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Two new studies confirm the role of BMP9 mutations as a cause of heritable PAH and provide the
first evidence that mutations in BMPI0 might also be causal; these results have relevance for the
development of new treatments for PAH http://ow.ly/UHmG30nCl3x
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Evidence is emerging for a circulating axis of vascular protection, in which the release of bone
morphogenetic proteins (BMPs) 9 and 10 from the liver and right atrium, respectively, provides tonic
quiescent signals to the vascular endothelium [1]. These ligands circulate in the plasma at physiologically
active concentrations to stimulate BMP signalling in endothelial cells via a receptor complex comprising
the activin receptor-like kinase 1 (ALKI; also known as ACVRLI1) and the bone morphogenetic protein
receptor type 2 (BMPR2) [2]. We now know that the ALK1/BMPR2 receptor complex, expressed almost
exclusively on endothelial cells, responds to BMP9 and BMP10 with high affinity (half-maximal effective
concentration (ECs0) 50-100 pg-mL_l), but does not bind other BMPs [3, 4]. It is well established that
heterozygous mutations in the gene encoding BMPR2 are the major genetic cause of pulmonary arterial
hypertension (PAH) [5]. In addition, heterozygous mutations in ALK1 are known to be causal in rare
cases of PAH, although more commonly cause hereditary haemorrhagic telangiectasia [6]. Taken together,
the human genetic evidence suggests a critical BMP9-BMP10/ALK1/BMPR2 axis responsible for
maintaining endothelial integrity and function (figure 1). This axis appears to be particularly important in
the pulmonary circulation, where the mRNA levels of ALK1 and BMPR2 are higher than in any other
organ [7], perhaps explaining the isolated pulmonary vascular involvement in PAH patients. Reduced
signalling via this pathway occurs in genetic and non-genetic causes of PAH [8, 9], promoting endothelial
dysfunction, increased vascular permeability and apoptosis, disordered angiogenesis and, ultimately, the
pathological changes of PAH [10].

Recently, new genes causing PAH were identified in a large European cohort, including heterozygous
mutations (missense and premature-truncating variants) in the gene encoding BMP9 (GDF2) as an
important cause of PAH [11], reinforcing the central role of the BMP9 signalling pathway. A recent report
also demonstrated that patients with portopulmonary hypertension have very low plasma levels of BMP9,
which predisposes to PAH in patients with cirrhosis [12]. Furthermore, we have previously demonstrated
the therapeutic potential of this pathway, since administration of recombinant BMP9 reversed disease in
several preclinical models of PAH [10].
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FIGURE 1 Bone morphogenetic protein (BMP)9 and BMP10 circulate in plasma at physiologically active levels
and bind selectively to the endothelial receptor complex activin receptor-like kinase 1 [ALK1)/bone
morphogenetic protein receptor type 2 (BMPR2), to promote pulmonary vascular health. Disruption of this
axis by mutations, loss of circulating levels of ligands, or downregulation of receptors, promotes the
development of pulmonary arterial hypertension.

Crucially, Bmp9 knockout mice do not demonstrate a dramatic vascular phenotype (beyond lymphatics),
suggesting Bmp9 loss is largely compensated during development. Although circulating Bmp10 levels are
unchanged in Bmp9 knockout mice, Bmpl0 may circulate as an inactive protein [13]. A recent study
reported that BMP9 and BMPI0 circulate as a biologically active heterodimer [14], which at first sight
conflicts with their distinctive tissue expression patterns. Studies of the cellular origin of liver BMP9 implicate
hepatic stellate cells as the major site of production [15], which also express low levels of BMP10 [14], so
heterodimers may indeed contribute to circulating activity.

In addition to vascular protection, emerging evidence suggests that BMP9 and BMP10 protect the adult
myocardium. BMP10 is highly expressed in the embryonic heart, with expression restricted to the right
atrium in adults [16]. Bmp10 knockout mice die by embryonic day 10, due to failed cardiac development [17].
Conversely, Bmpl0 overexpression during development increases ventricular hypertrophy and
trabeculation [17]. Although Bmp9 knockout mice show normal cardiac development, a recent study
reported that BMP9 exerts beneficial effects on cardiac fibrosis and cardiac function in heart failure [18].
These data suggest that loss of BMP9 and BMP10 signalling in the adult heart may predispose to
myocardial dysfunction and fibrosis, although studies in the right ventricle in the context of PAH are
needed.

