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TAKE HOME MESSAGE :  

Gene panel sequencing shows the genetic architecture of pulmonary hypertension in adult 

and pediatric cases and emphasizes the importance of BMPR-2, EIF2AK4, BMP9, TBX4 

mutations and BMP10, a new gene for the disease. 
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ABSTRACT 

Background 

Heritable forms of pulmonary arterial hypertension (PAH) and pulmonary veno-occlusive 

disease/pulmonary capillary hemangiomatosis (PVOD/PCH) diverge by lung 

histopathological lesions, clinical and para-clinical presentation, their responsible genes and 

mode of transmission. Since identification of the Bone Morphogenetic Protein Receptor Type 

2 (BMPR-2) gene in families affected by PAH, mutations in several other genes have been 

discovered for both forms. The mutation landscape in these new genes is not yet well known.  

Methods 

We have set up a NGS-based targeted sequencing gene panel allowing known genes for 

PAH and PVOD/PCH to be analyzed simultaneously. Genetic analysis was prospectively 

performed on 268 PAH and PVOD/PCH patients (adult and pediatric cases). 

Results 

Pathogenic mutations were identified in 19.4 % of sporadic PAH patients (n=180), 54.5% in 

familial PAH and 12.5% in PVOD/PCH patient. BMPR-2 is the most frequently mutated gene, 

followed by TBX4 in both pediatric and adult PAH. BMP9 mutations were identified in 1.2% of 

adult PAH cases. EIF2AK4 bi-allelic mutations are restricted to PVOD/PCH. A truncating 

mutation and a predicted loss of function variant were also identified in the BMP10 gene in 

two severely affected sporadic PAH female patients.  

Conclusion 

Our results confirm that mutations are found in genes beyond BMPR2 in hPAH and 

emphasize the role of TBX4 and BMP9, and designate BMP10 as a new PAH gene. 

 

INTRODUCTION 

Pulmonary arterial hypertension (PAH) is a rare and severe disease of the small pulmonary 

arteries characterized by a progressive increase in pulmonary vascular resistance leading to 

right ventricular failure and ultimately death in the absence of treatment or transplantation. A 

diagnosis of idiopathic PAH (iPAH) is made when no known risk factor or associated disease 

is authenticated [1]. Beside idiopathic forms, heritable forms of the disease represent about 

30% of PAH cases (heritable PAH, hPAH), and this category includes familial forms, with or 

without identified mutations, and sporadic forms carrying a mutation [1]. hPAH is a 

genetically heterogeneous disease that is transmitted as an autosomic dominant disease 

with incomplete penetrance. The major gene whose mutations are involved in hPAH is the 

Bone Morphogenetic Protein Receptor Type 2 (BMPR- 2), a gene encoding a type 2 receptor 

of the bone morphogenetic protein signalling pathway [2].  BMPR-2 mutations are found in 

more than 80% of familial forms of PAH and in around 15% of sporadic PAH [3, 4]. BMPR2 

mutation carriers will develop the disease in around 14% of males and 42% of females, 



although this proportion widely varies from families to families [5]. Mutations in other genes of 

the same pathway, ACVRL1 and in rare cases ENG, may cause PAH associated with 

hereditary hemorrhagic telangiectasia (HHT) [6, 7]. Mutations of the SMAD9 gene encoding 

transcription factor Smad 8, an important downstream mediator of BMP signaling, and in 

BMP9 (alias GDF2), encoding the ligand of ACVRL1, have been described in PAH [8, 9]. 

Mutations in other genes, not related to BMP signaling pathway, have also been identified. 

Mutations in the KCNK3 gene (alias Task-1) encoding a voltage-sensitive potassium channel 

have been found in a few families with PAH and functional consequences of identified 

missense mutations were demonstrated in vitro [10]. A homozygous KCNK3 loss of function 

was subsequently described in a pediatric case of severe PAH in a consanguineous family 

[11]. Only three mutations in the CAV1 gene encoding caveolin-1 gene were identified so far, 

one in a large family with multiple cases of PAH, another one as a de novo mutation in a 

young child and the third was associated with congenital generalized lipodystrophy  [12, 13].  

