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Take home message (215-character, including spaces): 

BMP9 is a new culprit gene for IPAH ranking second to BMPR2. The rare deleterious mutations 

in BMP9, which lead to the reduction in BMP9 secretion and impairment in BMP9 function, 

account for 6.7% of IPAH cases.  

 

 

  



Abstract 

Background 

Idiopathic pulmonary arterial hypertension (IPAH) is a rare disease with high heritability. 

Although several predisposing genes have been linked to IPAH, the genetic etiology remains 

unknown for a large number of IPAH cases.  

Methods 

We conducted an exome-wide gene-based burden analysis on 2 independent case-control studies, 

including a total of 331 IPAH cases and 10,508 controls. Functional assessments were conducted 

to analyze the effects of genetic mutations on protein biosynthesis and function. 

Results 

The gene encoding the human bone morphogenetic protein 9 (BMP9) was identified as a novel 

genetic locus displaying exome-wide association with IPAH in the discovery cohort (odds ratios, 

18.8; P = 1.9 × 10
-11

). This association was authenticated in the independent replication cohort (P 

= 1.0 × 10
-5

). Collectively, the rare coding mutations in BMP9 gene occurred in 6.7% of cases, 

ranking this gene second to BMPR2, comprising a combined significance of 2.7 × 10
-19

 (odds 

ratio, 21.2). Intriguingly, the patients with BMP9 mutations had lower plasma level of BMP9 

than those without. Functional studies showed that the BMP9 mutations led to reduced BMP9 

secretion and impaired anti-apoptosis ability in pulmonary arterial endothelial cells. 

Conclusion 

We identify BMP9 as an IPAH culprit gene.  
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Introduction 

Idiopathic pulmonary arterial hypertension (IPAH), which accounts for 35% to 67% of 

pulmonary arterial hypertension (PAH) cases, is a rare but fatal disease with high heritability.
1-4 

The genetic basis of IPAH has been studied extensively. Rare coding mutations in bone 

morphogenetic protein receptor type II (BMPR2) are found in ~70% of familial kindreds with 

PAH and 15-20% sporadic IPAH cases.
5-7

 Less frequently, rare mutations of large effect are 

present in the genes encoding caveolin-1 (CAV1), potassium channel two-pore domain subfamily 

K member 3 (KCNK3), SMAD family member 1 (SMAD1), SMAD family member 9 

(SMAD9), T-box 4 (TBX4) and bone morphogenetic protein receptor type 1B (BMPR1B).
8-13

 

Additionally, activin A receptor-like type 1 (ACVRL1) and endoglin (ENG) were identified as 

genetic loci implicated in the development of both PAH and hereditary hemorrhagic 

telangiectasia (HHT).
14,15

 The biallelic recessive mutations in EIF2AK4 were shown recently to 

be a major cause of pulmonary veno-occlusive disease and/or pulmonary capillary 

hemangiomatosis (PVOD/PCH), which is a clinically and pathologically distinct form PAH.
16

 

Collectively, the mutations of the 10 genes could only explain a fraction (~20%) of IPAH cases, 

suggesting additional IPAH genes must exist.
17

 

The canonical approach to identify IPAH susceptible genes involves the use of family-based 

genetics. To date, data generated from multi-generational PAH families have been commonly 

used to reveal mutations in one of these known PAH genes. The scarcity of IPAH makes it more 

difficult to identify new IPAH-related genes via targeting a larger number of cases for non-biased 

whole genome screening. Moreover, PAH stems from an interplay among many detrimental 

factors, including, but not limited to, drugs, environmental cues, age, gender, and ethnic 

background. Thus, the genotypic data would not be the sole confounding factor for the clinical 



heterogeneity. With above mentioned limitations, a large-scale of genetic specimens with well-

defined IPAH cases in conjunction with the state-of-the-art methods are urgently needed to 

disclose other IPAH susceptibility loci. 

The analysis of data from next-generation sequencing (NGS) emerges the identification of novel 

disease genes. Herein, we aim to identify IPAH causative genes by performing two-stage NGS in 

sporadic IPAH cases enrolled in 2 centers in China for more than 10 years. While the extent of 

these previously identified PAH genes (e.g., BMPR2) was verified, the gene-based burden 

analysis was performed to screen IPAH susceptible genes.  

 

 

Methods 

For a detailed description of all methods, see Supplementary material online. 

 

Study design 

IPAH patients were recruited from 2 national pulmonary hypertension referral centers: Shanghai 

Pulmonary Hospital of Tongji University with patients mainly from south China and FuWai 

Hospital of Chinese Academy of Medical Sciences in Beijing with patients mainly from north 

China. The study comprised 2 stages  „discovery stage‟ and „replication stage‟. All the IPAH 

cases were genotyped by NGS and screened for rare variants in 10 previously reported PAH 

genes (BMPR2, ACVRL1, ENG, SMAD1, SMAD9, TBX4, BMPR1B, CAV1, KCNK3, and 

EIF2AK4). The gene-based burden analysis was then performed by comparing the exome data of 

cases against controls to identify novel IPAH susceptible genes. These putative genes identified 

in the discovery cohort were subsequently evaluated in the replication cohort. The correlation 



between genotype and clinical phenotype was further analyzed with the use of combined 

datasets. The research protocols were approved by the institutional review board in Shanghai 

Pulmonary Hospital and FuWai Hospital, respectively. A diagram illustrating the study design 

was shown in Figure 1. 

Statistical analysis 

Results were reported as percentages, median (interquartile range) or means ± standard deviation 

(SD), as indicated. The normality of data distribution was assessed using Kolmogorov-Smirnov 

tests. A chi-square test or Fisher exact test was applied to compare qualitative variables and 

genotype/allele frequencies. For quantitative variables, statistical significance was determined 

using an unpaired t-test or one-way ANOVA. Mann-Whitney U test or Kruskal-Wallis test was 

performed to analyze non-normally distributed variables. All statistical test was two-tailed. 

Results were considered statistically significant at a level of P < 0.05. All analyses were 

performed with PASW Statistics 18.0 software (SPSS Inc., Chicago, IL, USA). 

 

Results 

Study population 

A total of 331 patients with IPAH were recruited from 2 national referral centers (Figure 1). For 

the discovery cohort, 122 cases (15 pediatric patients) were recruited from Shanghai Pulmonary 

Hospital of Tongji University and 129 (33 pediatric patients) were recruited from FuWai Hospital 

of Chinese Academy of Medical Sciences. For the replication cohort, 80 incident cases were 

enrolled from FuWai Hospital (9 pediatric patients). Demographic and clinical characteristics of 

the two IPAH cohorts were described in Table 1. 



Identification of BMP9 as an IPAH susceptible gene 

In the discovery stage, we genotyped 36 IPAH cases using whole-genome sequencing (WGS) 

and the other 215 cases using whole-exome sequencing (WES). The WGS and WES achieved an 

averaged coverage of 37-fold and 128-fold on target, respectively. More than 92% of targeted 

bases were sequenced to a read depth of more than 20 times (Table S1 in the Supplementary 

Appendix).  

We first analyzed the data for rare variants and mutations in the 10 previously reported PAH-

predisposing genes. The rare heterozygous mutations of BMPR2 were found in 49 cases (19.5%). 

For the other PAH risk genes, we identified deleterious rare variants in ACVRL1 (15 cases, 6%), 

TBX4 (10 cases, 4%), SMAD1 (2 cases, 0.8%), BMPR1B (1 case, 0.4%), KCNK3 (1 case, 0.4%) 

and SMAD9 (1 case, 0.4%). Four cases (1.6%) harbored the biallelic EIF2AK4 mutations with 2 

cases carried homozygous mutations, 2 cases carried heterozygote mutations (one missense and 

one frameshift in one case, and two missense mutations in the other case). Eight cases (3.2%) 

had double heterozygous mutations or rare variants in 2 different PAH risk genes. In total, rare 

variants and mutations were identified in 91 patients, corresponding to 36.3% of all cases (Table 

S2 in the Supplementary Appendix). The details for all rare variants and mutations of the 10 PAH 

genes are provided in Supplementary Dataset 1.  

To this end, the identified rare variants and mutations in genes known to be IPAH-related 

confirmed the genetic background of the discovery cohort. We then performed a gene-based 

burden analysis utilizing the exome data of 251 cases and 1,884 controls (Figure S1 in the 

Supplementary Appendix). Further analysis of the homogenous population structure 

demonstrated that all cases and controls were clustered with subjects of Chinese ancestry in 1000 

Genomes (Figure S2 in the Supplementary Appendix). A total of 13,318 genes had more than one 



case in 251 IPAH patients with a potential deleterious genetic variant for the dominant model 

tested. Thereafter normalization for multiple tests (P < 3.8 × 10
−6

 after accounting for the 

examined 13,318 genes), only 3 genes (BMPR2, BMP9, and ACVRL1) had an exome-wide 

significant enrichment of mutations in IPAH cases when compared to controls (Table 2, Figure 

S3 in the Supplementary Appendix). Noticeably, besides the well-documented PAH causative 

BMPR2 and ACVRL1, the BMP9 encoding bone morphogenetic protein 9, would be a new gene 

displaying exome-wide association with IPAH. Mutations found in BMP9 were 6.8% (17/251) in 

cases and 0.4% (7/1884) in controls (odds ratios, 18.8; 95% CI, 7.3-53.8; raw P = 2.0 × 10
-11

; 

Bonferroni corrected P = 2.6 × 10
-7

). Under the dominant coding model, BMP9 ranked second 

next to BMPR2 (Table 2, Figure S3 in the Supplementary Appendix). Specifically, BMP9  

mutations were 5.7% (7/122) and 7.8% (10/129) in cases from Shanghai Pulmonary Hospital and 

FuWai Hospital, respectively (Table 1). The distribution of BMP9 mutations did not significantly 

differ between the 2 centers (P = 0.53, chi-square test).  

