to 5000 cells per well in a collagen-coated
6-well plate, and were allowed to reach confluency. Magnetic
isolation was repeated, and cells were again allowed to reach
confluency before flow sorting for ZsGreen expression. MPECs
were then cultured in EGM-2MV with 10% FBS and used for
experiments between passages 1 and 4.

Retinal Outgrowth and Vascular Density

Male and female Bmpr2:¢++, Bmpr2:c+~, and Bmpr2“~- mice
were given daily intra-peritoneal (IP) injections from P2 to P6
with either 5 ng/mouse per day of carrier free human BMP9
(R&D Systems) or PBS control. Mice were euthanized at P7 by
decapitation, and retinas were harvested and fixed overnight in
4% paraformaldehyde (PFA) at 4 °C. Fixed retinas were washed
3x in PBS, put into cold methanol overnight at =20 °C, washed
3x in PBS, and mounted on glass sides. Outgrowth distance
from the optic disk to the vascular front was measured using a
Matlab script courtesy of Josh Moskowitz (Queen’s University,
Center for Neuroscience). Vessel density at the vascular front
was measured using the angiogenesis analyzer** plugin in
Imaged (developed at the US National Institutes of Health and
available at http://rsb.info.nih.gov/nih-image/). Mouse geno-
type was determined after the completion of analysis using a
tissue sample collected at the time of sacrifice. As mice were
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euthanized before the the age at which sex could be deter-
mined, results for both sexes were analyzed together.

Retinal Sprouting

Retinas from P5 mouse pups were isolated and embedded in
collagen (Corning) at a final concentration of 2 mg/mL with or
without 1 ng/mL BMP9. For each mouse, paired retinas were
imbedded with or without BMP9 treatment. After 4 hours of
treatment, retinas were fixed overnight in 4% PFA, followed by
dissection from the collagen, mounting, and imaging. For the
quantification of sprouting, the number of tip cells migrating
from the vascular front were counted for every nonoverlapping
image as a measure of tip cells per field of view.

Mouse Lung Imaging

Lungs from P7 neonatal mice treated with PBS or BMP9 were
perfused with heparinized PBS before harvest and inflation via
the trachea with 0.75% Phytagel (Sigma Aldrich). Lungs were
then fixed overnight at 4 °C in 4% PFA and dehydrated by
sequential overnight incubations in 50% ethanol at pH 9, 70%
ethanol at pH 9, and 2 nights at 100% ethanol, respectively.
Following dehydration, tissues were incubated overnight in
ethyl cinnamate (Sigma Aldrich) for clarification before imaging
on a Leica SP8 2-photon microscope.

Statistical Analysis

Student t tests were used for comparisons between 2 groups.
Multiple comparisons were assessed by 1- or 2-way ANOVA,
followed by the appropriate post hoc test for significance,
as specified in the figure legends. Equivalence of variance
between experimental groups was confirmed using an F test
for comparisons between 2 groups and a Brown-Forsythe test
in conjunction with ANOVA, when applicable. Normal distribu-
tion was assumed for all statistical analyses, with the excep-
tion of the comparison of BMP9-induced proliferative effects in
BOECs from PAH patients and control subjects. For this case,
a nonparametric Mann-Whitney U test was used. All statistical
tests used 2-sided tests of significance. All data are reported
as mean=SEM. The use of small sample sizes (eg, n=3) was
limited to technical replicates within the same cell line.

RESULTS

BMP9 Promotes Endothelial Cell Proliferation
in the Absence of BMPR2

In agreement with previous reports examining the effect
of BMP9 on HPAECs,""** BMP9 treatment at 1 ng/mL
suppressed the proliferation of BOECs from both healthy
control subjects and PAH patients lacking BMPR2 muta-
tions (Figure 1A; Table | in the Data Supplement). In
marked contrast, BOECs from PAH patients with BMPR2
mutations exhibited significantly increased proliferation in
response to BMP9. Immunoblotting for BMPR-II protein
(Figure 1B) demonstrated a negative correlation between
BMPR-II receptor levels and the proliferative response
to BMP9, with the PAH patient cell lines displaying
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Figure 1. BMPR2 loss causes BMP (bone morphogenetic protein) 9—-induced cell proliferation.