In this issue of the European Respiratory Journal, two genetic studies, from France [19] and China [20],
provide further insights into the role of BMP9 and BMP10 in the pathobiology of PAH. Both studies
independently confirm the occurrence of likely pathogenic mutations in BMP9 in cohorts of patients with
idiopathic PAH. Neither study reported a family history of disease in BMP9 mutation carriers, indicating
that mutations either occurred de novo or, similar to BMPR2 mutations, disease gene penetrance is
reduced. The French study by Evries et al. [19], which included patients with pulmonary veno-occlusive
disease (PVOD), used a custom diagnostic gene panel for previously reported PAH/PVOD genes, but also
included BMP10, given that it is a close paralogue of BMP9 (65% amino acid sequence identity). EYRIES
et al. [19] confirmed that mutations in BMPR2 are the most common genetic cause of PAH, followed by
TBX4, ALK1 (also known as ACVRL1), BMP9 and SMAD9. The genetics and genomics of PAH have been
reviewed recently [21]. Importantly, the mutations in TBX4 and BMP9 were highly deleterious truncating
mutations, which can be more confidently assigned a pathogenic status than missense mutations involving
a single amino acid substitution. Evries et al. [19] further confirmed that biallelic mutations in EIF2AK4 [22]
are the most common genetic cause of sporadic PVOD (13.3% in this series). One patient thought to
have PAH by referring clinicians was found to have biallelic EIF2AK4 mutations, allowing them to be
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reclassified as PVOD, confirming the utility of this approach in a previous study [23]. The inclusion of
BMPI10 in the gene panel allowed the identification of BMPI10 mutations in two young patients (aged 11
and 28 years) with severe PAH. One of these mutations is predicted to truncate the protein prior to the
growth factor domain, whereas the other was a missense mutation predicted to disrupt the structure of the
growth factor domain. Although these mutations look convincingly pathogenic, it will be necessary to
determine the functional effects more fully, for example by measurement of mutant BMP10 levels and
activity. The 11-year-old patient with the truncating BMP10 mutation also had features of congenital heart
disease, in keeping with the known importance of BMP10 during cardiac development. A further point of
interest from this French cohort is that, of 11 PAH patients reporting a family history of disease, only six
received a genetic diagnosis from the gene panel testing (and all of these six were BMPR2 mutations).
Although the panel did not include all the most recently reported PAH genes, this finding implies that a
significant number of patients have a genetic diagnosis that is yet to be identified. Such patients could be
offered further unbiased genetic testing by whole exome or whole genome sequencing to look for novel
causal PAH genes.

The study from China by WaNG et al. [20] undertook whole exome or whole genome sequencing of DNA
from 331 adult- and childhood-onset idiopathic PAH cases compared with 10508 controls. The
proportion of PAH patients found to have a genetic diagnosis based on the established PAH genes [21]
was higher in this cohort (36.3%) than generally reported. Similar to the French study by Evries et al. [19],
four cases of biallelic EIF2AK4 mutations were picked up in PAH patients, allowing reclassification of
these patients as PVOD. In PAH patients, mutations in BMPR2 (19.5%) were the most common, followed
by ALKI (6%) and TBX4 (4%), with other genes each accounting for <1% of the entire cohort. Having
determined the frequency of mutations in these established genes, WanG et al. [20] undertook a case-
control analysis with discovery and replication cohorts, to look for overrepresentation of rare variants in
other genes that were significant at the genome-wide level. This resulted in the identification of predicted
deleterious heterozygous mutations in BMP9 in 6.7% of cases (21 distinct mutations in 22 cases), making
mutations in BMP9 the second most common cause of PAH in this Chinese cohort. Mutations included
three nonsense mutations, two frameshifts and one that disrupted the translational start site. The
remaining 15 mutations were missense. The majority (14 out of 15) of missense mutations were entirely
absent from 6512 control individuals of Chinese ancestry and were predicted to be deleterious by
commonly used algorithms. To overcome the potential pitfall of calling rare missense variants pathogenic
without functional experimental data, WaNG et al. [20] showed that a subset of missense mutations leads
to reduced secretion of the mature BMP9 protein from transfected cells, similar to a previous report [11],
or demonstrated reduced signalling activity in a reporter cell line. Finally, WaNG et al. [20] measured
plasma BMP9 by ELISA in 19 BMP9 mutation carriers compared with age- and sex-matched idiopathic
PAH patients and healthy controls. Median plasma BMP9 levels were significantly lower in idiopathic
PAH patients and were even lower in patients carrying BMP9 mutations, albeit with a wide range of levels
and overlapping values between groups. These measurements provide evidence that the missense
mutations in BMP9 actually affect plasma levels of the ligand, further increasing the burden of proof that
they are pathogenic. Measurements of plasma BMP9 activity would provide further confirmation.

Taken together, these reports provide important confirmation of the role of BMP9 mutations as a cause of
heritable PAH and provide the first evidence that mutations in BMPI0 might also be causal. Further
confirmation of the BMP10 finding is required, accompanied by functional studies. Do these findings have
relevance for the development of new treatments for PAH? Certainly, the finding of patients with
mutations in BMP9, with reduced BMP9 levels, indicates that supplementing BMP9 in these individuals
would be an attractive precision medicine approach. Indeed, exogenous BMP9 could provide a direct,
targeted approach to restore physiological ALK1/BMPR2 endothelial signalling in genetic and non-genetic
forms of PAH [10], if it could be administered safely. Such approaches are now under active development.
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