To further validate the risk effects of BMP9, we performed WES in an independent replication 

cohort of 80 IPAH cases. The rare variants and mutations in PAH-related genes were identified in 

37 (46.3%) cases (Summary in Table S2 in the Supplementary Appendix, all rare variants and 

mutations were listed in Supplementary Dataset 1). Using the same pipeline of genetic-burden 

analysis, we compared the 80 exomes of cases with the reference control exome sequencing data 

of 8,624 East Asian (EAS) from GnomAD. BMPR2, BMP9, and ACVRL1 were again identified 

as the top 3 disease-associated genes in the replication cohort (Table 2). We identified 5 

additional (6.3%) BMP9 heterozygous mutations (Table 1 and Table S3). The prevalence of 

BMP9 mutations were significantly higher than the reference controls of GnomAD-EAS (raw P 

= 1.0 × 10
-5

). In the combined discovery and replication datasets, mutations in the BMP9 were 



6.7% (22/331) and 0.3% (34/10,508) for cases and controls, comprising a combined significance 

of 2.7 × 10
-19 

(odds ratio, 21.2; 95% CI, 11.7 - 37.6). The prevalence of BMP9 mutations was 

comparable between the discovery and replication cohorts (6.8% vs 6.3%). Therefore, this two-

stage analysis strongly suggests that BMP9 locus is a novel contributor to the pathogenesis of 

IPAH. 

BMP9 mutation characteristics 

Among the 331 IPAH patients, we identified 22 cases carrying 21 distinct rare heterozygous 

mutations in BMP9 (Table S3). These mutations were spread throughout BMP9 (Figure 2A and 

2B). All the BMP9 mutations were confirmed by Sanger sequencing (Figure S4 in the 

Supplementary Appendix). None of the BMP9 mutation carriers had any deleterious mutations in 

the 10 previously reported PAH genes. Twenty of these BMP9 mutations were absent from more 

than 6,512 exomes or genomes, including 301 Chinese samples from the 1,000 genome project, 

1,884 Novo-Zhonghua controls, and 4,327 ExAC-EAS. Only one mutation (p.G322R) was 

identified in the above databases, with the prevalence of 0.0001-0.0002 (Table S4 in the 

Supplementary Appendix). Of the 22 BMP9 mutation carriers, loss-of-function (LoF) mutations 

were found in 6 cases (27.3%), including 3 nonsense mutations, 2 frameshifts, and 1 mutation 

that would affect the canonical translational start site (Table S4 in the Supplementary Appendix). 

In the 2 reference populations, none of such BMP9 mutations were found. The prevalence of 

BMP9 LoF mutations in IPAH cases (6 cases [1.8%]) was significantly higher than those in the 2 

reference populations (P = 1.1 × 10
-5

 for Novo-Zhonghua, and P = 2.5 × 10
-9

 for GnomAD-EAS 

controls). Regarding the 15 BMP9 missense mutations, in silico analyses suggested that these 

mutations would be deleterious (Table S4 in the Supplementary Appendix) and located in the 

regions highly conserved among various species (Figure 2C).   



Clinical characteristics of BMP9 mutation carriers 

Table S3 included the clinical, functional, and hemodynamic characteristics of the 22 IPAH 

patients carrying the various BMP9 mutations. Both male and female were affected and a 

significant gender bias was evident with the female-to-male ratio of 4.5:1. Seven patients 

(31.8%) have died during the follow-up. 

We expanded the analyses of BMP9 genotype and phenotypic outcomes in the combined 

datasets. Compared to the cases with or without BMP9 mutations, there were no significant 

differences in age and hemodynamics (Table S5 in the Supplementary Appendix). As a member 

of the BMP subgroup of the transforming growth factor-β superfamily proteins, BMP9 is 

synthesized as a 429 amino acids (aa) precursor protein (Pre-pro-BMP9) and processed into 

proBMP9 (100kDa) and mature BMP9 (25kDa) (Figure S5 in the Supplementary Appendix). 

The active form of BMP9 is circulating in the blood and crucial for the regulation of vasculature 

tone.
18

 To investigate whether the BMP9 mutations affect the BMP9 expression level, we 

analyzed the plasma BMP9 level in IPAH patients carrying BMP9 mutations (n = 19), age- and 

sex-matched healthy controls (n = 87) and IPAH patients without BMP9 mutations (n = 38) 

(Table S6 in the Supplementary Appendix). The BMP9 level was significantly different among 

the three groups (Figure 3, P < 0.0001, Kruskal-Wallis Test). Compared to healthy controls, 

plasma BMP9 level was lower in IPAH patients lacking BMP9 mutations (19.8 pg/mL, 

interquartile ranges: 15.2 pg/mL - 43.4 pg/mL, vs. 36.2 pg/mL, interquartile ranges: 20.8 pg/mL - 

60.7 pg/mL, P = 0.005, Mann-Whitney Test). Importantly, the BMP9 level was even lower in 

BMP9 mutation carriers when compared to patients without (median: 12.1 pg/mL, interquartile 

ranges: 8.6 pg/mL - 21.8 pg/mL vs. 19.8 pg/mL, interquartile ranges: 15.2 pg/mL - 43.4 pg/mL, 

P = 0.002, Mann-Whitney Test) (Figure 3). These results indicate that BMP9 mutations may 



suppress BMP9 synthesis and/or secretion, resulting in decreased circulating BMP9 levels that 

may be causative of IPAH. 

Functional studies of BMP9 mutations 

To investigate the deleterious outcomes resulting from BMP9 mutations, we selected 6 mutations 

for functional assessment based on the clinical presentations (Figure S6 in the Supplementary 

Appendix). Three mutations (V109L, S282fs, and V423M) were chosen because patients with 

these mutations had early onset of disease. The other three mutations (R316S, S320C, and 

A353T) were studied because the mutation carriers had severe clinical manifestations and 

decreased in a short period of time after diagnosis (Table S3 in the Supplementary Appendix). 

Western blot demonstrated that the wild-type (WT) and 5 missense plasmids (V109L, V423M, 

R316S, S320C, and A353T) expressed similar level of pro-BMP9 protein either in the cell lysis 

(Figure S7 in the Supplementary Appendix) or in the supernatants from human embryonic 

kidney (HEK) EBNA cells (Figure 4A, right panel). However, a significant decrease in mature 

BMP9 was observed for all BMP9 mutants (Figure 4A, left panel). For the truncated mutation 

S282fs, neither pro-BMP9 nor mature BMP9 could be detected (Figure 4A and Figure S7 in the 

Supplementary Appendix). These results were confirmed by ELISA assay (Figure 4B). The 

mature BMP9 level was significantly decreased in the culture supernatant of HEK EBNA cells 

transfected with V109L, R316S, and S320C, and was almost undetectable for S282fs, A353T and 

V423M. We then used the conditional media from V109L-, R316S-, S320C-transfected cells to 

examine their ability in activating BMP signaling pathway (Figure 4C). BRE-luciferase activity 

assays revealed that the R316S exhibited decreased activity than that of WT BMP9. Furthermore, 

pre-treatment of WT BMP9 conditional media protected pulmonary arterial endothelial cells 

(PAECs) from apoptosis induced by TNFα in the presence of cycloheximide. However, all of the 



3 mutants were unable to prevent PAEC apoptosis (Figure 4D). 

 

Discussion 

In the current study, we used NGS to identify that BMP9 is a novel PAH susceptible gene. The 

rare BMP9 mutations conferred a more than 22-fold greater odds of IPAH, ranking it second to 

BMPR2. Functional studies confirmed that these BMP9 mutations affected the circulating BMP9 

level in IPAH patients. Furthermore, these mutants caused deleterious effects on protein 

expression and function in cultured cells. Taken together, these findings strongly suggest that 

mutations in the BMP9 contribute to the etiology of PAH. 

NGS involving exome sequencing has led to the identification of novel genes for heritable PAH 

within families having multiple affected individuals.
10,11

 However, challenges remain when 

applying this technology to identify novel genes among unrelated IPAH subjects. The difficulty 

builds on the recruitment of large homogeneous patient cohorts. In the current study, we 

recruited patients from 2 expert centers with consistent diagnostic procedures of IPAH. Almost 

all familial PAH patients carry a mutation of known PAH genes and acute pulmonary 

vasoreactivity testing (APVT) positive responders are different from IPAH patients with respect 

to the pathogenic mechanism and genetic etiology.
19

 Thus, we excluded these two subgroups of 

patients from the IPAH cohort to better decipher the genetic basis of IPAH. We enrolled 57 

pediatric IPAH patients (age, 9.9 ± 5.5 years), 274 adult patients (age, 31.8 ± 7.7 years), and 

excluded cases older than 60-year old, resulting in the combined mean age of 28 years old. In 

addition, all subjects participating in this study were officially registered as the Chinese Han 

ethnicity. Therefore, the stringent selection criteria, precise clinical phenotype together with 

relatively young and homogeneous cohorts in the current study would generate convincing data 



on the IPAH predisposing gene. As such, our data may also justify the higher mutation rate of 

the 10 previously identified PAH genes (38.7% vs 19.9%) and BMP9 (6.8% vs 1.1%) in the 

current study than reported in the European cohort.
20

   

The variations in genetic backgrounds among different populations and ethnicities result in the 

distinctive propensity of particular genes involved in rare diseases. For example, Factor V 

Leiden, an important risk factor in venous thromboembolism, had the average allele frequency of 

4.4% in the European population but almost absent in East Asian population
21

. Therefore, 

confirmation of putative genes involved in rare diseases between independent cohorts in different 

continents is crucial to identify the role of the susceptible gene in the etiology of the disease. 

Recently, Gräf et al. performed the whole-genome sequencing in European Caucasian 

IPAH/HPAH patients and have reported a significant overrepresentation of mutations in 4 genes 

(ATP13A3, AQP1, SOX17, and BMP9)
20

. Among these genes, only BMP9 was validated in our 

study. None of the other 3 genes (ATP13A3, AQP1, SOX17) achieved the statistical significance 

in the combined cohorts (Table S7 in the Supplementary Appendix) The mutations for the three 

genes were presented in the Supplementary Dataset 2. Furthermore, among the 21 BMP9  

mutations described in this study, only 2 of the BMP9 mutations were reported previously
20

, the 

remaining 19 mutations were newly identified. Taken together, our results not only complement 

with the previously reported European data by Gräf et al. but also reinforce the critical role of 

BMP9 mutations in the genetic etiology of IPAH. 