A, Analysis of percentage change in BOEC number after 4 d of culture with or without BMP9 (1 ng/mL). BOEC lines include healthy controls
(C1-4, black), pulmonary arterial hypertension (PAH) patients with BMPR2 mutations (B1-4, solid red), and PAH patients without BMPR2
mutations (P1-4, red outline) (n=3-8 repeats per cell line). B, Inmunoblot of BMPR-II (BMP receptor 2) levels in BOEC lines relative to
a-tubulin as a loading control. C, Linear regression plot between the BOEC proliferative response to BMP9 and BMPR-I| protein expression,
normalized to a-tubulin levels. R? and P are indicated on the graph. D, Validation of siBMPR2 knockdown at 1 and 4 d post-siRNA transfection
by quantitative polymerase chain reaction. BMPR2 expression levels are shown relative to RPL19 (n=3). E, Representative immunoblot of
HPAEC BMPR-Il levels with or without siRNA silencing of BMPR2 at 1 and 4 d after siRNA treatment, with or without BMP9 stimulus. F,
Analysis of percentage change in control and BMPR2-silenced HPAEC number after 4 d of culture with or without BMP9 (1 ng/mL) (n=5).

G, Representative flow cytometry plots of annexin-V and propidium iodide (PI) staining in control and BMPR2-silenced HPAECs after 72

h of culture with or without BMP9 (1 ng/mL). H, Quantification of apoptotic HPAECs (annexin-V*/PI) as a percentage of total cells (n=3).
Control and mutation bearing BOEC lines in A were compared using a Mann-Whitney U test. Unpaired Student t tests were used in D and F.
One-way ANOVA, with a Tukey post hoc test was used in H. A sample ¢ test against the theoretical mean of zero was used in F. Error bars are
meantSEM. *P<0.05, **<0.01, ***F<0.001; #P<0.05, ##P<0.01.

pronounced reductions in BMPR-II also exhibiting the  expression that persisted from 1 to 4 days post-siRNA
greatest proliferative response to BMP9 treatment (Fig-  knockdown, corresponding to the first 72 hours of BMP9
ure 1C). A similar correlation was observed between  treatment (Figure 1D and 1E). While BMP9 significantly
BMP9-induced proliferation and BMPRZ2 gene expres-  reduced the proliferation of HPAECs transfected with
sion (Figure Il in the Data Supplement), with a significant ~ nontargeting control siRNA, silencing of BMPR2in these
reduction in BMPRZ levels being observed exclusively in  cells recapitulated the proliferative response to BMP9

the subset of PAH patients bearing BMPR2 mutations. that was observed in BOECs from BMPR2 mutation

To test the possibility that BMPR2 loss was driving bearing PAH patients (Figure 1F). To confirm that these
BMP9-induced proliferation in patient BOECs, we exam-  changes in cell number were not the consequence of
ined the BMP9 response in HPAECs following siRNA-  altered levels of apoptotic cell death, apoptosis was mea-

mediated BMPR2 knockdown. SIRNA BMPRZ silencing sured by the flow cytometric analysis of annexin-V/prop-
caused a >95% reduction in BMPR2 gene and protein  idium iodide on HPAECs (Figure 1G). Basal apoptosis
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was extremely low under these conditions (=1%), with
no differences observed between groups in response
to BMPR2 silencing or BMP9 treatment (Figure 1H).
Assessment of necrotic cells, largely resulting as a con-
sequence of trypsinization before analysis, also revealed
no differences between groups (Figure Ill in the Data
Supplement).

BMP9-Induced Endothelial Proliferation Is
Not Due to Changes in Glycolytic or Oxidative
Metabolism

Previous reports have indicated that endothelial cells
from PAH patients exhibit uncoupled aerobic glycolysis
and that silencing BMPRZ is sufficient to increase glyco-
lytic activity in control HPAECs.'®'¢ To determine whether
altered metabolism was responsible for driving BMP9-
induced proliferation in BMPRZ2-silenced HPAECs, the
metabolic response of these cells to BMP9 was quan-
tified by Seahorse analyzer. For this assay, OCR and
ECAR were used as measures of oxidative and glyco-
lytic metabolism, respectively. BMP9 treatment caused
a coupled reduction of both OCR and ECAR in control
HPAECs relative to their untreated control (Figure 2A
through 2D), which was in keeping with the antiprolifera-
tive effect of BMPQ in these cells. In contrast to previous
studies showing elevated glycolysis in BMPR2-silenced
HPAECs,'5'® BMPR2 knockdown did not increase OCR
or ECAR and was actually found to decrease baseline
glycolytic metabolism in these cells (Figure 2B and 2D).
Silencing of BMPRZ2 also eliminated the BMP9-induced
reduction of both oxidative and glycolytic metabolism
that was observed in siRNA control-treated HPAECs.
Importantly, neither BMPRZ silencing nor BMP9 treat-
ment caused a significant difference in the ratio of OCR
to ECAR (Figure 2E), indicating that BMP9-induced pro-
liferation in BMPR2-deficient endothelial cells is not a
consequence of an uncoupling of glycolysis from oxida-
tive metabolism.