TBX4 mutations have been recognized at the origin of PAH, through overlapping 

chromosomal deletions encompassing TBX4 and inducing PAH in children, together with 

bone anomalies, that prompted investigators to search for mutations in the TBX4 gene in 

other cases of pediatric PAH [14]. TBX4 heterozygous inactivating mutations are responsible 

for the small patella syndrome also called coxopodopatellar syndrome that associates bones 

anomalies of the patella, pelvis, foot and femur at variable degrees. It was previously 

reported that the proportion of patients carrying a TBX4 mutation was high in pediatric cases 

and higher than in adults, suggesting a specific impact of mutations of this gene in children 

[15, 16]. 

Pulmonary veno-occlusive disease (PVOD) and pulmonary capillary hemangiomatosis (PCH) 

are both characterized by diffuse remodeling of venules and septal veins by intimal fibrosis 

associated with patchy capillary proliferation and various degrees of arterial lesions. Biallelic 

mutations of the EIF2AK4 gene have been shown to be responsible for the heritable forms of 

PVOD and PCH that are transmitted as a recessive disease [17, 18]. Heritable forms of 

PVOD and PCH (both further referred here as PVOD) have the same clinical presentation 

with a poor prognosis and are considered as the same entity even if histological pulmonary 

lesions may differ mainly by the importance of capillary proliferation.  

The goal of this study is to describe mutations that can be found in a prospectively collected 

series of patients with sporadic or familial PAH or PVOD and to infer the respective place of 

each known responsible gene in adult and pediatric forms of PH. We report the genotype 

and phenotype characteristics of a large series of French patients with PAH or PVOD 

explored by gene panel sequencing allowing both single nucleotide variants (SNV) and copy 

number variants (CNV) detection.  

  



Patients and methods 

Patients 

This study included 268 patients followed within the French PH investigating centers which 

include the French Referral Centre for Pulmonary Hypertension (Hôpital Bicêtre, Université 

Paris-Sud, Le Kremlin-Bicêtre, France) and associated expert centers across France.  All 

cases had a clinical diagnosis of sporadic or familial PAH, drugs or toxins induced PAH or 

sporadic PVOD established by their expert center. The diagnosis of pre-capillary pulmonary 

hypertension was defined by hemodynamic measurement during right-heart catheterization 

of all patients included in the study. according to previously described protocols [19]. 

Sporadic cases of PAH patients were further referred as idiopathic (iPAH) after 

clinical,biological and genetic investigations eliminated all known causes [20]. Cases were 

considered as familial when at least two cases were reported in the family extending up to 

third-degree relatives. Patients diagnosed as associated PAH following hospital investigation 

(for connective tissue disease and HIV infection, notably) were not included.  

An age at diagnosis below 18 yrs defines pediatric cases.  

Diagnosis of confirmed or highly probable PVOD was established according to previously 

described criteria [17, 21] and, due to overlapping inclusion period, a few PVOD patients 

were included in a previous publication  [22]. AllPVOD patients are sporadic cases.  

Clinical characteristics at PAH diagnosis were stored in the French PH registry. This registry 

was set up in agreement with French bioethics laws (Commission Nationale de l'Informatique 

et des Libertés), and patients gave their consent to be included [23]. More than 90 % of 

patients included are of Caucasian European descent. All patients included in this study 

underwent genetic counseling and signed written informed consent. 

All cases included in this study are prospectively collected incident index cases of PH from 

2014 to 2017. DNA sequencing analysis was performed at diagnosis within the period of 

inclusion.  

Capture design 

We designed a custom gene panel by targeting all exons, including 50 bp of the flanking 

intronic sequence and 1 kb areas upstream and downstream of each gene of interest. This 

panel included 9 genes analyzed for molecular diagnosis of PH (BMPR-2, TBX4, EIF2AK4, 

CAV1, KCNK3, SMAD9, ACVRL1, ENG, BMP9). The BMP10 gene, a BMP9 paralog, was 

also included in the capture design. This NGS panel also includes additional genes related to 

PH and other hereditary vascular diseases (HHT, capillary and arterio-venous malformation) 

with a goal of clinical diagnosis and research, and accounting for 79% of the total target 

sequence, 



Target Capture Sequencing Method 

Libraries were prepared using 1 μg of genomic DNA according to the KAPA sample 

preparation protocol (Kapa biosystems®). After appropriate quality controls, libraries were 

pooled (pool of 12 samples) and captured using the SeqCap EZ Choice Library 

(Roche/NimbleGen, Madison, WI) following the manufacturer’s protocol. Two pools of 

captured libraries (24 samples) were sequenced to generate 2x150 bp paired-end reads 

using the MiSeq system (Illumina, San Diego, CA). 