BMP9, also known as growth and differentiation factor 2, is predominantly expressed in the liver 

and constitutively secretes into the circulation. By binding to ACVRL1 (type I BMP receptor) 

and BMPR2 (type II BMP receptor), BMP9 plays an important role in regulating vascular 

biology and angiogenesis.
18

 Because ACVRL1 and BMPR2 are highly expressed in pulmonary 



vascular endothelial cells, the optimum level of circulating BMP9 is essential to maintain the 

quiescence of pulmonary vasculature.
22

 Here, we provide compelling evidence indicating that 

BMP9 is a PAH susceptible gene through a exome-wide evidence. All of the identified 21 BMP9 

mutations are very rare, which is consistent with the low incidence of IPAH (6 cases per million 

people/per year). We have shown various BMP9 mutations could negatively affect BMP9 

function, including synthesis, secretion, processing, and/or activation of ACVRL1 signaling, 

which result in haploinsufficiency of a functional BMP axis in the pulmonary endothelium. 

Notably, the R316S mutation showed a unique protein expression pattern (Figure 4, Panel A) 

and more deleterious effect on ACVRL1 signaling (Figure 4, Panel C). These results might be 

caused by the special location of the R316S mutation in the highly conserved cleavage site of 

BMP9, which might interfere with the proteolytic cleavage. The molecular mechanisms 

underlying the pathogenesis of PAH elicited by these BMP9 mutations deserve further 

investigation.  

Of note, ACVRL1 ranked third among all the IPAH-related genes in our 2 cohorts with rare 

mutations occurring in 21 cases. This was seemingly contradictory to the previous studies 

showing that ACVRL1 is a major disease-causing gene for HHT and PAH with HHT.
23,24

 To 

confirm our results, medical record and family history were scrutinized to ensure that all these 

ACVRL1 mutation carriers were indeed IPAH. ACVRL1 mutation carriers might develop both 

PAH and HHT. In 78% patients carrying ACVRL1 mutation from the French PAH Network, 

PAH diagnosis preceded manifestations of HHT.
25

 Moreover, because HHT has nearly complete 

penetrance at the age of 60 years old, some ACVRL1 mutation carriers might not exhibit clinical 

evidence of HHT when they were young. Given the younger age of the ACVRL1 mutation 

carriers identified in our study (mean age 25.7 years, age range, 3-50 years), these patients might 



not present the clinical features of HHT.  We will keep following these patients to confirm the 

phenotype.  

 

Recently, a subgroup of PAH patients has been found to carry more than one rare gene variants, 

leading to a double heterozygote genotype. For example, Gräf et al. reported that one PAH 

patient carried highly deleterious variants in both BMPR2 and SMAD9.
20

 In the current study, we 

identified 8 cases carrying double mutations or rare variants in BMPR2/ACVRL1, 

BMPR2/BMPR1B, BMPR2/SMAD9, BMPR2/TBX4, and KCNK3/TBX4. The double 

heterozygosity for mutations or variants involving PAH risk genes highlights the complexity 

inherent to the PAH. Whether the double variants contributed to PAH pathogenesis and clinical 

outcome warrants future study. 

To the best of our knowledge, this is the first time to identify novel IPAH susceptible genes in 

Asia using exome-wide study based on a large population of IPAH patients. The identification of 

BMP9 mutations strongly supports the hypothesis that an impairment of genes involved in the 

BMP signaling is PAH susceptible. Experimentally, administration of recombinant BMP9 to 

stimulate the BMP signaling in the endothelium can prevent or reverse PAH in several genetic 

and non-genetic rodent models.
26

 Data of Figure 3 indicate that circulating BMP9 levels 

decreased significantly in patients carrying BMP9 deleterious mutations. This finding suggests 

that IPAH patients carrying BMP9 mutants may receive a BMP9 supplemental therapy as part of 

their personalized treatment.   

 

  



Study limitation 

A caveat of our study is that all the involved patients in the 2 cohorts were sporadic. Due to the 

unavailability of DNA samples from the affected relatives, familial segregation with PAH has 

not been demonstrated. Whether BMP9 mutations are associated with familial IPAH should be 

confirmed in pedigrees in the future. Another limitation is the relatively low number of patients 

in the replication cohort. The future study among larger cohorts will be crucial to confirm further 

the association between BMP9 and IPAH. Given that the circulating BMP9 levels were only 

measured at baseline for the IPAH patients with or without mutations, we were unable to test the 

variability and prognostic value of BMP9 over time or the relevance to different therapeutic 

strategy.  

Conclusion 

Using NGS exome sequencing on large homogenous cohorts, we have confirmed that mutations 

in the human BMP9 predispose IPAH susceptibility. 
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Figures Legends 

Figure 1 The workflow chart of the study design. 

*: The patients were excluded if they were familial PAH, hereditary hemorrhagic telangiectasia 

(HHT), the positive responders in acute pulmonary vasoreactivity testing (APVT+) and 

associated PAH. WES denotes whole-exome sequencing; NGS, next-generation sequencing; 

PAH, pulmonary arterial hypertension; IPAH, idiopathic pulmonary arterial hypertension; Novo-

Zhonghua: Novo-Zhonghua project; GnomAD: Genome Aggregation Database; EAS: East 

Asian.  

Figure 2 The BMP9 mutations in IPAH.  

(A) The spatial distributions of the mutations of BMP9 found in patients with idiopathic 

pulmonary arterial hypertension (IPAH) are indicated, along with the distributions of variants in 

healthy controls. Missense mutations are indicated by vertical bar end with red dots and LoF 

mutations with blue dots. Mutations identified in the replication cohort are underlined. The 

numbers of subjects carrying the same mutation are also marked on it. (B): The distributions of 

11 missense mutations that were found in IPAH patients are displayed on the crystal structure of 

BMP9, with superimposition on growth factor dimers. The prodomain ribbon is colored blue and 

purple. The mature growth factor is colored yellow and green. (C) The ClustalX comparison of 

amino acid sequences shows high conservation of 15 missense BMP9 mutations across different 

species. The mutations are highlighted in the red box. 

Figure 3 The BMP9 level was decreased in the IPAH patients without BMP9 mutations and 

lowest in the BMP9 mutation carriers.  



The circulating BMP9 concentration was depicted with a median, top, and bottom quartile. IPAH 

denotes idiopathic pulmonary arterial hypertension. The statistical analysis between two groups 

was performed by the Mann-Whitney Test. 

Figure 4 Functional study of BMP9 mutations. 

 (A) Human embryonic kidney (HEK) 293 EBNA cells transfected with mutant BMP9 showed 

different expression pattern compared with wild-type (WT). HEK293E cells were transfected 

with WT or BMP9 mutant plasmids. The supernatant was harvested for immunoblotting with an 

antibody specific to mature BMP9 or proBMP9. Wild-type BMP9 protein fractioned as 3 bands 

corresponding to the proBMP9 (100kDa), partially processed proBMP9 (58kDa) and mature 

BMP9 dimer (25kDa). (B) ELISA assay showed that the secretion of mature BMP9 was 

significantly lower in the supernatant of HEK293E transfected with mutant BMP9 than those 

from WT BMP9. ANOVA test, 
***

: P < 0.001 compared with WT; 
###

: P < 0.001 compared with 

Blank. (C) The missense BMP9 mutation R316S caused significantly reduced BRE activity than 

WT BMP9. After co-transfected with human ALK1, BRE-luciferase, and pTK-Renilla, the 

C2C12 cells were treated with supernatant of WT BMP9 or mutant BMP9 at 1 pg/mL and 10 

pg/mL, respectively. The commercial recombinant BMP9 protein was used as a positive control. 

The statistical analysis between mutant and WT were performed by the ANOVA test. 
***

: P < 

0.001 compared with WT; 
*
: P < 0.05 compared with WT. (D) The BMP9 mutations attenuated 

the anti-apoptosis effect of WT BMP9 in the PAECs. PAECs were pretreated with supernatant of 

WT BMP9 or mutant BMP9 at 5 ng/mL. The effect of the mutants of BMP9 on PAEC apoptosis 

was assessed by measuring the caspase 3/7 activity following stimulation with TNFα and 

cycloheximide. ANOVA test, 
***

: P < 0.001 compared with WT; 
###

: P < 0.001 compared with 

Blank. 



Table 1 Demographic characteristics of the patients in each cohort and the prevalence of 

BMP9 mutations.* 

Characteristics 

Discovery cohort 

Replication 

cohort 

(n = 251) (n = 80) 

Shanghai Pulmonary Hospital  

(n = 122) 

FuWai 

Hospital  

(n = 129) 

FuWai 

Hospital                              

  (n = 80) 

Age at diagnosis (years) 27.4 ± 9.0 27.0 ± 12.7 30.7 ± 10.9 

Female sex, no. (%) 94 (77.0) 103 (79.8) 61 (77.2) 

Right atrium pressure (mm Hg) 9.3 ± 6.3 8.1 ± 4.5 8.2 ± 4.5 

Mean pulmonary artery pressure 

(mm Hg) 

64.6 ± 13.7 62.5 ± 15.8 59.0 ± 15.3 

Pulmonary artery wedge pressure 

(mm Hg) 

8.5 ± 3.1 9.2 ± 3.0 9.5 ± 2.8 

Cardiac index (L/min/m
2
) 2.6 ± 1.2 2.3 ± 0.7 2.5 ± 0.6 

Pulmonary vascular resistance 

(Wood units) 

17.4 ± 9.4 15.7 ± 6.5 12.6 ± 5.0 

Mixed venous oxygen saturation 

(%) 

61.5 ± 12.1 64.4 ± 9.2 65.9 ± 9.2 



BMP9 mutation carriers, no. (%) 7 (5.7) 10 (7.8) 5 (6.3) 

*: Plus-minus values are means ±SD.  