BMPR2 Loss Alters the Kinetics of BMP9-
Mediated Id Induction

The transcriptional regulators, /D1 and /D2, are down-
stream targets of canonical BMP signaling that promote
cell proliferation.3® Examination of /D gene expression
showed that both /D7 and /D2 were induced as early
as 4 hours after the initiation of BMP9 treatment in
the siRNA control-treated HPAECs, relative to their
respective untreated controls (Figure 3A and 3B). While
this induction returned to baseline by 24 hours post-
stimulus in control HPAECs, BMPR2-silenced HPAECs
exhibited a prolonged induction of both /D7 and /D2
that was delayed until 24 hours after the initiation of
BMP9 treatment and only returned to baseline levels
at the 48-hour time point. This sustained /D induction
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was confirmed by immunoblotting for Id1 protein, which
was increased exclusively in BMPR2-silenced HPAECs
at 24 hours after the initiation of BMP9 treatment (Fig-
ure 3C and 3D).

An assessment of upstream canonical signaling
identified a similar delay in the kinetics of Smad1/5/9
phosphorylation with BMPRZ knockdown. While con-
trol HPAECs exhibited an increase in Smad1/5/9
phosphorylation after 2 hours of BMP9 exposure that
returned to baseline by 24 hours, BMPR2-silenced
cells exhibited no acute response to BMP9 and were
instead found to upregulate Smad1/5/9 phosphory-
lation only after 24 hours of BMP9 treatment, in line
with increased Id1 expression at this time point (Fig-
ure 3C and 3E). Examination of total Smad1 identi-
fied a significant reduction in protein levels in HPAECs
following chronic BMP9 stimulation (Figure 3C and
3F). Although this reduction was only observed in
control HPAECs after 72 hours of BMP9 treatment,
it was more pronounced in the BMPRZ-silenced
HPAECs, which displayed a BMP9-induced reduction
in total Smad1 protein across all experimental time
points. When taking this change in total Smad1 lev-
els into account, the quantification of phosphorylated
Smad1/5/9 as a proportion of total available Smad1
highlighted the prolonged activation of canonical BMP
signaling in BMP9-treated, BMPRZ2-silenced HPAECs
(Figure 3G). Interestingly, this activation appeared
to persist as far out as 72 hours after the initiation
of treatment, although not at a level that was signifi-
cantly different from its respective untreated control.
This combination of increased phosphorylation and
decreased total Smad levels with BMP9 treatment is
indicative of chronic activation of canonical signaling in
BMPR2-silenced HPAECs.?"

While our findings point to BMPRZ loss as the pri-
mary factor driving BMP9-induced endothelial cell pro-
liferation, previous studies reporting a role for BMP9
in the promotion of angiogenesis have attributed this
effect to a synergistic enhancement of proangiogenic
TGFB signaling. An examination of both Smad2/3 and
Smad1/5/9 phosphorylation identified no such syner-
gistic effects between BMP9 and TGFf in HPAECs, with
or without BMPR2 silencing (Figure IV in the Data Sup-
plement). To confirm the importance of altered canonical
signaling kinetics and prolonged /D induction to BMP9-
induced proliferation in the absence of BMPR2, ID1 was
silenced, either alone or in combination with BMPR2
knockdown (Figure 3H and 3I). While /D1 silencing alone
had no impact on BMP9-induced growth suppression
in HPAECs, the dual silencing of both /D7 and BMPR2
resulted in a significant blunting of BMP9-induced pro-
liferation, when compared with cells treated with siRNA
targeting BMPRZ alone (Figure 3J).
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Figure 2. BMPR2 loss prevents the reduction of glycolytic and oxidative metabolism by BMP (bone morphogenetic protein) 9.
Control and BMPR2-silenced HPAECs were cultured for 24 h with or without BMP9 (1 ng/mL) before analysis on a Seahorse XFe24
Extracellular Flux Analyzer. Oxygen consumption rate (OCR; A) and extracellular acidification rate (ECAR; B) were measured as markers

