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Aims BMP9 and BMP10 mutations were recently identified in patients with pulmonary arterial hypertension, but their
specific roles in the pathogenesis of the disease are still unclear. We aimed to study the roles of BMP9 and BMP10
in cardiovascular homeostasis and pulmonary hypertension using transgenic mouse models deficient in Bmp9 and/

or Bmp10.
Methods Single- and double-knockout mice for Bmp9 (constitutive) and/or Bmp10 (tamoxifen inducible) were generated.
and results Single-knock-out (KO) mice developed no obvious age-dependent phenotype when compared with their wild-type

littermates. However, combined deficiency in Bmp9 and Bmp10 led to vascular defects resulting in a decrease in pe-
ripheral vascular resistance and blood pressure and the progressive development of high-output heart failure and
pulmonary hemosiderosis. RNAseq analysis of the lungs of the double-KO mice revealed differential expression of
genes involved in inflammation and vascular homeostasis. We next challenged these mice to chronic hypoxia. After
3 weeks of hypoxic exposure, Bmp10-cKO mice showed an enlarged heart. However, although genetic deletion of
Bmp9 in the single- and double-KO mice attenuated the muscularization of pulmonary arterioles induced by chronic
hypoxia, we observed no differences in Bmp10-cKO mice. Consistent with these results, endothelin-1 levels
were significantly reduced in Bmp9 deficient mice but not Bmp10-cKO mice. Furthermore, the effects of BMP9 on

vasoconstriction were inhibited by bosentan, an endothelin receptor antagonist, in a chick chorioallantoic mem-
brane assay.

Conclusions Our data show redundant roles for BMP9 and BMP10 in cardiovascular homeostasis under normoxic conditions
(only combined deletion of both Bmp9 and Bmp10 was associated with severe defects) but highlight specific roles
under chronic hypoxic conditions. We obtained evidence that BMP9 contributes to chronic hypoxia-induced pul-
monary vascular remodelling, whereas BMP10 plays a role in hypoxia-induced cardiac remodelling in mice.
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1. Introduction

Pulmonary arterial hypertension (PAH) refers to an incurable rare and
lethal cardiopulmonary disorder that affects both the structure and func-
tion of blood vessels of the heart and lungs.'? Although the aetiology
and underlying mechanisms are still unknown, many PAH-predisposing
factors have been recently identified, including mutations in the genes
encoding BMPRII and ALK1 (BMPR2 and ACVRL1, respectively)®* and,
more recently, in those encoding one of the major ligands of BMPRII/
ALK1 heterocomplexes, namely BMP9 and BMP10 (BMP9, also named
GDF2, and BMP10, respectively).> Consequently, the loss or dysfunc-
tion of BMPRII/ALK1 signalling are currently considered to be the major
molecular defects responsible for the predisposition to PAH and disease
progression. Heterozygous mutations in the ACVRL1 and ENG genes and,
less frequently, BMP9 mutations have also been shown to be associated
with hereditary haemorrhagic telangiectasia (HHT), another rare dis-
ease, characterized by various vascular defects, including epistaxis, blood
vessel dilation (telangiectasia), and arteriovenous malformations (AVMSs)
in several organs.’*-*2 The mechanism by which defects in this signalling
pathway predispose individuals to HHT and/or PAH and alters cardio-
vascular function and pulmonary blood flow is still unknown.

BMP9 and BMP10 share a high degree of sequence identity (64% in
the mature domain) and have been found to have both redundant and
specific roles due to their expression profiles and receptor affinities.®
BMP9 is mainly produced by hepatic stellate cells (HSCs), 4% whereas
BMP10 is produced mainly by the heart'®-18 and only at low levels by
HSCs.1® They are both present in the circulating blood*®-?° and were
shown to bind to the endothelial-specific receptor ALK1 with sub-

Pulmonary hypertension ¢ Pulmonary vascular remodelling ¢ Vascular

anomalies ¢ High-output heart

nanomolar affinities,?-?? supporting a critical role for BMP9 and BMP10
in vascular remodelling. However, their binding affinities for type 2

receptors differ,?* suggesting that they could also play specific roles.
Consistent with this notion, gene deletion studies have shown that

C57BL/6 mice lacking Bmp9 are viable and fertile, with no overt defect in
cardiac or blood vessel development,? whereas Bmp10 knock-out
(KO) mice die during embryonic development due to defective cardiac

development?* and show vascular defects.?’ The analysis of Bmp10%°
knock-in mice, for which the coding sequence of Bmp10 was replaced by

that of Bmp9, showed that although BMP9 and BMP10 appear to play re-
dundant roles in early embryonic vascular development, BMP10 has an

exclusive function in embryonic cardiac development that cannot be
replaced by BMP9.2° We have also demonstrated that BMP9 and BMP10
exhibit redundant roles in postnatal retinal vascularization and ductus ar-

teriosus closure.?25 In our previous study, we unexpectedly showed
that genetic deletion or inhibition of BMP9 (using an inhibitory anti-

body or the soluble ALK1 receptor as a ligand trap) had beneficial
effects against the onset and progression of pulmonary hypertension

(PH) in several experimental animal models.?® These results appear to

contradict those published by another group that demonstrated the
capacity of recombinant BMP9 to attenuate PH in animal models.?"28

Overall, these findings suggest that BMP9 and BMP10 may play a role
in cardiovascular homeostasis and are involved in the development of

PAH, but that further work is necessary to understand their respec-

tive roles. Although the phenotype of adult Bmp9 knockout mice has
been previously described,? the long-term effects of the loss of
Bmp10 or that of both Bmp9 and Bmp10 in adult mice have never

been thoroughly studied.
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Role of BMP9/10 in vascular homeostasis

We aimed to investigate and compare the roles of BMP9 and
BMP10 in cardiovascular homeostasis and PH using adult single-KO and
double-KO mice for Bmp9 (constitutive deletion) and/or Bmp10 (ta-
moxifen-induced deletion to bypass embryonic lethality) under both
normoxic and hypoxic conditions to induce PH.

2. Methods

Methods are detailed in the Supplementary material online.