 

 

Table 2 Association of three genes with IPAH in two independent case-control studies.* 

 Gene Case Control P Value
‡
 OR [95% CI] BONF

§
 

  

IPAH         

(n = 251) 

Novo-Zhonghua 

(n = 1884) 

   

Discovery 

cohort 

BMPR2 56 (22.31%) 23 (1.21%) 1.98×10
-35

 20.4 (12.2-35.1) 2.64×10
-31

 

BMP9 17 (6.77%) 7 (0.37%) 1.92×10
-11

 18.8 (7.3-53.8) 2.55×10
-7
 

ACVRL1
†
 17 (6.37%) 14 (0.74%) 6.62×10

-9
 9.38 (4.3-20.7) 8.82×10

-5
 

  

IPAH         

(n = 80) 

GnomAD-EAS  

(n = 8624)    

Replication 

cohort 

BMPR2 25 (31.25%) 68 (0.79%) 3.10×10
-30

 40.7 (27.4-77.5) 2.47×10
-26

 

BMP9 5 (6.25%) 27 (0.31%) 1.02×10
-5
 20.5 (6.1 – 55.1) 8.12×10

-2
 

ACVRL1 6 (7.50%) 48 (0.57%) 1.01×10
-5
 13.9 (4.7 – 33.1) 8.04×10

-2
 

  

IPAH      

 (n = 331) 

Control        

 (n = 10508)    

Combined 

cohorts 

BMPR2 81 (24.47%) 91 (0.9%) 3.12×10
-76

 32.1 (23.2-44.2) 4.37×10
-72

 

BMP9 22 (6.65%) 34 (0.30%) 2.67×10
-19

 21.2 (11.7-37.6) 3.74×10
-15

 

ACVRL1
†
 23 (6.65%) 62 (0.60%) 6.15×10

-16
 12.1 (7.1-20.0) 8.62×10

-12
 

*: The numbers denote alleles for rare deleterious mutations at conserved positions. The percentage in the 

brackets denote the prevalence of mutation carrier in the cohort.  

†
: In the discovery stage, one patient carries 2 rare deleterious mutations in ACVRL1. Therefore, the allele 

counts of ACVRL1 is 17 but the number of patients carrying ACVRL1 mutation is 16. In the combined 

dataset, the allele counts of ACVRL1 is 23 but the number of patients carrying ACVRL1 mutation is 22.  



‡: The raw P value for comparing the alleles between case and control by two-tailed Fisher's exact test.  

§: The adjusted P value after Bonferroni correction for comparing the alleles between case and control. 

IPAH denotes idiopathic pulmonary arterial hypertension; OR, odds ratios; CI, confidence interval; 

GnomAD-EAS, the GnomAD East Asian database. 
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Supplementary Methods 

 

Patient selection 

Patients aged 3-60 years old with IPAH were included. IPAH diagnosis was made by at least 2 

experienced PAH experts. Patients with known causes of PAH listed in the classification of the 

current guideline were excluded, including HHT, drug-induced PAH, associated PAH, and the 

positive responders in acute pulmonary vasoreactivity testing. Furthermore, all diagnosed IPAH 

cases were sporadic without first or second-degree relatives who had been diagnosed with PAH 

or died from a PAH-like syndrome. All patients were of Chinese Han origin and provided written 

informed consent for DNA analysis in accordance with the institutional review board 

requirements at the time of collection. 

The discovery stage consisted of 251 unrelated IPAH patients and the control group was a 

random sample of 1,884 subjects who did not have any chronic disease from the Novo-Zhonghua 

project. All the control samples were also Han Chinese ethnicity as confirmed by identity-by-

descent analysis. A total of another incident 80 cases were enrolled in the replication stage. The 

control exonic sequences of 8,624 East Asian (EAS) were taken from the Genome Aggregation 

Database (GnomAD) of Broad Institute (http://gnomad.broadinstitute.org/). 

DNA sequencing 

Genomic DNA samples were either whole-exome sequencing (WES) or whole-genome 

sequencing (WGS) according to standard protocols. The whole-genome sequencing was 

performed at WuXi Apptech (Shanghai, China) using a PCR-free library preparation and paired-

end (2 x 150 bp) sequencing on the HiSeq X Ten platform (Illumina, Inc., San Diego, CA, USA) 

to yield a minimum of 35 x coverage. The whole exome sequencing was performed at Novogene 



Corporation (Beijing, China) using the Agilent SureSelect Human All Exon kit (50 MB or 60 

MB) and sequencing on the Illumina HiSeq instruments to provide a mean coverage of more 

than 100 × on the target regions of every sample. Prior to sequencing, samples were randomized 

to minimize batch effects.  

The exome data of case and control samples were processed at Novogene Corporation. The 

quality control procedures were applied to the fastq files to discard any sequence artifacts and 

contamination, including: (1) read pairs with adapter contamination (>10 nucleotides aligned to 

the adapter sequences, allowing ≤10% mismatches). (2) read pairs containing > 10% uncertain 

nucleotides, (3) read has more than 50 percent low quality (Phred quality<5) nucleotides. Then, 

the fastq files were aligned to the Human Reference Genome (hs37d5) using the Burrows-

Wheeler Aligner (version 0.7.8). After the BAM files were sorted and indexed sequentially, 

Picard (version 1.111) was used to merge the BAM files and to mark PCR and optically 

duplicated reads for downstream analyses. We used SAMtools (version 1.0) and BCFtools 

(version 1.0) to simultaneously identify multiallelic single nucleotide variants (SNVs) and small 

insertions/deletions (InDels) for each subject. The raw calls of SNVs and InDels were further 

filtered with the following inclusion thresholds: 1) read depth > 4; 2) Root-Mean-Square 

mapping quality of covering reads > 30; 3) the variant quality score > 20, and merged separately 

using VCF tools (version 0.1.12b). The variants were annotated with ANNOVAR. The rare copy 

number variants (CNVs) from the WES data were detected using the SVD-ZRPKM algorithm 

CoNIFER (version 0.2.2). The homogenous population structure of cases and controls was 

defined genetically by means of principle-component analysis of common variants that were 

sequenced.  

We used two sequencing platforms (WES and WGS) to genotype the IPAH cases. To reduce 



systematic errors and alignment artifacts of the two sequencing platform, we restricted our call 

for variants to RefSeq coding sequences and called WGS together with WES using very strict 

criterion. In both WES and WGS, the calling process targeted only regions covered by the 

Agilent Sure Select Human All Exon kit V6 kit (all exons + 100 bp flanking each exon). We then 

performed statistical analysis for the matched and mismatched genotype and filtered out variants 

with a mapping quality < 30, or a genotype quality < 20 or minor-read ratio < 20%.  

Gene-based burden analysis 

As the IPAH is a rare disease, we focused on rare variants that may have the large effect on the 

disease. To enrich variants that were likely to alter the function of the proteins, we defined 

“qualifying variant” as deleterious, rare exonic and splice site variants with a call rate > 90%. 

Deleterious variants were limited to missense, nonsense, splice sites, frameshift that was not 

located in the segmental duplication regions or repeat region defined by RepeatMasker . 

Meanwhile, the deleteriousness score was computationally predicted by the following methods: 

SIFT, PolyPhen-2, MutationTaster, CADD. Variants were classified as probably deleterious if the 

variants were predicted by at least 2 software tools to be “damaging” or “probably damaging”. 

The conservation of each variant was scored by GERP++. Rare variants were filtered using a 

minor allele frequency (MAF) threshold of 1% in 1000 Genomes and 0.1% in ExAC East Asian.  

We then ran an exome-wide rare variant burden (RVB) analysis by coding individuals based on 

the presence or absence of rare deleterious variants in each sequenced gene and compared the 

combined frequency of rare variants in each gene between cases and controls with two-tailed 

Fisher's exact test in R statistical package. The association P values were corrected by several 

multiple-testing correction methods including Bonferroni correction and Holm-Bonferroni 

method. False discovery rates were also calculated by Benjamini-Hochberg procedure and 



Benjamini-Yekutieli procedure.  

Measurement of mature BMP9 

The mature BMP9 in blood or conditioned media samples were measured using a Sandwich 

Enzyme-linked Immunosorbent Assay (ELISA) Development kit (DY3209, R&D Systems, 

Minneapolis, MN). Baseline venous blood was obtained from subjects at enrollment after fasting 

overnight (> 12 hours). Written informed consent was obtained from all individuals. All samples 

were collected into sodium ethylene diamine tetra-acetic acid (EDTA) tubes. After centrifugation 

at 3000 × g and 4 °C for 15 minutes, the supernatants were frozen in aliquots and stored in 

cryotubes at -80 °C until assayed. The procedure was completed within 20minutes. According to 

the manufacturer‟s protocol. The ELISA recognized the mature peptide using an anti-human 

mature BMP9 antibody as a capture antibody and a biotinylated polyclonal anti-human mature 

BMP9 protein as a detection antibody. The inter-assay coefficient of variation was 8%, and the 

intra-assay coefficient of variation was 5%. All assays were replicated in 3 times. 

Construction of BMP9 wild-type and mutation plasmid 

For the six mutant plasmid construction, human wild-type (WT) BMP9 cDNA (1290bp, 

NM_016204, Tianyi Huiyuan, China) was subcloned into the EcoRI/BamHI site of the 

pcDNA3.1 plasmid. The six mutant plasmids (V109L, S282fs, R316S, S320C, A353T, and 

V423M) were constructed based on the WT plasmid using the QuickChange Mutagenesis Kit 

(Stratagene, La Jolla, CA, USA). All constructs were sequenced to confirm the integrity and the 

presence of mutations. All plasmids were transfected into cells using Lipofectamine 3000 reagent 

(Invitrogen). 

HEK-EBNA cells were seeded in 6-cm dishes and transfected with the plasmids containing 

either wild-type or six mutants of BMP9 for 24 h. The supernatant was removed and replaced 



with CDCHO media (Invitrogen, MA, USA) for 48 h. The conditioned media and cell lysis were 

collected and aliquoted. After quick frozen in liquid nitrogen, the samples were stored at -80 °C 

until used.  