of mitochondrial and glycolytic flux. In both A and B, oligomycin was added to measure ATP production, while carbonyl cyanide-4
(trifluoromethoxy) phenylhydrazone (FCCP) was added to uncouple oxygen production from ATP production and measure maximal oxygen
consumption. Rotenone and antimycin A (R&A) inhibit complex | and complex IlI, respectively, to shut down oxidative metabolism. C,
Quantification of baseline OCR measurements. D, Quantification of baseline ECAR measurements. E, Analysis of coupled oxidative and
glycolytic metabolism, processed by measurement of baseline OCR/ECAR ratio. n=3, 5 wells/condition. Unpaired t test between groups. Bars

are meantSEM. ns indicates nonsignificant. *£<0.05, ***<0.001.

BMP9-Induced Endothelial Proliferation
Requires Bmpr2 Sub-Haploinsufficiency

Although PAH is associated with heterozygous germline
mutations in BMPRZ, a significant proportion of PAH
patients, with or without BMPR2 mutations, exhibit a
near-complete loss of BMPR-Il protein in their endothe-
lium.® To determine whether this BMPR-II sub-haploin-
sufficiency is required to induce a proliferative response
to BMP9, conditional knockout mice that were either
WT (wild type; Bmpr2:€++), heterozygous (Bmpr2:c+-),
or homozygous null (Bmpr2:¢--) for Bmpr2 in their pul-
monary endothelium were created by crossing mice
bearing the floxed Bmpr2 allele®? with mice expressing
Cre recombinase under control of the L7 promoter?’
These animals were also crossed with mice harboring
the Ai6 Cre-driven reporter construct® resulting in the
expression of the ZsGreen fluorescent protein in the

Arterioscler Thromb Vasc Biol. 2020;40:26056-2618. DOI: 10.1161/ATVBAHA.119.313357

Cre* cells of the pulmonary vascular endothelium (Fig-
ure | in the Data Supplement).

Magnetic sorting of CD31* cells from the lungs of
Bmpr2c++, Bmpr2€c+~, or Bmpr2:“”~ mice produced
populations of cells that were uniformly CD31* (Fig-
ure 4A), but included both ZsGreent MPECs and a
ZsGreen~ subset that likely consisted of contaminat-
ing CD31* lymphatic endothelial cells (Figure 4B).
Flow sorting for ZsGreen* cells produced a uniform
CD31*ZsGreen* MPEC population (Figure 4B and 4C).
The homozygous or heterozygous deletion of Bmpr2 in
these cells was confirmed by immunoblotting for BMPR-
Il protein, which showed either a partial or complete loss
of BMPR-Il in MPECs from Bmpr2:*~ and Bmpr2=c="~
mice, respectively (Figure 4D). As in control HPAECs
and BOECs from healthy subjects, BMP9 significantly
reduced proliferation in MPECs from Bmpr2““** mice
(Figure 4E). In contrast, MPECs from Bmpr2¢+~ mice
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Figure 3. BMPR2 loss alters the kinetics of BMP (bone morphogenetic protein) 9-mediated Id (inhibitor of DNA binding/
inhibitor of differentiation) induction.

Analysis of (A) /D7 and (B) /D2 as canonical downstream gene targets of BMP9 signaling in control and BMPR2-silenced HPAECs, with or
without BMP9 (1 ng/mL) treatment for 4 (n=10), 24 (n=7), or 48 (n=3) h. Values of /D gene expression relative to RPL19 are expressed as the
fold change normalized to siControl HPAECs without stimulus. C, Representative immunoblots for BMPR-II (BMP receptor 2), (Continued)
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exhibited no significant response to BMP9, whereas
the proliferation of MPECs from BmprZ““”~ mice was
significantly increased in response to BMP9 exposure.
These findings are consistent with a gene dosing effect
of Bmpr2 loss on the endothelial BMP9 response and
indicate that a >50% reduction of Bmpr2 is required for
BMP9 to induce endothelial proliferation.