2.1 Bmp9-KO, Bmp10-cKO, and DKO mouse

models

We generated C57BL/6 mice lacking Bmp10 and/or Bmp9 as previ-
ously described.?32° Briefly, constitutive deletion of Bmp9 resulted
from the replacement of exon 2 by a neomycin-resistance cassette.
Because Bmp10 deletion leads to early embryonic lethality, we used
the tamoxifen-inducible Cre system to generate Bmp10-cKO mice
(Rosa26-CreER™; Bmp10'™/) by crossing Rosa26-CreER™ mice
(generously provided by Pr P. Chambon, IGBMC, llikirch, France) with

Bmp10'>/** mice, which possess loxP sites flanking exon 2. We Egepz-
erated double-KO (DKO) mice by crossing the Rosa26-CreER %
Bmp10'°¥x mice with Bmp9-KO mice. All mice were viable. The gq
spring genotypes were determined by PCR as previously reported.?®

All mice (3-4 weeks old for the PH experiments and 8 weeks old for
all other experiments) were treated with tamoxifen (Sigma) by intra-
peritoneal injection once a day for five days at a dose of 50 mg/kg to
induce Cre recombination in the Bmp10-cKO and DKO transgenic
mice or to serve as controls. Mice were housed in a pathogen-free
barrier facility under a 14-h light/10-h dark cycle and temperature-
controlled environment with standard diet and water ad libitum.

2.2 Ethical approval and methods for

anaesthesia and euthanasia

All animal procedures were designed to conform to the guidelines of
Directive 2010/63/EU of the European Parliament on the protection of
animals used for scientific purposes and the protocols used were ap-
proved by institutional ethics committees (APAFIS#17604-
2018092716378446 v4; APAFIS #18715-201901301823452 v2).
Gaseous anaesthesia (isoflurane 4% for induction and 1.5-2.5% for main-
tenance) was used for echocardiography, right heart catheterization, and
fluorescent microsphere injections. Euthanasia was performed using
pentobarbital injection (180 mg/kg) or by exsanguination under
isoflurane.

2.3 Statistical analysis

The data are expressed as the means + standard error of the mean
(SEM). Mann-Whitney tests were used to assess the statistical signifi-
cance of differences between two groups. Comparisons concerning
more than two groups were calculated by analysis of variance followed
by the Tukey test for data with a normal distribution or the Kruskal—
Wallis and Dunn tests for data with a non-normal distribution.
Differences were considered significant for P < 0.05. Analyses were per-
formed using PRISM software (GraphPad).

3. Results

3.1 Phenotypic and molecular
characterization of single-(KO) and

DKO mice

We first studied adult single-KO and DKO mice for Bmp9 and Bmp10
under unstressed conditions to decipher the role of BMP9 and BMP10 in
cardiovascular homeostasis. The deficiency in BMP9 and/or BMP10 was
previously demonstrated'®>?° and verified here by measuring plasma
concentrations of BMP9, BMP10, and BMP9-BMP10 heterodimers by

ELISA (Supplementary material online, Figure S1a) and Bmp9 and Bmp10
mMRNA levels in the liver (Supplementary material online, Figure S1b),

right atria (Supplementary material online, Figure Slc), and lungs
(Supplementary material online, Figure S1d). As expected, Bmp9 was
mainly expressed in the liver and Bmp10 in the right atria and at a lower
levels in the liver. Bmp9 transcripts were absent from the Bmp9-KO and
DKO mice and Bmp10 mRNA levels were down-regulated in the
Bmp10-cKO and DKO mice. We observed no compensatory changes
between Bmp9 and Bmp10 expression (Supplementary material online,

Figure S1b-d). Notably, circulating levels of BMP9 in Bmp10-cKO and

BMP10 in Bmp9-KO mice were reduced but this might be due to the fact
that the BMPS and BMP10 ELISAs also detected the BMP9-10 heterodi-

meric form, as previously demonstrated
o 1 (Supplementary material on-
line, Figure Sla).

Adult Bmp9-KO, Bmp10-cKO, and DKO mice were viable, and their
body weight was not significantly different from that of wild-type (WT)
mice (Supplementary material online, Figure S2a and b). Upon dissection,
the single KO mice appeared to be normal, whereas the hearts and

spleens of the DKO mice were significantly larger than those of all the
other groups (Figure 1A-F, Supplementary material online, Figure S2). The

greater size of the DKO hearts resulted from an increase in the size of
both the right and left ventricles (Figure 1E and F, Supplementary material

online, Figure S3a and b). Analysis of spleen sections stained with H&E
did not reveal any obvious structural differences (Supplementary mate-

rial online, Figure S3c). In contrast to the other groups of mice, DKO
mouse lungs appeared strikingly reddish and/or brownish (although a

few brown spots were occasionally noticed on single-KO lungs) (Figure
1G) and Prussian blue staining revealed the presence of iron-laden mac-
rophages in DKO lungs (Figure 1H). We previously observed liver

defects in another mouse model lacking Bmp9 (in the 1290Ila genetic
background)320 Thus, we examined this organ more closely. The colour

and general aspect of the liver in the various groups appeared normal
upon dissection. Picrosirius red staining showed a slight but significant in-

crease in liver perivascular fibrosis in the Bmp10-cKO and DKO mice
(Supplementary material online, Figure S3d and e), but hyaluronic acid

(HA), ALT, and AST plasma levels were normal for all mice
(Supplementary material online, Figure S3f, Table S1). We analysed stan-

dard serum chemistry and haematology parameters but observed no sig-
nificant differences relative to WT mice (Supplementary material online,

Tables S1 and S2). Of note, the phenotype of DKO mice was similar for
male and female C57BL/6 mice (Supplementary material online, Figure
S2).