 

Data Analysis 

Quality control, processing, and detection of the variants were performed as a service 

provision by GenoDiag (GenoDiag Inc, Paris, France). Briefly, FASTQ sequence files were 

mapped to the human reference genome (hg19) with BWA 7.12 and converted to bam files 

with SAMTOOLS 1.1. Single nucleotide variant and insertion/deletion calling was performed 

with GATK-3.5. Copy number variants (CNVs) were detected by GenoDiag proprietary 

scripts. The detection is based on the coverage of each exon. A normalization is applied in 

order to remove coverage bias according to variation between samples. Then, the 

normalized coverage is used to perform a z-score. Two additional parameters are computed, 

the coverage dispersion and coverage ratio that measure the sequencing quality and the 

deletion or duplication significance. These three values are used to filter the false positive 

results and set the events confidence level. Each base must be covered by at least 40 reads 

to be validated. This method was validated on 23 samples harbouring SNV or CNV on the 

major genes tested (BMPR2, EIF2AK4, ACVRL1). 

Putative functional impact of missense variants was assessed in silico with Sift, Polyphen-2, 

CADD phred score and allele frequency in genome database gnomAD[24–26]. All these 

databases and softwares are queried through Alamut software version 2.7.1 (Interactive 

Biosoftware, France) except the CADD phred score that was obtained from variant effect 

predictor tool at the Ensembl website 

(http://grch37.ensembl.org/Homo_sapiens/Tools/VEP?db=core).  Each variant was classified 

according to ACMG criteria [27]. Any potential pathogenic variant was confirmed by Sanger 

sequencing for point mutations and MLPA® when available (kits (MRC-Holland BV, 

Amsterdam, The Netherlands) or QPCR analysis for large rearrangements.  

Statistical Analysis 

Data are presented as mean ± SD. Since the data were not following a normal distribution, 

comparisons were performed using the non-parametric Mann and Whitney test or Chi2 

analysis when appropriate using XLStat 2014 (Addinsoft, New York, USA). The significance 

threshold (p<0.05) was corrected for multiple testing using the Bonferroni correction 

(p<0.0083 for table 2 and p<0.0055 for table 4A, 4B and 4C). 



In order to evaluate the association of BMP10 variants with PAH, we compared the 

frequency of BMP10 missense variants with a probably damaging effect predicted by 

Polyphen-2, a deleterious effect by SIFT and a CADD score >20 (n=32) and LOF variants 

(n=3) reported in gnomAD with the frequency of BMP10 variants with similar characteristics 

detected in our cohort (n=2). Comparison statistics was performed using Chi2 analysis. 

 

RESULTS 

Sequence analysis and quality controls 

A capture panel was designed to enrich target DNA, which consisted of 150071 bp covering 

289 target captured regions. Our design and sequencing protocols were validated by 

screening a cohort of 23 patients that were previously analyzed by Sanger sequencing and 

MLPA. All previously identified mutations (n=16) (single nucleotide variant, insertion/deletion 

(ins/del)) and CNV (n=4) were detected by NGS analysis. Absence of mutation was 

confirmed in 3 patients. 

A total of 29 different sequencing runs were analyzed in this study. Mean Q30 score was 

91.5% (±3.8) for all runs. The mean coverage was 1106X (±353) for all analyzed samples. 

95.6% (±3.4) of reads mapped in regions of interest, 2.6% (±2.2) of reads mapped outside 

regions of interest and 1.8% (±1.6) are not mapped to human genome.  

 

Mutations in PH tested genes 

Following pedigree analysis and clinical examination, 181 patients were classified as 

sporadic PAH, 11 as fPAH (only index cases included), 13 as drug or toxin induced PAH and 

63 as sporadic PVOD (Fig1). A mutation was identified in 49 of the 268 analyzed patients. 

Identification of bi-allelic EIF2AK4 mutations in one initially suspected PAH case led us to 

reclassify this patient as PVOD. Thus 35 mutations were identified in sporadic PAH patients 

(19.4% of sporadic PAH), 6 in fPAH patients (54.5% of fPAH) and 8 in PVOD patients (12.5% 

of PVOD) (Table 1).  