Endothelial Deletion of Bmpr2 Causes BMP9-
Induced Angiogenesis In Vivo

While initial reports characterizing the pattern of Cre
expression in L71-Cre mice suggested that Cre-medi-
ated recombination in these mice was largely limited
to the pulmonary endothelium,'®3'38 these studies also
demonstrated some degree of Cre-mediated recombi-
nation in other tissues, including the brain. An examina-
tion of ZsGreen expression in a variety of tissues from
Bmpr2¢“++ mice identified Cre recombinase activity not
only in the lung vasculature but also in the endothelium
of the brain and retina (Figure VA through VC in the Data
Supplement). A small degree of nonendothelial expres-
sion of ZsGreen was also observed in the liver, heart, and
kidney (Figure VD through VF in the Data Supplement).
Importantly, this identification of Cre-mediated recombi-
nation in the retinal endothelium allowed for an in vivo
examination of the impact of BMP9 on neonatal retinal
angiogenesis in the context of both heterozygous and
homozygous Bmpr2 deletion.

An assessment of retinal vascular network complexity
in postnatal day (P) 7 pups treated IP with PBS vehicle
control from P2 to PG identified a significant impairment
in baseline vascular network development in Bmpr2¢¢+~
and Bmpr2¢~ mice, when compared with BmproEc++
controls (Figure BA through 5C; Figure VIA and VIB in
the Data Supplement). This finding, which agrees with
a previous report of reduced retinal vascularization with
Bmpr2 loss,® was supported by in vitro matrigel assays
that demonstrated a significant decrease in network
complexity in BMPR2-silenced HPAECs (Figure VIC
and VID in the Data Supplement). In addition to these
baseline differences, in vivo administration of BMP9
from P2 to P6 (5 ng/mouse per day, IP) was found to
reduce vascular network complexity in the retinas of
Bmpr2¢c++ mice (Figure 5B and 5C). In contrast, this
dose of BMP9, which is generally equivalent on a nano-
gram/kilogram basis to the dose used in previous animal

BMP9-Induced Proliferation With BMPR2 Loss

studies,"" had no effect on the retinal vasculature of
Bmpr2:¢+= animals and significantly increased vascular
density in retinas from Bmpr2:¢~- mice (Figure 5B and
5C). Interestingly, a parallel examination of retinal vascu-
lar outgrowth distance from the optic disk did not iden-
tify any impact of Bmpr2 deletion or BMP9 treatment on
this measure (Figure BA and 5D). This finding was sup-
ported by ex vivo studies showing no impact of BMP9
treatment on tip cell formation in collagen-embedded
P5 retinas, independent of endothelial Bmpr2 genotype
(Figure BE and 5F).

In addition to the retinal vasculature, the impact of
Bmpr2 loss on the in vivo BMP9 response was also
assessed in the pulmonary circulation of the mice given
daily BMP9 from P2 to P6. In contrast to the retinal anal-
ysis, BMP9 administration had no measurable impact on
ZsGreen levels in the lungs of Bmpr2¢+*+ mice, despite
a noticeable impact on lung morphology and the distribu-
tion of ZsGreen* cells in these animals (Figure 6A, 6D,
and 6G). This result suggests that BMP9 treatment may
impact endothelial cell branching and postnatal lung vas-
cular development in WT mice without impacting overall
endothelial cell number in the lungs of these animals.
This altered lung morphology, which was also observed
in both treated and untreated Bmpr2¢"+ and Bmpr2¢¢~-
mice, is in keeping with reports identifying an important
role for angiogenesis in postnatal pulmonary alveolar-
ization.*® As with the retinal vasculature, BMP9 admin-
istration induced significant endothelial overgrowth in
the lungs of Bmpr2°¢- animals (Figure 6C, 6F, and 6G).
Further examination of the impact of endothelial Bmpr2
loss on pulmonary inflammation identified no changes in
IL (interleukin)-6, TNFa. (tumor necrosis factor alpha),
or IL-1p gene expression in the lungs, with or without
BMP9 treatment (Figure VIIA through VIIC in the Data
Supplement). Similarly, PAI-1 (plasminogen activator
inhibitor-1) expression was examined as a surrogate for
TGFp activity but was not impacted by BMP9 across all
Bmpr2 genotypes (Figure VIID in the Data Supplement).