To better characterize the mice at the molecular level, we assessed
mRNA levels of the main BMP9/10 receptors, Acvrll (encoding the re-
ceptor ALK1), Eng (encoding the co-receptor endoglin), and Bmpr2, as
well as the two BMP target genes, Id1 [encoding the protein ID1
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Figure 1 Combined loss of Bmp9 and Bmp10 leads to cardiomegaly, splenomegaly, and pulmonary hemosiderosis in DKO mice. Heart weight (A) and
spleen weight (B) normalized to body weight and representative photographs of hearts (C) and spleens (D) (n = 11-12/group, male mice, scale bar = 4 mm).
Representative photomicrographs of H&E-stained transverse heart sections (E) and quantitative analysis of the left ventricle b septum (LVpS), right ventri-
cle (RV), and total cardiac tissue area (F) (n = 4/group, female mice, scale bar = 2 mm). Representative photomicrographs of fresh lungs (scale bar = 2 mm)

(G) and lung sections stained with Prussian blue (scale bar = 200 mM) (H). All mice were injected with tamoxifen at the age of 2 months and euthanized at
the age of 5 months. Data are presented as the means + SEM and were analysed using Kruskal-Wallis tests followed by Dunn’s tests. *P <0.05,

#4+P < 0,0001 vs. WT; *P < 0.05, #P <0.01 vs. Bmp9-KO; $P < 0.05, %P < 0.01 vs. Bmp10-cKO.

(inhibitor of DNA binding 1)] and Smad6 (encoding the inhibitory pro- . which were significantly down-regulated in the left ventricle and lungs of
tein Smads) in lung, liver, and heart (right atria and left ventricle) tissue. * DKO mice, respectively (Supplementary material online, Figure S4a—d).
We observed no significant differences between KO and WT mice, ex- - We also analysed the BMP9/10 signalling pathways in the KO mice by

cept for Eng (also a target gene in the BMP9/10 pathway) and Smadé, =~ Wwestern blotting. pSmad1/5/8 and pSmad2/3 protein levels were
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significantly down-regulated in the lungs of Bmp9-KO and DKO mice but
the difference vs. WT mice did not reach statistical significance in
Bmp10-cKO mice (Supplementary material online, Figure S4f). There
were no differences in heart tissue (data not shown).

3.2 DKO mice present signs of dilated
cardiomyopathy with high output that
progressively leads to heart failure

We next performed echocardiographic and cardiac histological exami-
nations to further characterize the observed cardiac phenotype when
Bmp9 and Bmp10 were deleted. Doppler-echocardiographic assessment
of the left ventricular (LV) structure and function was performed in
anaesthetized adult WT and DKO mice (4 and 11 months old). It
revealed an increase in LV internal diameter and volume during systole
and diastole in DKO mice, without significant changes in the thickness of
the ventricle walls (LV anterior wall, posterior wall, septum) (Figure 2A
and B). Consistent with our observations, the calculated LV mass/body
weight ratio was higher in DKO mice (Figure 2C). We found no differen-
ces in heart rate between DKO and WT mice (Figure 2D). Stroke volume
and cardiac output were also significantly higher in the DKO than WT
group (Figure 2E and F). The LV dilation observed in the DKO mice (in-
crease in LV internal diameter and volume) significantly progressed over
time (Figure 2A and B). Although the ejection fraction and fractional
shortening were not significantly different between the WT and DKO
groups at 4 months, they had significantly decreased in the DKO group
by 11 months (Figure 2G and H). These observations suggest that DKO
mice develop dilated cardiomyopathy with high output that progres-
sively leads to heart failure. Consistent with these findings, plasma levels
of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP)
were significantly higher in 5-month-old DKO mice than in single-KO
and WT mice (Figure 2| and J). Measurement of the size of individual car-
diomyocytes showed them to be significantly enlarged in the DKO mice
(Figure 2K and L) but there were no obvious signs of cardiac fibrosis upon
Picrosirius red staining at the age of five months (Supplementary material
online, Figure S5a and b).

3.3 Combined loss of Bmp9 and Bmp10
leads to a reduction of arterial blood
pressure, vascular abnormalities, and
alveolar capillary dilatation

We next conducted experiments to identify the underlying mechanisms
that could lead to the development of high-output heart failure (HOHF)
in DKO mice. Because a fall in systemic arterial blood pressure (BP) is a
feature of HOHF,%! systemic arterial BP was first assessed in conscious
mice using a non-invasive BP system (tail-cuff method, Kent Scientific
Corporation). Systemic, diastolic, and mean BP were significantly lower
in DKO than WT and single-KO mice (Figure 3A—C). We next deter-
mined whether the fall in systemic arterial BP was related to systemic ar-
teriovenous shunting and/or peripheral vasodilatation. To detect
systemic shunts, we injected 45-mm fluorescent microbeads into the sys-
temic circulation via the left cardiac ventricle. The microbeads were effi-
ciently trapped in the systemic vasculature in WT and single-KO mice,
for example in the brain, but also readily crossed to the lungs in the
DKO mice, leading to a massive accumulation of beads in the lungs
(Figure 3D), supporting the presence of arteriovenous shunting or impor-
tant dilations in the systemic vasculature. To detect pulmonary shunts,
we intravenously injected 15-mm fluorescent microbeads. The fluores-
cent microbeads were efficiently trapped in the pulmonary arterioles

and capillaries in WT and single-KO mice but not in 70% of DKO mice,
in which the beads were able to reach other organs, such as the brain

(Figure 3E), suggesting the presence of shunts or large dilations in the pul-
monary vasculature. Using latex blue intra-ventricular injection, we ob-

served that the latex progressed further in the vascular tree and small
blood vessels in the intestines and brains of DKO than WT and single
KO, mice suggesting dilated vessels in the DKO mice (Figure 3F and

Supplementary material online, Figure S6a and b). Consistent with these
observations, histological analysis of 500-nm thick lung sections revealed

a two- to three-fold significant increase in the average size of the lung
capillaries of DKO mice relative to that of WT mice (Figure 3G and H). In

accordance with these results, the blood volume that could be collected
from the DKO mice was significantly higher than that of the other groups

(Supplementary material online, Figure S6c), perhaps partially explaining
the observed splenomegaly and increased cardiac output.