31 BMPR-2 mutations (25 sporadic PAH, 6 fPAH), 5 TBX4 mutations (5 sporadic PAH), 2 

ACVRL1 (2 sporadic PAH) 2 BMP9 (2 iPAH), 1 SMAD9 (1 sporadic PAH) and 8 biallelic 

EIF2AK4 mutations (8 PVOD) were identified (Table 1). Most of the BMPR-2 mutations are 

truncating mutations, i.e. stop codons (n=11) or insertions/deletions (n=1) disrupting the 

function of the gene (Supplementary Table1). Three distinct missense mutations were 

identified, two were previously described and the third (p.A373V) is new. This mutation is 

located in the kinase domain of BMPR-2, alters a conserved residue and is predicted to be 

deleterious by in silico tools (see methods). According to ACMG criteria [27], this mutation is 

classified as likely pathogenic. Three splice mutations were found, two affecting a consensus 

splicing site, and one located at position c.968-12 within intron 7 is predicted to affect splicing 



following in silico analysis. RT-PCR experiments using RNA extracted from circulating blood 

cells from the mutation carrier confirmed that mRNA splicing was defective, leading to the 

addition of an intronic sequence into the mature mRNA creating a frameshift (Supplementary 

Figure 1).  

The remaining 6 BMPR-2 mutations are CNVs that were detected by NGS and which were 

confirmed by MLPA®. Two others CNVs were also detected, one in SMAD9 and one in 

TBX4. Both were confirmed by QPCR analysis. All EIF2AK4 mutations identified were 

biallelic, 5 at the homozygous state and 3 as compound heterozygotes. 

Only truncating mutations were identified in TBX4 and BMP9 (stop codon n=2; 

insertions/deletions n=4 and CNV n=1) whereas two previously described missense 

mutations were identified in ACVRL1.  HHT symptoms were present in the adult case of 

ACVRL1 mutation carriers whereas the pediatric case had no sign of HHT at diagnosis and 

was referred to the laboratory as sporadic PAH.  

The BMP10 gene was also included in the gene panel, after the description of BMP9 

mutations in PAH and because of the close similarity between the 2 genes (65% of sequence 

identity at the protein level). A truncating mutation located upstream the region of BMP10 

(C.370C>T, p.Arg124*) encoding the mature peptide was found in a young female patient 

who was diagnosed with sporadic PAH at 11 yrs with severe evolution (Table 2, patient 1). 

This young patient had a small atrial septal defect and a small restrictive ventricular septal 

defect that spontaneously closed at two years of age. A predicted BMP10 loss-of-function 

mutation (c.1057C>T, p.Arg353Cys) was identified in another patient who was diagnosed 

with sporadic PAH at age 27 in a severe clinical condition and transplanted at age 35 (table 

2, patient 2). Arginine 353 residue is located in the growth factor fragment of BMP10, is 

highly conserved between species and the whole in silico analysis of this variant is consistent 

with a deleterious effect (table 4). The probability of being loss of function (LOF) intolerant 

(pLI) was calculated for the BMP10 gene and was found at 0.72, a value close to the 

intolerance threshold of 0.9 at which LOF mutations are likely deleterious, as compared to a 

0.09 value for BMP9 gene [24]. A highly significant difference was found between the 

frequency of probably deleterious variants according to combined bioinformatic predicting 

tools (see methods) and truncating mutations of the BMP10 gene listed in gnomAD database 

and the frequency of LOF in our PH cohort (35 different variants on 40 alleles among 

246,000 alleles, vs 2 LOF variants among 536 tested alleles, P<0.0001).  

Patients referred presented with various ages at diagnosis from neonates until aged adults 

(>80 yrs). In order to get an accurate insight in the genetic landscape of mutations found in 

adults and pediatric cases, a separate analysis was performed in patients under and above 

18 yrs of age (Table 3). 36 pediatric and 168 adult PAH cases were analyzed. No significant 

difference was observed in the mutation rate between adult and pediatric PAH cases 



(respectively 19% and 25%). In both age groups BMPR-2 mutations are the most frequent 

(75% and 77% of identified mutations in adults and children groups, respectively). TBX4 

mutations are detected with a similar frequency in adult and in pediatric cases (respectively 

12.5% and 11% of identified mutations in each group).  

In one case referred clinically as neonatal PAH, a biallelic mutation of EIF2AK4 was found, 

leading to reclassify as unrecognized PVOD. In contrast, no mutation was found in the 

initially diagnosed 3 other pediatric PVOD cases. In adult PVOD patients, only biallelic 

EIF2AK4 mutations were identified (11.6% of cases tested positive).  