Western blotting 

The conditioned media or the cell lysis that harvested from HEK-EBNA cells transfected with 

wild-type or mutant BMP9 plasmids were separated on non-reducing NuPAGE (Invitrogen) and 

transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were then blocked with 

5% BSA and immunoblotted for the anti-human BMP9 antibody (MAB3209, R&D Systems, 

Minneapolis, MN) or the BMP9 propeptide antibody (AF3879, R&D Systems, Minneapolis, 

MN). All blots were re-probed with a monoclonal antibody to HSP70 (bs-0244R, BioSS). 

BRE luciferase assay 

The BMP9 concentration of human recombinant BMP9, wilt-type conditional medium, and 

mutant conditional medium were adjusted to 1 pg/ml and 10 pg/ml, respectively. C2C12 cells 

were seeded in 96-well plate and transfected with 0.1 ug of pGL3(BRE)2-luc, 0.02 ug of pRL-

TK-luc and 0.01 ug of pALK1. Four hours later, the cells were washed twice with serum-free 

DMEM and incubated in serum-free DMEM for 10 h. After treated with human recombinant 

BMP9, wilt-type conditional medium or mutant conditional medium for 16 h, cells were 

harvested and assessed the firefly and Renilla luciferase activities using the Dual-Glo luciferase 

assay kit (Promega). Results are calculated as ratios of firefly activity to the Renilla activity. 

Caspase-Glo 3/7 Activity Assay 

PAECs were pre-treated with human recombinant BMP9 (resolved in CDCHO), WT or the 

mutant condition medium at 5 ng/mL for 16 h. The PAECs were then stimulated with 10 ng/ml 

tumor necrosis factor-α and 20 μg/ml cycloheximide for 6 h to induce apoptosis. The activity of 



caspase 3/7 was determined using the Caspase-Glo 3/7 Assay kit (Promega) according to the 

manufacturer‟s instruction. 

 

Table S1. Next-generation sequencing data characteristics for IPAH patients.
*
 

Cohort NGS 

type 

n Raw data 

(G) 

Q30(%) Mappable-

reads-

coverage (x) 

Mapping 

rate (%) 

High-quality 

reads >20x(%) 

High-quality 

reads >10x(%) 

Discovery 

Cohort 

WES 215 12.2 91.1 128.5 99.8 98.3 99.4 

WGS 36  115.2 84.7 37.3 99.0 92.4 98.0 

Replication 

Cohort 
WES 80 12.3 91.4 123.2 99.9 98.4 99.4 

 

*: NGS denotes next-generation sequencing; WES, whole exome sequencing which was performed in 
Novogene Corporation. WGS, whole genome sequencing which was performed in WuXi NextCODE 
Corporation; IPAH, idiopathic pulmonary arterial hypertension. 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. Summary of IPAH cases carrying the rare variants or mutations in the 10 

previously reported risk genes.* 

Gene 

Discovery 

cohort 

(n = 251) 

Replication cohort 

(n = 80) 

Combined 

cohorts 

(n = 331) 

BMPR2, no. (%) 49 (19.5) 25 (31.3) 74 (22.4) 

ACVRL1, no. (%) 15 (6.0)
 †
 6 (7.5) 21 (6.3) 

BMPR1B, no. (%) 1 (0.4) 0 (0.0) 1 (0.3) 

KCNK3, no. (%) 1 (0.4) 1 (1.3) 2 (0.6) 

SMAD9, no. (%) 1 (0.4) 1 (1.3) 2 (0.6) 

CAV1, no. (%) 0 (0.0) 1 (1.3) 1 (0.3) 

ENG, no. (%) 0 (0.0) 1 (1.3) 1 (0.3) 

SMAD1, no. (%) 2 (0.8) 0 (0.0) 2 (0.6) 

TBX4, no. (%) 10 (4.0) 2 (2.5) 12 (3.6) 

EIF2AK4, no. (%) 4 (1.6) 0 (0.0) 4 (1.2) 



BMPR2 & ACVRL1, no. 

(%) 

1 (0.4)
 ‡

 0 (0.0) 1 (0.3) 

BMPR2 & BMPR1B, no. 

(%) 
3 (1.2)

 §
 0 (0.0) 3 (0.9) 

BMPR2 & SMAD9, no. (%) 2 (0.8) ** 0 (0.0) 2 (0.6) 

BMPR2 & TBX4, no. (%) 1 (0.4) 
††

 0 (0.0) 1 (0.3) 

KCNK3& TBX4, no. (%) 1 (0.4) 
‡‡

 0 (0.0) 1 (0.3) 

Total  91 (36.3) 37 (46.3) 128 (38.7) 

*: The number represents IPAH cases carrying the rare variants or mutations in the 10 PAH risk genes. 
†
: 

One patient carries one truncating mutation (p.R479X) and one rare missense variant (p.V99M) in 
ACVRL1. ‡: One patient carries one splice-site mutation in BMPR2 (c.853-2A>G) and one rare missense 
variant in ACVRL1 (p.R469Q). §: One patient carries one missense mutation in BMPR2 (p.R491Q) and 
one rare missense variant in BMPR1B (p.F118L), one patient carries one frameshift mutation in BMPR2 

(p.M383fs) and one rare missense variant in BMPR1B (p.E246Q), one patient carries one frameshift 
mutation in BMPR2 (p.A35fs) and one rare missense variant in BMPR1B (p.V140F), **: One patient 
carries one truncated mutation in BMPR2 (p.R213X) and one rare variants in SMAD9 (p.G300E); one 

patient carries one missense mutation in BMPR2 (p.C123R) and one rare variants in SMAD9 (p.P459T) . 
†

†
:One patient carries one splice-site rare variant in BMPR2 (c.76+1G>C) and one rare variant in TBX4 

(p.P180S). ‡‡:One patient carries double rare variants in KCNK3 (p.R390H) and TBX4 (p.G342C). 

  



Table S3  Clinical characteristics of the 22 cases with the BMP9 mutations. 

Cohort* Case
†
 Gender 

Age at 

diagnosis 

(years) 

Mutation 

Protein 

alternation 

BMP9 

Level 

(pg/mL) 

mPAP 

(mm 

Hg) 

CI 

(l/min/m2) 

PVR 

(Wood 

units) 

Survival, 

months
‡
 

1 WSYa F 6 c.844_845del p.S282fs 10.6 85 4 36.1 

108, 

Dead 

1 CHGa M 29 c.G948T p.R316S N/A 59 2.2 13.5 93, Dead 

1 QXFa F 27 c.C405A p.F135L 10.9 39 1.7 10.9 112 

1 MSHa F 40 c.A958T p.S320C N/A 43 3.1 7.4 
140, 

Dead 

1 CYa M 32 c.G1057A p.A353T 11.1 57 2.4 10 2, Dead 

1 RHJa M 32 c.G1267A p.V423M 5.2 72 1.9 20.7 55, Dead 

1 WPYa F 22 c.G1263A p.M421I N/A 50 2.2 12.8 69 

1 SHMb F 37 c.T1016G p.I339S 7.1 51 1.5 18.9 52 

1 LSHb F 44 c.G329A p.R110Q 19.8 50 2.2 11.3 48 

1 ZPb F 40 c.A776G p.N259S 26.6 101 2.4 21 41 

1 MCYb F 37 c.C328T p.R110W 13.6 45 1.8 10.6 38 

1 FYHb F 49 c.G964A p.G322R 22.7 71 2 16.4 25, Dead 

1 WMYb F 18 c.G325T p.V109L 37.2 76 2.9 14.7 35 

1 FYYb F 24 c.T590C p.I197T 13.4 71 2 17.6 22 

1 LJMb M 10 c.T614A p.L205X 21.8 74 2.9 13.4 27 

1 GJN&b F 3 c.G1267A p.V423M 8.9 N/A N/A N/A 24, Dead 



1 LXb F 28 c.T455C p.L152P 12.5 47 1.7 11.8 22 

2 YLLb F 30 c.G1120C p.A374P 30.9 64 2.5 13.9 21 

2 CYFb F 28 c.1062delC p.Y354X 17.5 47 2.3 10.6 20 

2 NPPb F 24 c.G3A p.M1I 26.2 55 2.5 12.3 19 

2 WLLb F 29 c.881delA p.E294fs 6.3 88 2.5 18.6 17 

2 WBMb F 26 c.C232T p.Q78X 12.1 47 3.3 5.4 9 

 

*: Cohort: 1 denotes the discovery cohort, 2 denotes the replication cohort. †: “a” denotes patients from 
Shanghai, and “b” denotes patients from Beijing. &: Patient GJN is a pediatric patient. PAH was 
diagnosed by two PAH experts based on echocardiography. ‡: The survival time from diagnosis to death. 
mPAP denotes mean pulmonary artery pressure; PVR, pulmonary vascular resistance; CI, cardiac index; 
N/A, not available. M, male; F, female. 

 

  



Table S4. The 21 distinctive BMP9 mutations found in IPAH patients. 