Certain conditions, such as chronic anaemia and hyperthyroidism, can
also be associated with elevated cardiac output. Thus, we measured hae-

moglobin levels (Supplementary material online, Table S2) and examined
thyroid glands (Supplementary material online, Figure S6d), but no differ-

ences were noted.

Overall, our data show that the combined loss of Bmp9 and Bmp10
results in a decrease in peripheral vascular resistance in DKO mice,

resulting in an increase in cardiac output, cardiomegaly, and the develop-
ment of a HOHF phenotype with age.

3.4 RNAseq analysis reveals differential
expression of genes involved in
inflammation, angiogenesis, blood
pressure, cilium organization and motility,
and cardiac chamber development

We performed an RNAseq analysis of the lungs of WT and DKO mice
to better understand what was happening in the DKO mice, specifically

in the lungs, which are highly vascularized, and of specific interest in PH.
Among the 17 853 identified genes, we observed 537 differentially

expressed genes (DEGs) with adjusted P-values <0.05 and absolute log2
fold changes >log2 (1.5). The DEGs were distributed between 343 over-

expressed and 194 under-expressed genes in DKO relative to WT mice.
A bi-clustering heatmap designed to visualize the expression profile of
the top 40 DEGs according to their statistical significance (lowest ad-

justed P-values) is presented in Figure 4A. We used DAVID tools to ana-
lyse the list of the 537 DEGs (Supplementary material online, Figure S7

and Table S3), grouped the most relevant biological process gene ontol-
ogy (GO) terms into six categories and highlighted the involved genes in

volcano plots (Figure 4B, Supplementary material online, Table S4). We
found 82 DEGs related to inflammation and the immune response, 38 to

ion transport, 30 to extracellular matrix disassembly, 30 to cell adhesion,
18 to angiogenesis, and 14 to BP and vasoreactivity (Figure 4B,

Supplementary material online, Table S3). Enriched molecular function
GO terms confirmed these results (Supplementary material online,

Figure S7). We also found several biological process GO terms linked to
insulin secretion, haemostasis, cilium, iron ions, organ morphogenesis,

and multicellular organism development (Supplementary material online,
Figure S7). The Pi3K/AKT pathway, which has been shown to be activated

when Acvrll is deleted,* was enriched in both GO biological process
and KEGG analyses (Supplementary material online, Figure S7). We per-
formed gene set enrichment analysis (GSEA) on the full list of genes
ranked by log2 fold change using the functional Gene Ontology/
Biological Process database. The categories with the top positive
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Figure 2 Combined loss of Bmp9 and Bmp10 leads to high cardiac output and cardiac hypertrophy in DKO mice. (A-H) Echocardiographic analysis of the
left ventricle of 4- and 11-month-old WT and DKO female mice (n = 7-13/group). End-systolic (s) and end-diastolic (d) measurements of the interventricu-
lar septum (IV S), left ventricular anterior wall (LVAW), left ventricular posterior wall (LVPW) thickness, and the left ventricular internal diameter (LVID)
(A), calculation of the left ventricular volume (LV Vol) (B), left ventricular mass/body weight (LV mass/BW) (C), heart rate (D), stroke volume (E), cardiac
output (F), ejection fraction (G), and fractional shortening (H). All mice were injected with tamoxifen at the age of 2 months. Data are presented as the mean
+ SEM and were analysed using Mann-Whitney tests to compare DKO vs. WT or 4-month-old vs. 11-month-old mice. *P <0.05, **P <0.01, **P <0.001,
****p < 0,0001. (I-L) Plasma analysis and immunofluorescence. ANP (atrial natriuretic peptide) (I) and BNP (brain natriuretic peptide) (J) plasma levels
(n = 4-7 male mice/group). Quantitative analysis of cardiomyocyte size (K) and representative photomicrographs (L) of transverse heart sections stained
with FITC-conjugated wheatgerm agglutinin to outline individual cardiomyocytes (n = 3—-4 female mice/group, 100 cardiomyocytes/mouse). Mice were
injected with tamoxifen at the age of 2 months and analysed at the age of 4-5 months. Data are presented as the means + SEM and were analysed using
Kruskal-Wallis tests followed by Dunn’s tests. *P <0.05 vs. WT; P <0.05 vs. Bmp9-KO.

normalized enrichment score were related to inflammation (the first
was the response to interleukin 1) and those with the top negative
scores were linked to cilium organization and motility, cardiac chamber/
ventricular system development, and response to BMP (Figure 4C). We

next performed quantitative real-time reverse transcription polymerase

chain reaction (RT-gPCR) of several DEGs or genes identified by the
GSEA analysis using a different cohort of mice and studied their expres-

sion in both single and DKO mice (Supplementary material online, Figure
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Figure 3 Combined loss of Bmp9 and Bmp10 leads to a reduction in arterial blood pressure (BP), vascular anomalies, and alveolar capillary dilatation in
DKO mice. Non-invasive measurements of systolic (A), diastolic (B), and mean (C) BP in conscious adult mice (n = 9-16 male mice/group). Data are pre-
sented as the mean + SEM and were analysed using Kruskal-Wallis tests followed by Dunn’s tests. **P < 0.01, ***P <0.001 vs. WT. #P <0.01 vs. Bmp9-KO.
$P < 0.05, ¥P < 0.01 vs. Bmp10-cKO. Representative photomicrographs of brain and lungs of mice that received an injection of 45-mm fluorescent beads in
the left cardiac ventricle (n =5 female and 5 male mice/group, scale bar =2 mm) (D) and of mice that received an intravenous injection of 15-mm fluorescent
beads (n = 4 female and 3 male mice/group) (E). Representative photomicrographs of the intestines of latex-blue injected mice (F) (n = 3-5 male and 3-5
female mice/group, scale bar = 1 mm). Representative photomicrographs (G) and quantitative analysis (H) of the size of capillaries from 500-nm thick lung
sections stained with epoxy tissue stain. The red dotted lines outline several capillaries (scale bar = 50 mm). Data represent the mean capillary area of
n = 16-20 independent lung sections from three different female mice/group. Data are presented as the means + SEM and were analysed using Mann-
Whitney tests. ***P <0.0001 vs. WT. Mice were injected with tamoxifen at the age of 2 months and analysed at the age of 5 months.