 

Variants of uncertain significance identified  

According to ACMG criteria [27], 14 variants of uncertain significance (VUS) were found 

across genes investigated. In silico analysis of VUS is provided in Table 4. No pathogenic 

mutation was identified in KCNK3 and CAV1 but 2 VUS were identified in these genes. The 

missense variant of KCNK3 was found to be located within an extracellular domain of the 

channel as those missense mutations previously shown to be functional in the first 

description of the gene in PAH. An in-frame deletion of a single amino acid was identified in 

CAV1 and should also be considered as a VUS. 

Two BMPR-2 promoter variants, not described in gnomAD database, were identified. Two 

missense EIF2AK4 variants were identified in the same individual but their location on the 

two different alleles could not be determined. 

 

Clinical status at time of diagnosis  

Comparison of the clinical presentation at diagnosis between the mutation carrier and non-

carrier groups is shown on table 5 for adult PAH cases (Table 5A), pediatric PAH cases 

(Table 5B) and adult PVOD cases (Table 5C). The age at diagnosis is significantly lower in 

the mutation carriers than in non-carriers in both adult PAH and PVOD but not in the 

pediatric PAH. The sex distribution observed in adult PAH (between 2 and 3 fold more 

females) is similar to what was previously described in various cohorts analyzed [5, 28]. A 

similar tendency was observed in PAH pediatric cases. The sex distribution is inverted in 

non-carrier PVOD cases where males are more frequent (P<0.02) and is equilibrated in 

EIF2AK4 mutation carriers (Table 3, 5C).  

The hemodynamic parameters tended to be worse in mutation carriers even if only mean 

PAP in adult PAH reached statistical significance. 

The difference in the ratio of acute vasodilator responders tends to be higher in non-carriers 

in both adults and pediatric PAH cases even if statistical significance is not reached.  

  



Discussion 

Massively parallel sequencing (NGS) has revolutionized molecular genetics of hereditary 

diseases allowing new responsible genes to be identified and allowing a huge increase in 

clinical molecular diagnosis efficiency [29]. Targeted NGS on panel of recognized genes for 

the disease is an efficient approach, allowing an extensive, economically acceptable, 

investigation of the potentially responsible genes. 

In this prospective study of incident cases, we have used the NGS panel approach in 

patients referred to a reference laboratory for PAH or PVOD. The panel of genes included 

established genes through previous publications and research genes based on physiological 

functions and previous data available. Using this NGS targeted capture approach, the 

diverse types of mutations (SNV, CNV, Ins/del) could be detected by a single technique 

allowing cost and time saving.    

BMPR-2 is the predominant gene in adults (familial and sporadic) as in pediatric forms of 

PAH. In familial PAH cases, only BMPR-2 mutations were found possibly because of its 

predominant frequency but more specific reasons might be involved linked to penetrance and 

clinical evolutions associated to the mutated gene. These results are in accordance with 

previously published results [30, 31]. 

In the present study, TBX4 mutations were the second more frequent mutations found after 

BMPR-2 in both adult and pediatric PAH cases. We previously observed a frequent 

occurrence of TBX4 mutations in pediatric PAH [15], a result recently corroborated by 

another genetic study [16]. The significant frequency of TBX4 mutations found in adult cases 

in this study, contrasting with previously reported results [16] can be due to stochastic 

differences as well as to differences in the mode of patient collection (prevalent and archived 

patients versus incident cases). 

Mutations in other genes of the BMP signaling pathway were identified (BMP9, SMAD9) in a 

small number of cases allowing the implication of these genes in PAH to be confirmed since 

only rare cases were described in the literature. Indeed, initial description of BMP9 mutations 

was associated with a particular form of HHT and followed by description of a case of severe 

PAH associated with biallelic loss of function [32, 33]. Rare heterozygous BMP9 mutations 

were recently described in a large group of patients explored by whole genome sequencing 

[9]. In our study, BMP9 is the third most frequently mutated gene in adult PAH cases (1.2% 

of PAH cases, 6.3% of identified mutations), suggesting that this gene has a significant 

relevance in PAH. Mouse genetic model by heterozygous BMPR-2 LOF shows an 

improvement of hypoxia-induced PAH by BMP9 infusion, a result that further supports, 

although indirectly, the involvement of this gene in PAH [34]. Within the setup of a research 

endeavor, we investigated the BMP10 gene, a close paralog of BMP9 that encodes an 

activating ligand for ALK1 and that was shown to play an equivalent role as BMP9 in 



experimental model of angiogenesis since it can substitutes BMP9 in BMP9 knock-out mice 