DISCUSSION

We report a BMPR2-dependent shift in the endothelial
proliferative response to BMP9, from the suppression of
proliferation in BOECs from healthy donors to enhanced
proliferation in cells from BMPRZ mutation bearing
PAH patients. SiRNA-mediated silencing of BMPR2

Figure 3 Continued. phosphorylated SMAD (pSMAD) 1/6/9, SMAD1, Id1, and a-tubulin at 2 (n=9), 24 (n=6), and 72 (n=6) h after the
initiation of BMP9 stimulus. D-F, Quantification of (D) Id1, (E) pSMAD1/5/9, and (F) total SMAD1 relative to a-tubulin. G, Quantification of
pSMAD1/5/9 relative to total SMAD1. Two-way ANOVA with Sidak multiple comparisons post hoc test was used to determine differences
between the BMP9-treated group and its respective no stimulus control for the assessment of /D gene expression, Id1 protein, and
pSMAD1/5/9 levels. Two-way ANOVA with Tukey multiple comparisons post hoc test was used to determine differences in total SMAD1 levels
between all treatment groups. H and I, Validation of (H) si/D7 and (I) siBMPR2 knockdowns in HPAECs by quantitative polymerase chain
reaction. /D71 and BMPR2 expression levels are shown relative to RPL19 (n=4). J, Analysis of percentage change in control, /D1-silenced,
BMPR2-silenced, or dual-silenced HPAEC number after 4 d of culture with or without 1 ng/mL BMP9 (n=4). One-way ANOVA, with a Dunnett
post hoc test. Error bars are meant=SEM. ns indicates nonsignificant. *£<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 4. Pulmonary endothelial cells from Bmpr2EC~- mice proliferate in response to BMP (bone morphogenetic protein) 9.
Representative flow cytometry plots of (A) CD31 and (B) ZsGreen (zoanthus sp. green) expression by MPECs, after 2 magnetic isolations
for CD31 (black line) and after being flow sorted for ZsGreen positivity (green shading). C, Flow-sorted cells were confirmed to be ZsGreen
and CD31 positive. D, Representative immunoblot of BMPR-Il (BMP receptor 2) protein levels in MPECs from Bmpr2£°++, Bmpr2c+-,

and Bmpr2£©¢~- mice, relative to a-tubulin as a loading control. E, Analysis of percentage change in cell proliferation of isolated pulmonary
endothelial cells from Bmpr2¢++, Bmpr2t©+/—, and Bmpr2£°-- mice, cultured for 4 d with or without BMP9 (1 ng/mL). n=6, 3, and 5,
respectively. One-way ANOVA, with a Tukey post hoc test was used in E. A sample ¢ test against the theoretical mean of zero was used in E.
Error bars are mean:tSEM. *P<0.05, ***P<0.001; ##P<0.01. FMO indicates fluorescence minus one control.

recapitulated this cellular phenotype in control HPAECsS,
confirming that the effect was indeed the direct result
of BMPRZ loss and was not a secondary consequence
of interindividual variability or the examination of BOECs
from patients with established disease. Our assessment
of the molecular mechanisms driving this shift demon-
strated that BMPRZ2loss causes an alteration in the kinet-
ics of BMP9-induced canonical signaling that is defined
by delayed Smad phosphorylation and a sustained induc-
tion of both /D gene expression and Id1 protein levels.
Considering the well-established role for Id (inhibitor
of DNA binding/inhibitor of differentiation) proteins in

2614  November 2020

promoting cell proliferation in cancer,® our identification
of Id upregulation with chronic BMP9 exposure offers
valuable mechanistic insight to explain how BMPRZ loss
can drive excessive proliferation in response to BMP9.
Additional studies exploring the silencing of /D7 dem-
onstrated that this prolonged induction of canonical sig-
naling is indeed central to BMP9-induced endothelial
proliferation in the absence of BMPRZ. It is also worth
noting that BMP9 is one of the few BMPs to be found
in the circulation,?® where it is present at ~300 pg/mL,
similar to the 1 ng/mL used in our in vitro studies. While
previous studies examining impact of BMPR2 loss on

Arterioscler Thromb Vasc Biol. 2020;40:26056-2618. DOI: 10.1161/ATVBAHA.119.313357
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Figure 5. Endothelial Bmpr2 expression dictates the impact of systemic BMP (bone morphogenetic protein) 9 treatment on
neonatal retinal angiogenesis.