S8a and b). We confirmed elevated expression of two genes encoding " mice involved in BP and vasoreactivity, Smadé and Edn1 (encoding endo-
key inflammatory mediators, Ccl2 (encoding CCL2, also known as mono- - thelin 1) (Figures 4B and 7B, Supplementary material online, Figure S4a).
cyte chemoattractant protein-1) and Ccl3 (encoding CCL3, also known Consistent with these results, a reduction in endothelin-1 (ET-1) protein
as macrophage inflammatory protein 1-alpha), but not Cxcl5. We also levels was also confirmed in the plasma of DKO mice (Figure 7A). We

confirmed the reduced expression of two genes in the lungs of DKO _ could not confirm the down-regulation of two genes involved in cilium
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Figure 4 RNAseq analysis of WT and DKO mouse lung tissue reveals modulation of the transcription of genes involved in inflammation, angiogenesis,
blood pressure, cilium organization, and cardiac development. Five WT and seven DKO male mice were injected with tamoxifen at the age of 2 months and
analysed at the age of 5 months. (A) A bi-clustering heatmap was used to visualize the expression profile of the top 40 differentially expressed genes (DEGS)
between the WT and DKO conditions, with the lowest adjusted P-value by plotting their log2 transformed expression values (colour scale) for each sample.

(B) Visualization of the comparison of the global transcriptional change across groups was visualized by volcano plots. Each data point in the scatter plot rep-
resents a gene. The log2 fold change of each gene is represented on the x-axis and the -log10 of its adjusted P-value on the y-axis. Genes that were not signif-
icantly differentially expressed (NS) are represented in grey, DEGs in blue, and a selection of DEG involved in specific biological processes in red (gene
ontologies used for these volcano plots are listed in the Supplementary material online, Table S3). (C) Gene-set enrichment analysis (GSEA) performed using
the functional database gene ontology/biological process non-redundant. The top 10 positive (blue) and negative (red) categories are presented. Each bar
represents a gene ontology, the normalized enrichment score is represented on the x-axis, and the colour of the bar represents the FDR P-value.
Enrichment plots for the top positive and negative terms are shown on the right. .
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motility, Hydin and Dnah5 (data not shown). Surprisingly, our RNAseq
analysis performed in the lungs highlighted the cardiac chamber develop-
ment GO term. We thus performed an RT-gPCR analysis in heart tissue
(left ventricle) from single KO and DKO mice of Nkx2-5 (encoding the
homeobox transcription factor Nkx2-5) and Thx-20 (encoding a T-box
transcription factor Tbx20), two transcription factors that are important
in cardiac development and known to be regulated by BMP10.2433 The
mRNA levels of both transcription factors were reduced in the DKO
mice, but only the decrease of Nkx2-5 reached statistical significance
(Supplementary material online, Figure S8b). To further validate the in-
flammation/Immune response GO term, we next used the Cibersortx
digital cytometry tool> along with a mouse lung single-cell RNAseq
dataset,® to estimate the relative abundance of various cell populations
from our lung RNAseq analysis. Consistent with our histological obser-
vations (Figure 1H), we observed a significant increase in the estimated
percentage of alveolar and interstitial macrophages in DKO versus WT
mice (Supplementary material online, Figure S8c and d). We also ob-
served an increase in the estimated percentage of vein cells, that may
likely be a consequence of pulmonary vasodilation or possible venous
congestion due to the development of HOHF in this DKO mouse model
(Figure 3G, Supplementary material online, Figure S8c and d). Consistent
with our GSEA results, which highlighted the cilium organization GO
term, the estimated percentage of ciliated cells was reduced (Figure 4C,
Supplementary material online, Figure S8c and d). Overall, these results
show that there is strong inflammation in the lungs of the DKO mice and
that genes that are crucial for cardiovascular homeostasis are deregu-
lated in the absence of Bmp9 and Bmp10.

3.5 Hypoxia-induced pulmonary vascular
and cardiac remodelling in Bmp9-KO,
Bmp10-cKO, and DKO mice

Chronic hypoxia induces adaptive pulmonary arterial muscularization
and right ventricular hypertrophy?6-3 and we previously showed that
Bmp9-KO mice are partially protected from such remodelling.% Thus,
we next determined and compared the susceptibility of Bmp9-KO,
Bmp10-cKO, and DKO mice to develop PH in response to chronic hyp-
oxia (10% FiO2) for 3 weeks (Figures 5 and 6).

We confirmed that Bmp9-KO mice do not develop spontaneous PH
under normoxic conditions and that they are mildly protected against
PH induced by chronic hypoxia, as reflected by a significant decrease in
the values of the right ventricular systolic pressure (RVSP) and Fulton in-
dex [RV/(LVpS)], indicators of right ventricular hypertrophy (Figure 5A
and B), and the percentage of medial wall thickness and muscularized dis-
tal pulmonary arteries (Figure 6A).

Under normoxic conditions, Bmp10-cKO mice did not develop spon-
taneous PH. There were no significant differences in the RVSP values,
percentage of medial wall thickness or muscularized distal pulmonary ar-
teries, or Fulton index [RV/(LVpS)] between Bmp10-cKO and WT mice
(Figures 5D and E, 6B). After 3 weeks of exposure to hypoxia, we ob-
served a similar increase in RVSP values, Fulton index, and the percent-
age of medial wall thickness and muscularized distal pulmonary arteries
of the Bmp10-cKO mice relative to the those of the WT mice (Figures
5D and E, 6B). Interestingly, the heart weight of Bmp10-cKO mice ex-
posed to chronic hypoxia was greater than that of hypoxic WT mice and
those maintained in normoxia (Figure 5F). Of note, there was no signifi-
cant increase in heart weight of Bmp9-KO mice when challenged with
chronic hypoxia (Figure 5C).