[35, 36]. It was also recently shown that the BMP9-BMP10 heterodimer circulates in human 

plasma and is the major biologically receptor-activating complex, although the additional 

function of this heterodimer is not identified [37]  We found a BMP10 heterozygous truncating 

mutation and an in silico predicted LOF missense variant in two cases of severe PAH in 

young female patients. One of the two patients presented with a small atrial left-to-right shunt 

and a small highly restrictive ventricular septal defect with no pulmonary overflow that 

spontaneously closed before 2 years of age, whereas PAH was diagnosed at age 11. This 

clinical presentation does not allow this case to be classified as a coincident case or a post-

operative case according to the last classification of PAH associated with congenital heart 

disease, but raises the question of the relationship between the BMP10 heterozygous loss of 

function, heart development and PAH, since Bmp10 deficient mice embryos die very early, 

between E9.5 and E10.5 with major defects in heart and vascular development [38, 39]. 

Identifying two LOF in the BMP10 gene in this prospective cohort of patients is highly 

suggestive of its responsibility in PAH, because of the physiological role of this gene, its 

score of probability of being LOF intolerant and the highly significant difference of LOF 

variant frequency between patients and an unselected population. BMP10 associated 

predisposition to PAH seems compatible with an autosomal dominant transmission with 

incomplete penetrance, but might also act as a predisposing factor in combination with other 

factors. Indeed, some missense BMP10 variants, likely pathogenic according to bioinformatic 

predicting tools, are found in the gnomAD database at extremely low frequency, as also 

observed for other PAH genes. Further studies will allow the role of BMP10 mutations to be 

defined. No pathogenic mutation of CAV1 was found in this study, in agreement with 

previous reports and on large series of patients [9, 30], and altogether these results plead for 

a very limited involvement of this gene in PAH predisposition. 

The rate of biallelic EIF2AK4 LOF mutations found in adult sporadic PVOD cases (11.6%) is 

consistent with our previously published results on sporadic cases [22] but lower than in a 

reported series [39]. This discrepancy is likely due to random variation, the limited number of 

cases and to patient collection specificities. The only bi-allelic EIF2AK4 mutation found in 

pediatric forms of PVOD was in a neonatal case initially referred for PAH molecular diagnosis 

suggested by early cardiorespiratory failure [22]. This case emphasizes the importance of 

EIF2AK4 testing in all putative cases in order to establish the diagnosis because the clinical 

picture can be misleading and investigations that can best allow distinction between PAH 

and PVOD (high resolution CT scan and DLCO) might be not clearly discriminating or 

missing, or even contraindicated (lung biopsy) [22, 30, 31]. EIF2AK4 mutations identification 

by clinical genetic testing is particularly important with regards to high penetrance and 

disease severity of hereditary PVOD, to the risk of pulmonary edema in response to 



approved therapies for PAH, and because it allows genetic counselling and adapted follow-

up including timely referral for lung transplantation. EIF2AK4 Mutation interpretation is 

usually straightforward but in one case, two missense EIF2AK4 mutations in trans were 

found in a patient with PVOD, both considered in silico as benign and found at a significant 

frequency in gnomAD. It can be speculated that carrying both missense variants might lead 

to the disease but this hypothesis needs further investigation. 

Age and sex in the various patient categories referred for genetic analysis are the 

consequences of the mixture of heritable forms, for which penetrance is the major factor 

determining these parameters, and non-heritable forms for which environmental factors are 

predominant. The sex ratio observed in PAH is in agreement with previous values found in 

various cohorts, both in mutation carriers and non-carriers [5]. In the adult EIF2AK4 mutation 

carrier group, the sex ratio analysis is limited by the number of subjects but seems 

equilibrated. Indeed, a strong penetrance of EIF2AK4 mutations in both sexes likely explains 

the equilibrated sex ratio, as expected in autosomal recessive mutations. 

The age at diagnosis is also younger in the mutation-carrier PAH group as previously 

reported for BMPR-2 mutation carriers [28]. In the  adult PVOD group, there is a strong 

difference in the age of onset between mutation carriers and non-carriers, an observation 

already reported by our group [17, 22]. Several environmental factors have been previously 

documented in non-heritable PVOD and likely explain the large difference in age of onset 

between heritable forms and other forms (34.4 yrs versus 61.2 yrs, p<0.0001).  