A, Representative postnatal day (P) 7 retina from a Bmpr2£¢++ mouse expressing ZsGreen (zoanthus sp. green) in the retinal endothelium.
White arrow indicates vascular outgrowth distance from the optic disc. B, Representative vascular bed images from P7 Bmpr2£©++,
Bmpr2£C+- and Bmpr2t°-- pups following the intra-peritoneal administration of either PBS or BMP9 (5 ng/mouse per day, IP) from P2

to P6. C, Quantification of branching points as a measure of vascular density. Bmpr2t¢++: PBS (n=12), BMP9 (n=15); Bmpr2t¢+-: PBS
(n=23), BMP9 (n=24); Bmpr2t¢--: PBS (n=6), BMP9 (n=9). Two-way ANOVA, with Sidak multiple comparisons post hoc test was used to
compare between treated and untreated groups within each genotype. A Dunnett post hoc test was used to compare untreated retinas to the
Bmpr2E©++ control across genotypes. D, Quantification of vascular outgrowth from the optic disk. Bmpr2t¢++: PBS (n=6), BMP9 (n=11);
Bmpr2t¢+-: PBS (n=16), BMP9 (n=19); Bmpr2t°--: PBS (n=4), BMP9 (n=5). E, Representative image of the vascular front in a P5 retina
following 4 h of ex vivo culture. Tip cells are indicated by white triangles. F, Quantification of tip cells per field of view (FOV) from P5 retinas
following 4 h of ex vivo culture, with or without BMP9 (1 ng/mL). Bmpr25¢++ n=5; Bmpr2t©+-, n=9; and Bmpr2°¢~-, n=3. Error bars are
meantSEM. ns indicates nonsignificant. *£<0.05. FOV indicates field of view.
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Figure 6. BMP (bone morphogenetic protein) 9 induces hyperproliferative endothelial overgrowth in the lungs of neonatal

Bmpr2EC-'- mice.

Bmpr2t¢++ (A and D), Bmpr2£©+- (B and E), and Bmpr2£¢-- (C and F) mouse pups were treated with (A—C) PBS or (D—F) BMP9 (5 ng/
mouse per day, IP) from postnatal day (P) 2 to 6. Lungs were harvested on P7, clarified and imaged by 2-photon confocal microscopy for
ZsGreen* (zoanthus sp. green) endothelial cells, which are seen in bright green above the background autofluorescence of lung tissue.
Images are representative 10-um z stacks from pups of each genotype and treatment group. Scale bar=20 pm. G, Quantification of lung
ZsGreen expression as a measure of pulmonary endothelial cell content (n=10-23). Two-way ANOVA, with Sidak multiple comparisons
post hoc test, was used to compare between treated and untreated groups within each genotype. Error bars are mean+SEM. ns indicates

nonsignificant. *P<0.05.

canonical signaling in HPAECs demonstrated either
no impact of BMPR2 silencing on BMP9-induced /D
expression® or an impairment of /D induction in BMPR2-
silenced HPAECs treated with BMP4,'® these reports
focused exclusively on the acute effects achieved over a
few hours of BMP treatment. In contrast, our examination
of canonical signaling at later time points in response to
chronic BMP9 exposure takes into account the role of
BMP9 as a circulating factor that is perpetually stimulat-
ing the vascular endothelium.

When taken together, the current study helps to clarify
the already complex literature surrounding the contribu-
tion of BMP9 to either the promotion or prevention of
angiogenesis, as well as the potential role for BMP9 sig-
naling in both the pathogenesis of PAH and the regula-
tion of tumor vascularization. Previous reports suggesting
a proangiogenic role for BMP9 attributed this action to
a synergistic enhancement of TGF signaling in the
tumor microenvironment.?* Our work failed to show any
such synergy of BMP9 with canonical TGFf signaling
in the pulmonary endothelium, with or without BMPR2
silencing. In contrast, we confirmed earlier work show-
ing that HPAECs are minimally responsive to TGF3% and
demonstrated that BMPR2 knockdown instead results in
impaired BMP9-induced phosphorylation of Smad2—a
downstream target of both TGF@ and BMPS.