Chromosome 

position 

Coding 

DNA 

change* 

Exonic 

Function 

Protein 

change
†
 

SIFT, 

Polyphen2, 

MutationTaster, 

CADD
‡
 

gerp++gt2
§
 

Allele frequency 

in 

1000G_Chinese**  

(n = 301) 

Allele 

frequency in 

ExAC_EAS
††

  

(n = 4327) 

Allele frequency 

in Novo-

Zhonghua 

 (n = 1884) 

Chr10: 

48416691 

c.G3A missense p.M1I D, P, D, 22.8 5.7 Absent Absent Absent 

Chr10: 

48416462 

c.C232T stopgain p.Q78X 
NA, NA, NA, 

11.1 

5.4 Absent Absent Absent 

Chr10: 

48416369 
c.G325T missense p.V109L D, P, D, 28.1 5.4 Absent Absent Absent 

Chr10: 

48416366 

c.C328T missense p.R110W 

D, D, D, 35.0 4.4 Absent Absent Absent 

Chr10: 

48416365 

c.G329A missense p.R110Q D, D, D, 35.0 5.4 Absent Absent Absent 

Chr10: 

48414463 
c.C405A missense p.F135L D, D, D, 25.6 2.7 Absent Absent Absent 

Chr10: 

48414413 

c.T455C missense p.L152P D, D,D, 26.0 5.6 Absent Absent Absent 

Chr10: 

48414278 

c.T590C missense p.I197T D, P, D, 24.4 5.7 Absent Absent Absent 

Chr10: 

48414254 

c.T614A stopgain p.L205X NA, NA, D, 40.0 5.7 Absent Absent Absent 

Chr10: c.A776G missense p.N259S D, P, D, 23.8 5.3 Absent Absent Absent 



48414092 

Chr10: 

48414022 
c.844_845del 

frameshift 

deletion 
p.S282fs 

NA, NA, NA, 

NA 
NA Absent Absent Absent 

Chr10: 

48413986 

c.881delA 

frameshift 

deletion 

p.E294fs 

NA, NA, NA, 

NA 

NA Absent Absent Absent 

Chr10: 

48413920 

c.G948T missense p.R316S T, D, D, 12.5 NA Absent Absent Absent 

Chr10: 

48413910 
c.A958T missense p.S320C D, D, D, 23.3 5.5 Absent Absent Absent 

Chr10: 

48413904 

c.G964A missense p.G322R D, D, N, 23.1 4.6 Absent 0.0001 0.0002 

Chr10: 

48413852 

c.T1016G missense p.I339S 

D, D, D, 24.3 5.3 Absent Absent Absent 

Chr10: 

48413811 

c.G1057A missense p.A353T D, P, D, 24.0 4.7 Absent Absent Absent 

Chr10: 

48413805 
c.1062delC stopgain p.Y354X 

NA, NA, NA, 

NA 
NA Absent Absent Absent 

Chr10: 

48413748 

c.G1120C missense p.A374P D, D, D, 26.9 5.6 Absent Absent Absent 

Chr10: 

48413605 

c.G1263A missense p.M421I D, D, D, 28.1 5.5 Absent Absent Absent 

Chr10: 

48413601 
c.G1267A missense p.V423M D, D, D, 32.0 5.5 Absent Absent Absent 

*: Abbreviations are in accord with nomenclature guidelines as recommended by the Human Genome 

Variation Society (http://varnomen.hgvs.org). The letter c. is used to indicate coding DNA, where 
nucleotide 1 is the A of the ATG translation initiation codon. 
†: p. is used to indicate the change at the protein level. 
‡: A CADD score of >15 indicates deleteriousness for the variant; T, tolerate (not considered deleterious 



by SIFT); P, possibly deleterious; D, deleterious; NA, not available. 
§:  The larger the score, the more conserved the site. 
**: The minor allele frequency in the Chinese cohort of the 1000 Genomes dataset 
(www.1000genomes.org). This cohort includes 2 populations from China: CHS (105 individuals from 

China South) and CHB (103 individuals from Beijing).  
††: The minor allele frequency in the database of East Asia in Exome Aggregation Consortium (ExAC).  

  



Table S5. Clinical characteristics of the patients with or without BMP9 mutations.
*
 

 

BMP9 mutation 

Carriers 

IPAH patients without BMP9 

mutation 

n = 22 n = 309 

Female, no. ( %) 18 (81.8) 240 (77.7) 

Age at diagnosis (yr) 28.7 ± 11.7 28.0 ± 11.0 

Right Atrium Pressure (mm Hg) 9.8 ± 6.6 8.8 ± 6.3 

Mean Pulmonary Artery Pressure (mm 

Hg) 

62.1 ± 16.2 62.6 ± 15.1 

Pulmonary Artery Wedge Pressure 

(mm Hg) 

9.2 ± 3.2 9.2 ± 3.7 

Cardiac Index (L/min/m
2
) 2.4 ± 0.6 2.5 ± 0.9 

Pulmonary Vascular Resistance (Wood 

Units) 

14.9 ± 6.4 15.5 ± 7.8 

Mixed Venous Oxygen Saturation (%) 61.3 ± 8.0 64.0 ± 10.5 

*: Plus-minus values are means ±SD. There were no significant differences between the patients with or 

without BMP9 mutations in any of the characteristics listed. 

 



 

Table S6. The demographic characteristics of healthy controls, IPAH patients with or 

without BMP9 mutations. 

Demographic 

characteristics 

NC IPAH without 

BMP9 mutation 

IPAH with 

BMP9 mutation 

N 87 38 19 

Age, years 31.9±7.0 28.0±11.8 29.1±12.5 

Female, (%) 62 (71.3%) 31 (81.6%) 16 (84.2%) 

  



Table S7. The frequencies of rare variants of ATP13A3, AQP1, and SOX17 in the combined 

cohort. 

 

Gene 

Number of 

cases
*
 

Frequency 

of cases† 

Number of 

controls
*
 

Frequency 

of controls† 

P‡ Adj. P§ 

AQP1 8 0.024 78 0.007 0.006 1 

ATP13A3 7 0.021 117 0.011 0.107 1 

SOX17 4 0.012 31 0.003 0.025 1 

 
*: The numbers denote subjects carry rare deleterious variants in the cases or controls.  
†: The prevalence of the mutation carrier in the cohort. 
‡: The raw P value without correction for comparing the alleles between case and control by two-tailed 
Fisher's exact test. 
§: The adjusted P value after Bonferroni correction for comparing the alleles between case and control. 

 

  



 

Figure S1. The workflow of exome-wide rare variant burden analysis.

 

 

  



Figure S2. Principal component analysis for ancestry of cases and controls in the discovery 

cohort. 

 

Principal component analysis was performed by projecting exome-sequencing samples onto 

1000 genome samples using Plink. Results demonstrate the presence of 3 groups, corresponding 

to East Asian descent (in green), Caucasian descent (in blue) and African descent (in red). Both 

the cases and controls from the discovery cohort were clustered together with East Asian descent. 

The CHB denotes Han Chinese in Bejing, China. (N=103). CHS denotes Southern Han Chinese 

(N=105). CEU denotes Utah Residents with Northern and Western European Ancestry (N=99). 

TSI denotes Toscani in Italia (N=107). LWK denotes Luhya in Webuye, Kenya (N=99). YRI 

denotes Yoruba in Ibadan, Nigeria (N=108). Cases denote 251 patients with idiopathic 

pulmonary arterial hypertension. Controls denote 1,884 normal controls from Novo-Zhonghua 

project.   



Figure S3. Quantile-quantile plot of discovery cohort for the dominant coding model. 

 

Results are shown for the burden analysis of rare variants in protein-coding genes in the 

discovery stage. This test included a total of 13,318 genes that had more than one case carrier 

with the rare deleterious variant under the dominant model. The distribution of observed P values 

for each gene was compared to the distribution of expected P values. The 3 genes passed 

correction for multiple tests were labeled. 

  



Figure S4. Verification of the BMP9 mutations in IPAH cases by Sanger sequencing.  

 

The genetic mutations were highlighted by blue color. 

  



Figure S5 The schematic diagram for BMP9 biosynthesis and processing. 

 

The pre-pro-BMP9 precursor contains a signal peptide (amino acids 1-22), a prodomain (amino 

acids 23-319), and the mature BMP9 (amino acids 320-429). The proBMP9 and mature BMP9 

are both the active forms. 

 

  



Figure S6. The locations of 6 BMP9 mutations for functional study. 

 

Six BMP9 mutations were selected for functional study, including 1 truncating mutation in the 

prodomain (S282fs), 2 missense mutation in the prodomain (V109L),  2 missense mutations in 

the cleavage site (R316S, S320C), and 2 missense mutation in the mature domain (A353T, 

V423M).   

  



Figure S7. The expression pattern pro-BMP9 for wild-type BMP9 and 6 mutants in HEK 

cells. 

 

Protein blot analysis of HEK cells transfected with plasmids for either the wild-type BMP9 or the 

six BMP9 mutants using an antibody to the pro-BMP9. Wild-type BMP9 and mutant protein 

fractioned as 2 bands corresponding to the proBMP9 (100kDa), partially processed proBMP9 

(58kDa). GAPDH served as an internal control. 

 

 

 

  



Gene Coordinate Genotype
Coding DNA 

change

Protein 

change

SIFT, Polyphen2, 

MutationTaster, CADD
gerp++gt2

Allele 

frequency 

in 

1000G_Ch

inese 

(n=301)

Allele 

frequency 

in 

ExAC_EA

S (n=4327)

Allele 

frequency 

in Nov o 

Zhonghua 

(n=1920)

Clinv ar HGMD Prev ious reported pathogenic mutation （ reference）

The number of IPAH cases 

carrying the rare v ariant or 

mutation

ACVRL1 12:52307481_G>A Het c.G452A p.R151H T| B,B| N| 19.28 3.7 0 0 . . . . 1

ACVRL1† 12:52307822_C>G Het c.C590G p.T197R D| D,D| D| 32 5.18 . . . . c.590C>T |  p.T197I PMID:16752392 1

ACVRL1 12:52308232_G>T Het c.G635T p.R212L D| D,D| D| 33 3.95 . . . . . . 1

ACVRL1 12:52308253_G>A Het c.G656A p.G219D D| D,D| D| 31 4.85 . . . . c.656G>A |  p.G219D PMID:16429404 1

ACVRL1 12:52308265_G>T Het c.G668T p.G223V D| D,D| D| 28.5 3.97 . . . . . . 1

ACVRL1 12:52308274_T>A Het c.T677A p.V226E D| D,D| D| 33 4.85 . . . . c.677T>A |  p.V226E PMID:20414677 1

ACVRL1 12:52309167_G>C Het c.G931C p.A311P D| D,D| D| 28.3 5.09 . . . . . . 1

ACVRL1 12:52309267_G>T Het c.G1031T p.C344F D| D,D| D| 33 5.09 . . . . c.1031G>T |  p.C344F | |  c.1031G>A |  p.C344Y PMID:12114496| PMID:23124896| PMID:10767348 1

ACVRL1 12:52309906_G>A Het c.G1135A p.E379K D| D,D| D| 32 4.98 . . . Pathogenic/Likely pathogenicc.1135G>A |  p.E379K PMID:15024723| PMID:22991266 1