Under normoxic conditions, the DKO mice did not develop sponta-
neous PH, similarly to the Bmp9-KO and Bmp10-cKO mice (Figures 5G

and H, 6C). However, they exhibited HOHF, as reflected by a marked in-

crease in the Fulton index [RV/(LVpS)] and heart weight (Figure 5H and
1). DKO mice chronically exposed to hypoxia exhibited an attenuated in-

FERRER BT AL SRR G P SIRERRY FALMAR HARIEkAPERd

(Figures 5G and 6C).
Overall, these results show that Bmp10 deletion does not offer pro-

tection from PH, whereas Bmp9 deletion or double Bmp9/Bmp10 dele-

tion can partially protect against the pulmonary vascular remodelling
induced by chrofic hypoxia.

3.6 BMP9 is an endothelin-1-mediated

vasoconstrictor
ET-1 is a potent vasoconstrictor peptide that contributes to the pulmo-

nary vascular remodelling associated with PH. Consistent with our previ-
ous work and publications showing that BMP9 can affect ET-1

expression,?® we found significantly lower circulating ET-1 protein levels
in the plasma of Bmp9-KO and DKO mice than in that of WT mice, but

not in Bmp10-cKO mice (Figure 7A). This result is consistent with the
RNAseq analysis showing the differential expression of genes involved in
vasoreactivity, including Ednl (Figure 4B, Supplementary material online,
Table S3). Lung ET-1 mRNA levels were also significantly lower in DKO
than WT mice but not in Bmp10-cKO mice (Figure 7B). Consistent with
this notion, we previously showed that BMP9 is a potent vasoconstrictor
using the chicken embryo chorioallantoic membrane (CAM) assay.'® To
better characterize the important regulators of vascular tone regulated
by BMP9, we tested three different inhibitors of vasoconstriction, namely
bosentan (endothelin receptor antagonist), captopril (angiotensin-con-
verting enzyme inhibitor), and terguride (serotonin receptor antagonist)
in the CAM assay in response to BMP9. Vessels were visualized by inject-
ing fluorescein-labelled dextran (FITC-dextran) into the CAM vessels. In

accordance with our previous work,'® BMP9 induced the vasoconstric-
tion of the blood vessels in the treated area, interrupting the passage of

FITC-dextran in these vessels (Figure 7C and D). BMP9-induced vasocon-
striction was inhibited by Bosentan (at the 500-mM dose) (Figure 7C and

D) but not captopril or terguride (Supplementary material online, Figure
S9). These data support that ET-1 is a key component of BMP9-induced

vasoconstriction.

4. Discussion

The first link between PAH and germline mutations in BMPR2 was estab-
lished 20years ago. Since then, several mutations in this pathway have

been added to the list of genes involved in PAH (e.g. ACVRL1, ENG, and
SMAD?9) and, more recently, mutations in the genes BMP9 (also called

GDF2) and BMP10, encoding the two high-affinity ligands for ALK1/
BMPRIL.3-8 It was thus hypothesized that the loss of these ligands could

be an essential driver of disease pathogenesis. This was underscored by
the demonstration that the administration of recombinant BMP9 can at-
tenuate the development of PH in animal models.?” However, in 2019, in
contrast to what was expected, we found that blocking BMP9 had bene-
ficial effects and prevented the muscularization of pulmonary arteries in
PH animal models.? Interestingly, defects in this pathway have also been
associated with vascular abnormalities, such as excessive capillary fusion
(AVM), hyperdilation, reduced vascular muscularizaion, and excessive/
abnormal angiogenesis and vessel patterning. However, the
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Figure 5 Bmp9-KO, Bmp10-cKO, and DKO mice do not develop spontaneous PH under normoxic conditions and exhibit different susceptibility to the
development of chronic hypoxia induced PH and cardiac remodelling. (A, D, G) Values of right ventricular systolic pressure (RVSP), (B, E, H) right ventricular
hypertrophy, expressed by the Fulton Index RV/(LVpS), (C, F, 1), and of heart weight of WT vs. Bmp9-KO mice (A-C), WT vs. BMP10-cKO mice (D-F), and
WT vs. DKO mice (G-I). Data are presented as the means + SEM of n = 5-10 male mice per group and were analysed using by ANOVA followed by
Tukey's test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. WT under normoxia; *P < 0.05, **P < 0.001, #*#P < 0.0001 vs. WT under chronic hyp-
oxia. AU, arbitrary unit; LV, left ventricle; ns, non-significant; RV, right ventricle; S, septum.

phenotypes of adult mice lacking Bmp9 and/or Bmp10 have never been
thoroughly described and compared. The aim of the present study was
to address, for the first time, the roles of BMP9 and BMP10 in pulmonary
and cardiovascular homeostasis, more specifically, in the context of
PAH, using adult single and double knockout mice under normoxic and
hypoxic conditions (to induce PH). The deletion of Bmp9 was constitu-
tive and that of Bmp10 induced at the adult stage to bypass embryonic le-
thality. We found that none of these transgenic mice developed
spontaneous PH under unstressed conditions. Bmp9 and Bmp10 single
knockout homozygous mutant adult mice were viable and fertile and
exhibited no overt phenotype. However, deletion of Bmp10 in Bmp9-
KO mice (DKO mice) led to several abnormalities of the cardiovascular
and pulmonary systems (reduced BP, cardiomegaly, pulmonary

inflammation and hemosiderosis). Furthermore, although the loss of
Bmp10 had no impact on the degree of pulmonary vascular remodelling

induced by chronic hypoxia, Bmp9-KO and DKO mice chronically ex-

posed to hypoxia exhibited less pronounced remodelling of the pulmo-
nary vascular bed than their WT littermates. On the other hand, the loss

of Bmp10 under chronic hypoxia induced cardiomegaly. Overall, our
data indicate both redundant and specific roles for BMP9 and BMP10 in

vascular remodelling.
Under physiological conditions, the loss of one of the ligands (BMP9

or BMP10) did not lead to overt cardiovascular defects in adult C57BI/6

mice, suggesting that one can compensate for the loss of the other.
However, the combined loss of Bmp9 and Bmp10 had dramatic conse-