Our data reporting the sequence analysis of the whole set of described genes to date still 

leave unresolved a high proportion of cases, in particular pediatric and familial cases. 

Identifying and interpreting the functional impact of all variants in known responsible genes, 

including in non-coding regions, remains a major practical challenge that requires further 

efforts and knowledge but that would elucidate a significant number of cases [29]. For 

example, in our study, we identified a variant located in a non-consensus splicing site 

(position-12) and we demonstrated by cDNA analysis that it has an effect on mRNA splicing. 

We also identified 2 VUS in the BMPR-2 promoter but functional studies are necessary to 

evaluate the pathological effect of these variants on gene regulation. 

Missing parameters of functional data for a number of patients limits the impact of this study 

in terms of genotype-phenotype relationships, although this aspect is beyond the scope of 

this study.  

Mutations in additional genes can be found by whole exome and genome sequencing of 

large series of unrelated cases or in families with multiple cases. Indeed, rare variants in 

previously not described genes were identified recently by WGS approach in a large series of 

PAH cases [9] and by WES in a search for de novo mutations in pediatric cases [16]. These 

new genes can be easily added to targeted panels for clinical molecular diagnosis. For 



several reasons, economical and technical, the targeted capture panel approach is currently 

the most efficient as a first diagnosis step for clinical molecular diagnosis.  

. A major challenge will be to elucidate whether the various genes predispose in to PAH or 

PVOD development through a common mechanism, as can be proposed for genes 

belonging to the BMP signaling pathway, or through  different mechanisms. As an example, 

the BMP pathway is important for mesoderm and mesenchymal cells development during 

embryogenesis as it is also the case for TBX4 that drives mesenchymal progenitor invasion 

of the lung during development [40]. BMP4 was also shown to induce TBX4 expression in 

cultured human lung fibroblasts [41]. A regulatory connection between EIF2AK4 and BMP 

signaling pathways was recently described in drosophila but the observed increase in BMP 

signaling activation following Eif2ak4 drosophila ortholog inactivation does not fit with the 

expected effects of BMPR-2 deficiency [42]. 

An overarching analysis of our data on known PH genes seems to confirm the involvement of 

all major genes previously described if not only LOF mutations but also VUS that have been 

found on the various genes are taken into account. Indeed, imputing pathogenic role in PAH 

to heterozygous mutations makes no doubt for major genes such as BMPR-2 and TBX4, but 

may be more difficult for other genes, for which less data are available on PAH. One interest 

of our data is to spur the analysis in clinical molecular diagnosis of PAH of genes as BMP9 

and BMP10 in pulmonary hypertension and to share data in large multicentric analyses. 
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Gene        Sporadic PAH (N=180) 

(mutation/VUS) 

fPAH (N=11) 

(mutation/VUS) 
PVOD (N=64) 

(mutation/VUS) 

BMPR-2 25/4 6/0 0/1 
TBX4 5/1 0/0 0/0 

ACVRL1 2/0 0/0 0/0 
EIF2AK4 0/3 0/0 8*/0 
BMP9 2/1 0/0 0/0 

SMAD9 1/1 0/0 0/0 
KCNK3 0/1 0/0 0/0 
CAV1 0/1 0/0 0/0 
ENG 0/1 0/0 0/0 

Total (%) 35 (19.4%)/13 (7.2%) 6 (54.5%)/0 8(12.5%)/1 (1.5%) 

 

Table.1. Mutations and variants of unknown significance (VUS) identified in the established 

PAH and PVOD genes. *All EIF2AK4 mutations are biallelic mutations. One pediatric case 

carrying EIF2AK4 biallelic mutations was shifted from PAH to PVOD. Drugs and toxins 

induced PAH are excluded since no mutation was found in this category of patients.  

PAH = pulmonary arterial hypertension. PVOD = pulmonary veino-occlusive disease. 