ACVRL1 12:52309969_G>A Het c.G1198A p.A400T D| D,D| D| 34 4.98 . . . . . . 1

ACVRL1 12:52310002_C>T Het c.C1231T p.R411W D| D,D| A| 35 4.98 . . . Pathogenic c.1231C>T |  p.R411W PMID:11484689| PMID:23124896| PMID:20501893 1

ACVRL1 12:52310003_G>C Het c.G1232C p.R411P D| D,D| D| 34 4.85 . . . Pathogenic c.1232G>A |  p.R411Q | |  c.1232G>C |  p.R411P PMID:8640225| PMID:20501893| PMID:15024723| PMID:20501893 1

ACVRL1 12:52312862_A>C Het c.A1340C p.Q447P T| D,D| D| 24.3 4.99 . . . . . . 1

ACVRL1 12:52314571_G>A Het c.G1406A p.R469Q T| B,B| D| 23.6 3.51 . 0.0009 0.000521 . . . 1

ACVRL1 12:52314583_AC>A Het c.1419delC p.Y473fs . . . . . . . . 1

ACVRL1† 12:52314598_C>T Het c.C1433T p.A478V T| D,D| D| 26.7 4.41 . . . . c.1433C>A |  p.A478D PMID:22632830 1

ACVRL1 12:52314600_C>T Het c.C1435T p.R479X .| .,.| D| 43 4.41 . . . Pathogenic c.1435C>T |  p.R479* PMID:15024723| PMID:23722869 1

ACVRL1 12:52314601_G>T Het c.G1436T p.R479L D| D,D| D| 34 4.41 . . . . c.1436G>A |  p.R479Q | |  c.1436G>T |  p.R479L | |  c.1436G>C |  p.R479PPMID:16470787| PMID:15024723| PMID:20414677 1

ACVRL1 12:52314616_G>A Het c.G1451A p.R484Q D| D,D| D| 33 4.41 . . . Pathogenic c.1451G>A |  p.R484Q | |  c.1451G>T |  p.R484L PMID:15687131| PMID:21378382| PMID:20501893| PMID:18498373 1

ACVRL1 12:52307116_G>A Het c.G295A p.V99M D| P,D| D| 22.2 4.52 0.001661 0.0003 0.000521 . . . 2

ACVRL1† 12:52309897_A>C Het c.A1126C p.M376L D| D,D| D| 26.8 4.98 . . . . c.1126A>G |  p.M376V PMID:15024723 2

BMPR1B 4:96044963_T>C Het c.T352C p.F118L T| B,B| D| 14.88 4.35 . . . . . . 1

BMPR1B 4:96045029_G>T Het c.G418T p.V140F T| B,B| D| 22.6 4.83 . . . . . . 1

BMPR1B 4:96051163_G>C Het c.G736C p.E246Q D| D,D| D| 27.7 5.74 . 0.0002 0.00026 . . . 1

BMPR1B 4:96069934_G>A Het c.G1112A p.R371Q D| P,D| D| 33 5.55 0 0.0006 0.000521 Uncertain significance. . 1

BMPR2 2:203242245_G>A Het c.G48A p.W16X .| .,.| A| 35 2.47 . . . Pathogenic c.48G>A |  p.W16* PMID:18356561| PMID:19324947 1

BMPR2 2:203242274_G>C Het c.76+1G>C . .| .,.| D| 23.2 5.26 . . . . . . 1

BMPR2 2:203329557_T>G Het c.T102G p.C34W D| D,D| D| 27.5 4.29 . . . . . . 1

BMPR2 2:203329557_TG>T Het c.103delG p.A35fs . . . . . . . . 1

BMPR2† 2:203329571_CG>C Het c.117delG p.P39fs . . . . . . c.116delC PMID:18503968 1

BMPR2 2:203329615_GA>G Het c.161delA p.E54fs . . . . . . . . 1

BMPR2† 2:203329633_T>C Het c.T178C p.C60R D| D,D| D| 26.7 5.44 . . . Pathogenic c.178T>G |  p.C60G PMID:21737554 1

BMPR2 2:203329633_T>G Het c.T178G p.C60G D| D,D| D| 26.2 5.44 . . . Pathogenic c.178T>G |  p.C60G PMID:21737554 1

BMPR2† 2:203329655_A>C Het c.A200C p.Y67S D| P,D| D| 26.6 5.44 . . . . c.200A>G |  p.Y67C | |  c.200dupA PMID:15146475| PMID:25688877| PMID:25187962| PMID:23579436 1

BMPR2 2:203332249_G>A Het c.G255A p.W85X .| .,.| A| 38 5.38 . . . Pathogenic c.255G>A |  p.W85* PMID:16429395| PMID:25612240| PMID:25525159 1

BMPR2† 2:203332289_T>A Het c.T295A p.C99S D| D,D| D| 26.4 4.2 . . . . c.295T>C |  p.C99R PMID:16429395 1

BMPR2 2:203332290_G>A Het c.G296A p.C99Y D| D,D| D| 28.0 5.38 . . . Pathogenic . . 1

BMPR2† 2:203332332_AC>A Het c.339delC p.Y113fs . . . . . . c.338A>G |  p.Y113C | |  c.338dupA PMID:21737554| PMID:23675998| PMID:23579436| PMID:25612240 1

BMPR2 2:203332338_T>C Het c.T344C p.F115S D| D,D| D| 28.5 5.38 . . . . . . 1

BMPR2 2:203332343_T>C Het c.T349C p.C117R D| D,D| D| 26.5 5.38 . . . Pathogenic c.349T>C |  p.C117R PMID:21737554 1

BMPR2 2:203332344_G>C Het c.G350C p.C117S D| D,D| D| 26.9 5.38 . . . Pathogenic c.350G>C |  p.C117S | |  c.350G>A |  p.C117Y PMID:16429395| PMID:11015450| PMID:12045205 1

BMPR2 2:203332361_T>C Het c.T367C p.C123R D| D,D| D| 26.6 5.38 . . . Pathogenic c.367T>C |  p.C123R | |  c.367T>A |  p.C123S PMID:11115378| PMID:12045205| PMID:11115378| PMID:12045205 1

BMPR2 2:203378495_G>GTC Het c.472_473insTC p.V158fs . . . . . . . . 1

BMPR2 2:203378499_CTG>C Het c.477_478del p.S159fs . . . . . . . . 1

BMPR2 2:203383544_G>A Het c.622-1G>A . .| .,.| D| 26.3 6.05 . . . . . . 1

BMPR2 2:203383554_C>T Het c.C631T p.R211X .| .,.| A| 42 6.05 . . . Pathogenic c.631C>T |  p.R211* PMID:11015450| PMID:25525159 1

BMPR2 2:203383558_G>A Het c.G635A p.G212D D| D,D| D| 31 6.05 . . . . . . 1

BMPR2 2:203383570_CA>C Het c.648delA p.A216fs . . . . . . . . 1

BMPR2 2:203383670_G>GCCTTTGATGGAACATGAHet c.747_748insCCTTTGATGGAACATGAp.V249fs . . . . . . . . 1

BMPR2 2:203383776_G>T Het c.852+1G>T . .| .,.| D| 25.4 5.65 . . . . c.852+1G>A PMID:20534176| PMID:25525159 1

BMPR2 2:203384808_A>G Het c.853-2A>G . .| .,.| D| 24.8 5.04 . . . Pathogenic c.853-2A>G PMID:16429395| PMID:25612240 1

BMPR2 2:203384918_C>T Het c.C961T p.R321X .| .,.| A| 40 4.22 . . . Pathogenic c.961C>T |  p.R321* PMID:15591269| PMID:21920918| PMID:23669347 1

BMPR2 2:203395543_C>T Het c.C994T p.R332X .| .,.| A| 38 4.81 . . . Pathogenic c.994C>T |  p.R332* PMID:11015450| PMID:25525159 1

BMPR2 2:203397317_A>AT Het c.1139dupT p.I380fs . . . . . . . . 1

BMPR2 2:203397326_A>AT Het c.1148dupT p.M383fs . . . . . . . . 1

BMPR2 2:203397330_C>T Het c.C1151T p.A384V D| P,D| D| 33 5.52 . . . Pathogenic c.1151C>T |  p.A384V PMID:23675998 1

BMPR2† 2:203397375_C>T Het c.C1196T p.S399L D| P,D| D| 33 5.52 . . . . c.1196C>G |  p.S399* PMID:16429395| PMID:25525159 1

BMPR2 2:203397392_G>A Het c.G1213A p.D405N D| D,D| D| 33 5.52 . . . . . . 1

BMPR2 2:203397408_G>A Het c.G1229A p.G410E D| D,D| D| 29.2 5.28 . . . . . . 1

BMPR2† 2:203397427_A>G Het c.A1248G p.I416M D| P,P| D| 20.7 . . . . . c.1248delA PMID:11015450 1

BMPR2 2:203397438_G>A Het c.G1259A p.C420Y D| D,D| D| 31 5.28 . . . Pathogenic c.1259G>A |  p.C420Y PMID:15146475 1

BMPR2† 2:203397438_G>T Het c.G1259T p.C420F D| D,D| D| 32 5.28 . . . . c.1259G>A |  p.C420Y PMID:15146475 1

BMPR2 2:203397455_G>C Het c.G1276C p.G426R T| D,D| D| 25.9 5.28 . . . Likely pathogenic . . 1

BMPR2 2:203397457_T>C Het c.1276+2T>C . .| .,.| D| 24.6 5.28 . . . . . . 1

BMPR2 2:203407032_A>G Het c.1277-2A>G . .| .,.| D| 23.7 3.98 . . . . . . 1

BMPR2 2:203407066_C>T Het c.C1309T p.Q437X .| .,.| A| 40 5.17 . . . . . . 1

BMPR2 2:203407103_T>G Het c.T1346G p.M449R D| P,P| D| 28.9 5.41 . . . Pathogenic c.1346T>G |  p.M449R PMID:16728714 1

BMPR2 2:203417438_G>A Het c.1414-1G>A . .| .,.| D| 24.8 4.83 . . . . . . 1

BMPR2 2:203417478_G>A Het c.G1453A p.D485N D| D,D| D| 33 5.52 . . . Pathogenic . . 1