quences on pulmonary and cardiovascular homeostasis and led to the
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Figure 6 Loss of Bmp9 but not Bmp10 decreases the susceptibility of developing of chronic hypoxia-induced PH, as it protects against pulmonary arterial

remodelling. Representative images of haematoxylin-eosin (H&E) staining and a-smooth muscle (SM)-actin and quantification of the percentage of muscular-
ized and wall thickness of distal pulmonary arteries in the lungs of WT vs. Bmp9-KO mice (A), WT vs. Bmp10-cKO mice (B), and WT vs. DKO mice
(C). Scale bar = 50 mm for all sections. Data are presented as the means + SEM of n = 5-9 male mice per group and were analysed by ANOVA followed by
Tukey's test. *P < 0.05, ****P < 0.0001 vs. WT under normoxia; *#P < 0.001, ##P < 0.0001 vs. WT under chronic hypoxia.
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Figure 7 Loss of Bmp9 in mice is associated with reduced endothelin-1 (ET-1) abundance and ET-1 plays a crucial role in BMP9-induced vasoconstriction
in chick chorioallantoic membrane. ET-1 plasma (A) levels in WT, Bmp9-KO, Bmp10-cKO, and DKO mice (n = 8-10 male mice/group) and lung mRNA (B)
in WT, Bmp10-cKO, and DKO mice (n = 5-13 male mice/group). Mice were injected with tamoxifen at the age of 2 months and analysed at the age of
5 months. Data are presented as the mean + SEM and were analysed using Kruskal-Wallis tests followed by Dunn’s tests. *P < 0.05, **P < 0.01 vs. WT.
Quantitative analysis (C) and representative photomicrographs (D) of FITC-Dextran-injected blood vessels from chick chorioallantoic membranes treated
with bosentan (0, 50, and 500 mM), in combination with BMP9 (20 nM) or not for 24 h (scale bar = 250 um). Data are presented as the means + SEM of
n = 3-6 eggs/group and were analysed using Kruskal-Wallis tests followed by Dunn’s tests. *P < 0.05 vs. vehicle treated control and *P < 0.01 vs. the 20 nM

BMP9 condition.

progressive development of HOHF, with cardiomegaly and increased
cardiomyocyte size and ANP and BNP levels. We show that systemic BP
is reduced in DKO mice, which is a sign of a reduced peripheral vascular
resistance that can cause HOHF. This can arise from vasodilation and/or
arteriovenous shunting. Indeed, we observed that blood vessels were di-
lated, especially in the lungs, intestines, and brain, which is intriguing, as
the BMP9/BMP10 receptor ALK1 is predominantly expressed by endo-
thelial cells in these organs (EC Atlas®®) We also observed the abnormal
passage of fluorescent microbeads from pulmonary arteries to pulmo-
nary veins and from systemic arteries to systemic veins in DKO mice.
Our results are in accordance with those of a recent study be Wang et

al.,* published while our manuscript was under revision, showing vaso-
dilatation, a decrease in peripheral arterial wall thickness, and lower sys-
temic BP in a different mouse model with a double deletion of Bmp9 and

Bmp10. Interestingly, the loss of endothelial Eng in adult mice also leads

to HOHF and AVMs, but the underlying mechanism appears to be differ-
ent. Indeed, the authors show an exaggerated endothelial response to

VEGF signalling, favouring the formation of AVMs in the pelvic area,*

whereas, in our study, the vascular dilations or shunts were not limited
to one specific location. Our results are also different from those

obtained from the loss of Acvrll in adult mice, which is associated with
pulmonary and gastrointestinal haemorrhage, severe anaemia, and the
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development of HOHF, ultimately leading to death within three
weeks.” "~ Here, DKO mice survived for several months after tamoxifen
administration. This could either be due to differences in the efficiency of
tamoxifen-induced deletion, genetic differences, or to BMP9/10-inde-
pendent ALK1 functions. These DKO mice share certain features with
HHT and could be a valuable mouse model in the field of vascular anom-
alies, allowing long-term studies on adult mice.

The marked hemosiderosis (presence of iron-laden macrophages)
and inflammation observed in DKO lungs could have been caused by
heart failure (leading to venous congestion and alveolar bleeding) or
compromised endothelial integrity or pulmonary circulation or could
have resulted from a direct effect on inflammation. Consistent with these
results, RNA-seq analysis showed that the main up-regulated functions
were linked to inflammation (key inflammatory chemokines, such as
CCL2 and CCL3, were confirmed by RTqPCR to be up-regulated in the
DKO mice), with an increased estimated percentage of alveolar and in-
terstitial macrophages in the DKO mice, supporting that BMP9 and
BMP10 likely play important roles in inflammation. The relationship be-
tween this pathway and inflammation is also supported by recent publi-
cations suggesting that BMP9 and BMP10 can prevent macrophage
recruitment, in part, via the inhibition of CCL2.44 Blood vessel-related
functions (angiogenesis, regulation of BP) were also significantly deregu-
lated in the RNAseq analysis and these results are in accordance with
the observed phenotype (vasodilation, reduced systemic BP) and the
down-regulation of ET-1 in the plasma.

In addition to the alteration in peripheral vascular resistance contrib-
uting to the development of HOHF in the DKO mice, we cannot ex-
clude direct effects of the combined loss of BMP9 and BMP10 on the
heart. BMP10 is known to be predominantly expressed in the heart,
where it plays a central role in cardiomyogenesis in prenatal and postna-
tal life.?%2* However, it has also been implicated in the maintenance of
vascular development, homeostasis, and remodelling.2:23.2545:46
Consistent with such roles, we found reduced expression of the gene
encoding the cardiogenic transcription factor NKX2-5 in the heart of the
DKO mice. Although it is currently well accepted that BMP9 could
potentially compensate for the loss of Bmp10 at the vascular level, to a
certain degree, this does not appear to be the case for the cardiomyo-
genic program.?%2325 Bmp10-KO mice indeed die between E9.5 and
E10.5, with profound defects in cardiac development?; the receptor and
signalling molecules involved are yet to be determined. BMP10 binds
with high affinity to ALK1, of which the expression is restricted to endo-
thelial cells, but which has also been shown to bind in a complex with
ALK3, which is expressed bg cardiomyocytes and a subset of endothelial
cells of the heart (EC Atlas9) Here, we provide the first in vivo demon-
stration that the loss of Bmp10 in adult C57BI/6 mice does not have any
overt phenotypic defects in cardiac tissue or function under unstressed
conditions. However, these mice developed marked cardiac enlarge-
ment when chronically exposed to hypoxia, supporting that BMP10 plays
a crucial role in cardiac remodelling in adulthood. Consistent with our
present findings, it was previously shown that disruption of the down-
stream effector Smad4 in cardiomyocytes leads to cardiac hypertrophy
and heart failure.4”