It is noteworthy that our in vitro findings were vali-
dated in vivo in 2 distinct vascular beds. In both the lungs
and the retina of neonatal mice, Bmpr2 loss was shown
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to negatively impact vascular structure at baseline, inde-
pendent of exogenous BMP9 delivery. More importantly,
our demonstration that BMP9 administration suppresses
vascular network formation in Bmpr2¢++ mice, while
enhancing endothelial growth in Bmpr2¢~= conditional
knockouts, illustrates how this single factor can either
promote vascular stability or drive vascular hyperprolif-
eration in a manner that is dependent on the availability
of BMPR-II. In addition to providing this in vivo validation,
work in MPECs from the Bmpr2°“*~ and Bmpr2=“~~ con-
ditional knockout mice also allowed for the identification
of a gene dosing effect of Bmpr2 loss in the endothe-
lial BMP9 response, where a >50% reduction of Bmpr2
expression is required to shift this response toward the
stimulation of enhanced proliferation.

Critically, previous studies examining the impact of
BMP9 on the pathogenesis of PAH have only exam-
ined models of partial Bmpr2 loss, including the Bmpr2*
k899X heterozygous knock-in mouse model,'" or nonge-
netic models that are associated with reduced BMPR-
Il expression, such as the monocrotaline rat*' Although
valuable as preclinical research tools, these models do
not reproduce the near-complete BMPR-II deficiency
that is observed in many patients with PAH. Future stud-
ies exploring the impact of BMP9 administration on the
pathophysiology of PAH in the Bmpr2¢~- conditional
knockout, either at baseline or in response to PAH-
inducing stimuli like chronic hypoxia or b-lipoxygenase
overexpression,*?* will help to establish the functional
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relevance of our current findings to this subset of
BMPR2-deficient PAH patients.

The concept that additional disease-associated fac-
tors, beyond BMPR2 mutation alone, may be needed to
push BMPRZ2 expression below the threshold required
for a proliferative response to BMP9 may help to explain
the reduced penetrance of PAH in individuals bearing
heterozygous germline BMPR2 mutations. This identifi-
cation of BMP9 signaling as a balance between pro- and
antiangioproliferative effects, which shifts with changes
in BMPR-II expression, can also serve to reconcile seem-
ingly conflicting reports that BMP9 either attenuates or
enhances disease severity in rodent models of PAH.?"
As detailed above, these rodent models offer an inter-
mediate level of BMPR-Il loss, in which the manipula-
tion of BMP9 bioavailability, though the administration of
recombinant protein or the blockade of the endogenous
ligand, could have dramatically different effects, depend-
ing on the balance between the ligand and the recep-
tors available on the endothelial cell surface. Our findings
are also relevant to vascular remodeling in cancer, where
context-dependent differences in the balance between
the pro- and antiangiogenic actions of BMP9 could help
to explain contrasting findings on the role for BMP9 in
the vascularization certain tumor models.242544

An important limitation of the current study is the
absence of mechanistic data to explain how BMPR-I| loss
influences receptor-ligand interactions at the cell surface.
Ligand-receptor interactions in the BMP/TGFf/activin
superfamily are complex and tightly controlled by the rel-
ative expression of a variety of type | and type Il receptors,
each with different affinities for their respective ligands.
The abundance of BMPR-I|, relative to other type Il BMP
receptors,”® can greatly influence the sequestration of
type-l receptors and BMP ligands through mechanisms
that are independent of signaling via the receptor itself.
Future work to explore this balance will require overex-
pression and deletion studies involving all 3 type Il BMP
receptors, BMPR-II, ActR-lla, and ActR-llb, either alone
or in combination, to determine the precise ligand-recep-
tor interactions through which BMP9 drives endothelial
proliferation in the absence of BMPR-II.

Moving forward, our findings could have implications
for the translation of recombinant BMP9 to the clinic as
a novel PAH therapy. If individuals who exhibit substan-
tially reduced BMPR-II levels are susceptible to exces-
sive endothelial proliferation in response to recombinant
BMP9 treatment, a strategy that involves the stratifica-
tion of patients based on BMPR-II expression in cultured
BOECs may be required to identify individuals who would
benefit from this therapeutic approach, versus those for
whom BMP9 administration could prove to be counter-
productive. Moreover, recent studies have identified reti-
nal vascular tortuosity as a marker of systemic vascular
disease in the PAH patient population.*® This finding
raises the possibility of screening potential subjects for

Arterioscler Thromb Vasc Biol. 2020;40:26056-2618. DOI: 10.1161/ATVBAHA.119.313357
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BMP9 therapy based on their retinal vascular structure.
Such considerations may appear cumbersome but could
help to navigate the heterogeneity in the PAH patient
population.
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