BMPR2 2:203417484_G>A Het c.G1459A p.D487N D| D,D| D| 33 5.52 . . . . . . 1

BMPR2 2:203417494_C>T Het c.C1469T p.A490V D| D,D| D| 34 5.52 . . . Pathogenic c.1469C>T |  p.A490V PMID:16429395 1

BMPR2 2:203417506_C>T Het c.C1481T p.A494V D| D,D| D| 34 5.52 . 0.0006 0.001042 Uncertain significance. . 1

BMPR2 2:203420346_CT>C Het c.1959delT p.P653fs . . . . . . . . 1

BMPR2 2:203420369_G>T Het c.G1981T p.E661X .| .,.| A| 43 5.78 . . . Pathogenic . . 1

BMPR2 2:203420525_C>A Het c.C2137A p.L713I D| P,D| D| 27.4 5.97 . . . . . . 1

BMPR2 2:203420783_C>G Het c.C2395G p.P799A T| B,B| D| . 5.73 . . . . . . 1

BMPR2 2:203420921_G>T Het c.G2533T p.E845X .| .,.| A| 43 6.17 . . . Pathogenic c.2533G>T |  p.E845* PMID:23590310 1

BMPR2 2:203420952_A>C Het c.A2564C p.D855A D| D,D| D| 25.8 6.17 . . . . . . 1

BMPR2 2:203421005_C>T Het c.C2617T p.R873X .| .,.| A| 44 6.17 . . . Pathogenic c.2617C>T |  p.R873* PMID:10903931| PMID:25429696 1

BMPR2 2:203421036_TTCTGGATCGTC>THet c.2649_2659del p.V883fs . . . . . . . . 1

BMPR2 2:203421039_T>C Het c.T2651C p.L884P T| P,D| D| 22.5 6.08 . . . . . . 1

BMPR2 2:203378462_C>T Het c.C439T p.R147X .| .,.| A| 38 4.79 . . . Pathogenic c.439C>T |  p.R147* PMID:11115378| PMID:25612240| PMID:25525159 2

BMPR2 2:203395678_G>A Het c.1128+1G>A . .| .,.| D| 26.5 5.7 . . . Pathogenic c.1128+1G>A | |  c.1128+1G>T PMID:16429395| PMID:12821254| PMID:16429395| PMID:25525159 2

BMPR2 2:203329655_A>G Het c.A200G p.Y67C D| D,D| D| 26.0 5.44 . . . Pathogenic c.200A>G |  p.Y67C | |  c.200dupA PMID:15146475| PMID:25688877| PMID:25187962| PMID:23579436 3

BMPR2 2:203417497_G>A Het c.G1472A p.R491Q D| D,D| A| 35 5.52 . . . Pathogenic c.1472G>A |  p.R491Q PMID:10903931| PMID:25688877| PMID:12045205 3

BMPR2 2:203421083_C>T Het c.C2695T p.R899X .| .,.| A| 39 5.3 . . . Pathogenic c.2695C>T |  p.R899* PMID:10973254| PMID:24274756| PMID:22388934 3

BMPR2 2:203383560_C>T Het c.C637T p.R213X .| .,.| A| 37 4.19 . . . Pathogenic c.637C>A |  p.R213R | |  c.637C>T |  p.R213* PMID:24936649| PMID:15146475| PMID:24591673| PMID:25525159 4

BMPR2 2:203417496_C>T Het c.C1471T p.R491W D| D,D| A| 35 4.58 . . . Pathogenic c.1471C>T |  p.R491W PMID:10903931| PMID:19324947| PMID:25688877 8

CAV1 7:116199267_G>A Het c.G463A p.V155I D| B,B| D| 16.13 3.28 0 0.0001 0.000521 . c.463G>A |  p.V155I PMID:22474227 1

EIF2AK4 15:40268738_A>T Het c.A1942T p.I648F D| D,D| D| 27.0 4.88 . . . . . . 1

EIF2AK4 15:40293231_C>T Het c.C2965T p.R989W D| D,D| D| 35 4.76 . 0 . . . . 1

EIF2AK4 15:40295412_C>T Het c.C3254T p.T1085I D| D,D| D| 32 5.79 . . . . . . 1

EIF2AK4 15:40308871_C>T Hom c.C3928T p.Q1310X .| .,.| A| 48 5.1 . . . . . . 1

EIF2AK4 15:40324973_G>T Hom c.G4744T p.E1582X .| .,.| A| 45 4.98 . . . . . . 1

EIF2AK4 15:40326585_C>CAAAG Het c.4832_4833insAAAGp.P1611fs . . . 0.0003 0.00026 . . . 1

ENG 9:130587229_T>C Het c.A295G p.I99V T| D,D| N| 23.1 4.22 . 0.0001 . . . . 1

KCNK3 2:26951420_G>A Het c.G1169A p.R390H D| D,D| D| 29.5 4.73 . . . Uncertain significance. . 1

KCNK3 2:26950867_G>A Het c.G616A p.V206M D| D,D| D| 27.9 4.9 . . . . . . 2

SMAD1 4:146460994_A>C Het c.A439C p.N147H T| B,P| D| 23.1 4.96 0.004983 0.0009 0.001042 . . . 1

SMAD1 4:146463797_C>T Het c.C722T p.P241L T| B,B| D| 24.5 5.64 . 0.0003 . . . . 1

SMAD9 13:37422842_G>T Het c.C1375A p.P459T D| P,D| D| 25.5 5.44 . . . . . . 1

SMAD9 13:37439778_C>T Het c.G899A p.G300E D| D,D| D| 31 4.39 . . . . . . 1

SMAD9 13:37439890_G>A Het c.C787T p.R263X .| .,.| A| 39 4.38 . . . . . . 1

SMAD9 13:37453654_G>A Het c.C173T p.A58V D| P,D| D| 25.1 5.47 . . 0.00026 . . . 1

TBX4 17:59533915_G>T Het c.G64T p.G22X .| .,.| A| 36 2.47 . . . . . . 1

TBX4 17:59545007_C>T Het c.C538T p.P180S D| P,P| D| 28.0 4.78 . . . . . . 1

TBX4 17:59556060_G>A Het c.G622A p.G208S T| D,D| D| 27.6 5.94 0 0.0003 . Likely benign . . 1

TBX4 17:59557275_G>A Het c.G736A p.A246T D| D,D| D| 32 5.43 . . . . . . 1

TBX4 17:59560263_G>T Het c.G1024T p.G342C D| B,P| D| 23.1 3.28 . . 0.000521 . . . 1

TBX4 17:59560342_G>A Het c.G1103A p.R368H D| D,D| D| 33 5.51 . 0 . . . . 1

TBX4 17:59560402_CCA>C Het c.1164_1165del p.P388fs . . . . . . . . 1

TBX4 17:59560581_G>A Het c.G1342A p.A448T T| B,B| D| 22.7 4.38 . 0.0002 . . . . 1

TBX4 17:59560386_T>C Het c.T1147C p.C383R T| B,B| D| . 5.51 0 0 . . . . 2

TBX4 17:59560344_T>TC Het c.1106dupC p.S369fs . . . 0 . . . . 2

TBX4 17:59560344_TC>T Het c.1106delC p.S369fs . 2

Supplementary Dataset 1 Rare variants and mutations in 10 previously reported PAH risk genes. Abbreviations: 1000G denotes 1000 Genome Project; ExAC denotes Exome Aggregation Consortium; EAS denotes East-Asia; Het denotes heterozygous; Hom denotes homozygous. †: these variant located in or nearby the mutation site 

annocated by HGMD, but the mutation type or the substitution of amino acid is the same recorded by HGMD. 



Supplementary Dataset 2 Rare variants in 3 candidate PAH genes. Abbreviations: 1000G denotes 1000 Genome Project; ExAC denotes Exome Aggregation Consortium; EAS denotes East-Asia; Het denotes heterozygous.
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ATP13A3 3:194126676_C>T Het c.G3653A p.G1218E D|B,P|D|31 5.78 . . 0.00052083 1

ATP13A3 3:194150823_A>C Het c.T2755G p.S919A T|B,B|D|14.38 2.7 0 0 . 1

ATP13A3 3:194150892_C>T Het c.G2686A p.G896R D|B,B|D|27.6 4.36 . . . 1

ATP13A3 3:194167726_A>G Het c.T1427C p.I476T T|B,B|N|11.84 5.21 . . 0.00026042 1

ATP13A3 3:194168661_C>A Het c.G1228T p.A410S D|P,B|D|32 5.69 . . . 1

ATP13A3 3:194170975_A>G Het c.T869C p.V290A D|D,D|D|26.2 5.88 . . . 1

ATP13A3 3:194177872_T>C Het c.A511G p.I171V D|B,B|N|13.51 4.54 . 0.0001 . 1

AQP1 7:30951691_T>C Het c.T167C p.F56S D|D,D|D|27.8 4.46 . . . 1

AQP1 7:30951900_C>T Het c.C376T p.R126C D|P,D|D|33 3.72 . . . 1

AQP1 7:30951904_A>G Het c.A380G p.N127S D|P,D|D|24.9 4.61 . 0 0.00026042 1

AQP1 7:30961753_G>A Het c.G208A p.V70M D|D,D|D|27.0 5.45 0.00166113 0.0002 0.00078125 1

AQP1 7:30961786_C>G Het c.C241G p.L81V T|B,B|D|10.37 . . 0.0002 0.00078125 2

AQP1 7:30962212_C>T Het c.C334T p.R112W D|D,D|D|35 3.33 . . . 1

AQP1 7:30963232_GA>G Het c.550delA p.K184fs . . . . . 1

SOX17 8:55371671_G>A Het c.G361A p.A121T D|D,D|D|32 4.03 . . . 1

SOX17 8:55371718_G>C Het c.G408C p.K136N D|D,D|D|26.5 . . . . 1

SOX17 8:55372002_AC>A Het c.693delC p.D231fs . . . . . 1

SOX17 8:55372127_C>CG Het c.818dupG p.R273fs . . . . . 1