We previously showed that mice lacking Bmp9 do not develop spon-
taneous PH and that its inhibition attenuates chronic hypoxia-induced
pulmonary vascular remodelling.?6 Here, we confirm these results in the
Bmp9-KO and DKO mice and additionally show that the loss of Bmp10
has no impact on the percentage of medial wall thickness and muscular-
ized distal pulmonary arteries. These results suggest a specific role of
BMP9 in this context. Similarly, we have previously shown that BMP9,

but not BMP10, plays a rgle in tumour angiogenesis using the same
knockout mouse models.™ This may be due to a difference between

BMP9 and BMP10 in terms of their affinity for BMP receptors, quantity,
availability, or the activity of ligands or receptor complexes in a given or-
gan and in response to hypoxia. Interestingly, we found a significant reduc-

tion in pSmad1/5/8 and pSmad2/3 protein levels in lung tissues from mice
lacking Bmp9 (i.e. Bmp9-KO and DKO mice), but not those lacking

Bmp10. Consistent with these results, ET-1 levels were reduced in mice
lacking Bmp9, but not mice lacking Bmp10, supporting previous results

obtained by our group and others showing that the BMP9 pathway is in-
volved in lung vascular tone through the modulation of central vasoactive

factors.526:484% RNA-seq analysis also showed modulation of the expres-
sion of genes involved in vasoreactivity, including Edn1. We previously
reported that BMP9 can induce vasoconstriction in the CAM. Here, we

confirmed and extended this notion by showing that such BMP9-induced
vasoconstriction is abolished in the presence of bosentan, a dual endothe-

lin receptor antagonist. These results reinforce the hypothesis of altered
vasoconstriction in Bmp9-KO lung vessels, which could protect the mice

from the development of PH and are consistent with the current thera-
peutic strategies that rely on vasodilators, such as bosentan.
Our data obtained in Bmp9-KO mice may appear to be at odds with

human genetic data and have been extensively discussed,**>? but were
confirmed here in the DKO mice. It should be keptin a mind that a limi-
tation of mouse studies is that they develop mild PH with no plexiform
lesions. Therefore it would be informative to confirm these findings in

rat models of severe PH. BMPs signal through several heterocomplexes
composed of type | and type Il receptors, which can be modulated by ac-

cessory receptors and endogenous ligand traps. BMP signalling is thus
complex and context-dependent and the low penetrance of most of the

mutations that affect the BMPR-II pathway must be considered.>® The re-
cent discovery of BMP9 and BMP10 mutations in PAH patients further

supports the involvement of this signalling pathway in the development
of PAH, but the underlying mechanisms in humans are still unknown.

Certain BMP9 mutations have recently been associated with impaired
processing and secretion and reduced activity in plasma, whereas others
have no functional consequences54 Biochemical characterization for

BMP10 mutations has not been yet reported, but given the importance
of BMP10 in heart morphogenesis, these mutations could cause primary

cardiac problems that increase the risk of developing PH. Indeed, one of
the rare patients with a BMP10 mutation presented with features of con-

genital heart disease.> Moreover, the relationship between BMP9 and

BMP10 plasma levels and the risk of developing PAH is not clear and is
yet to be clearly demonstrated.

Twenty years after the discovery of BMPR2 mutations, there are still
no clinically approved treatments for PAH that target BMP signalling.

Our data suggest that although blocking BMP9 could be beneficial in PH,
blocking BMP10 may have no effect on pulmonary vascular remodelling

and could have detrimental effects on cardiac remodelling, and blocking
both BMP9 and BMP10 over a long period of time might have adverse

effects, such as excessive vasodilation, HOHF, and lung inflammation.
Although we previously showed protective effects of the BMP9/BMP10

ligand trap ALK-1 ECD in rat models, this treatment was only adminis-
tered for 2 weeks.?® In accordance with our results, it was recently

shown that long-term treatment with BMP9 induced aberrant endothe-

lial to mesenchymal transition in PAH pulmonary endothelial cells due to
exacerbated pro-inflammatory signallingé Overall, these observations
warrant caution for therapeutic strategies targeting this pathway in terms
of specificity, dose, and length of treatment.
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In conclusion, our data suggest redundant roles for BMP9 and BMP10
in cardiovascular homeostasis under normoxic conditions (as only the
combined loss of both Bmp9 and Bmp10 led to reduced vascular resis-
tance, reduced BP, cardiomegaly, and development of the HOHF pheno-
type) but also highlight specific roles under chronic hypoxic conditions.
We obtained evidence that BMP9 contributes to chronic hypoxia-in-
duced pulmonary vascular remodelling, whereas BMP10 plays a role in
hypoxia-induced cardiac remodelling in mice.
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Translational perspective

Twenty years after the discovery of BMPR2 mutations, there are still no clinically approved treatments for pulmonary arterial hypertension (PAH)
that target BMP signalling. Our data suggest, using Bmp9 and Bmp10 single and double-knockout mice, that although blocking BMP9 could be benefi-
cial in pulmonary hypertension, blocking BMP10 may have no effect on pulmonary vascular remodelling and could have detrimental effects on car-
diac remodelling. Overall, these observations warrant caution for therapeutic strategies targeting this pathway and support that further studies are
needed to understand how this complex pathway is involved in maintaining cardiovascular homeostasis in health and contributes to PAH and hered-

itary haemorrhagic telangiectasia (HHT).
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