 

 

BMP10 mutation carriers Patient 1 Patient 2 

 At diagnosis 
November 2007 

At last 
evaluation 
April 2018 

At diagnosis 
October 2009 

At last 
evaluation 
June 2016 

Age at diagnosis , years 11  28 
Sex (female/male) F F 

NYHA functional class 2 3 4 
 

3 

Mean pulmonary artery 
pressure, mm Hg 

35 75 71 69 

Pulmonary vascular 
resistance, Wood units 

ND 16.6 18.16 ND 

Right atrial pressure, mm 
Hg 

6 10 6 15 

Cardiac output, L/min  5.25 3.9 3.47 7.4 
Cardiac index,  
L/min per m2,  

3.5 2.45 1.92 4.03 

Acute Vasodilator 
responder (Yes/No) 

no no 

Outcome Alive at 144 months  Transplanted at 85 months 
Mutation c.370C>T, p.Arg124* c.1057C>T, p.Arg353Cys 

 

Table 2: Clinical, functional and hemodynamic characteristics of patients carrying a BMP10 
mutation (ND= not determined). 
  



 PAH PVOD 

 
Pediatric cases 

(N=36) 
Adult cases 

(N=168) 
Pediatric 

cases (N=4) 
Adult cases 

(N=60) 

Age at diagnosis, 
years mean (min-

max±SD) 
6.9 (0.03-18±5.6) 51.9 (18.2-86±17.6) 

8.7 (0.01-
13±6.1) 

58 (21-88±15.4) 

Sex ratio 
(female/male) 

22 (61%)/14 
(39%) 

117 (70%)/51 
(30%) 

1/3 
23 (38%)/37 

(62%)* 
BMPR-2 7 24 0 0 
EIF2AK4 0 0 1 7 

TBX4 1 4 0 0 
ACVRL1 1 1 0 0 
BMP9 0 2 0 0 

SMAD9 0 1 0 0 
Total (%) 9 (25%) 32 (19%) 1 (25%) 7 (11.6%) 

 

Table 3. Mutations identified in pediatric and adult cases. PAH cases carrying biallelic 

EIF2AK4 mutations were shifted to PVOD category. Data are n (%) Comparison between 

sex ratio in adult PAH and adult PVOD was analyzed by the chi2 test.*p<0.0001.  

  



Gene HGVSc HGVSp gnomAD 
MAF 

Polyphen-2 SIFT CADD phred 
Score 

BMPR-2 c.746T>G p.(Val249Gly) 0.00072% Possibly 
damaging 

D 26.3 

BMPR-2 c.1981G>C p.(Glu661Gln) 0.00081% Probably 
damaging 

D 26 

BMPR-2 c.3004A>G p.(Asn1002Asp) N.F Benign T 25.2 
BMPR-2 c.-450C>G p.? N.F N.A N.A N.A 
BMPR-2 c.-816A>G p.? N.F N.A N.A N.A 
EIF2AK4 c.179A>G p.(Tyr60Cys) N.F Possibly 

damaging 
D 24.1 

EIF2AK4 c.1537C>G* p.(Gln513Glu) 0.049% Benign D 23.2 
EIF2AK4 c.2447A>G* p.(Gln816Arg) 0.054% Benign T 15.9 

TBX4 c.1021G>C p.(Asp341His) N.F Possibly 
damaging 

D 24.2 

KCNK3 c.253T>C p.(Tyr85His) N.F Probably 
damaging 

D 26.5 

SMAD9 c.283G>A p.(Val95Met) N.F Probably 
damaging 

T 23.7 

ENG c.821C>T p.(Thr274Ile) 0.00041% Probably 
damaging 

 D 26.5 

BMP9 c.427G>A p.(Glu143Lys) N.F Possibly 
damaging 

D 28 

CAV1 c.336_338del p.(Leu113del) N.F N.A N.A N.A 
BMP10 c.1057C>T p.(Arg353Cys) 0.00090% Probably 

damaging 
D 28.2 

 

Table 4. Analysis of Variants of unknown significance I (VUS) identified. A CADD phred 

score equal to or greater than 20 indicates the 1% most deleterious variants on the genome 

sequence [25]. *Two EIF2AK4 variants were found in the same individual (but haplotypes are 

not defined). N.F=Not found. N.A=not applicable. D= Deleterious. T=Tolerated 

  



A.  

Adult PAH Non carriers (N=136) Carriers° (N=32) P value 

Age at diagnosis (N=168), years, 
mean±SD (min-max) 

54.0±18 (18-86) 42.5±12.3 (20-69) < 0,0001* 

Sex ratio (female/male) 93 (68%)/43 (32%) 24 (75%)/8 (25%) 0.604 
NYHA functional class (N=156) 

I-II 
III-IV 

 
33 (26%) 
94 (74%) 

 
6 (21%) 
23 (79%) 

0.721 

Mean pulmonary artery pressure 
(N=156), mm Hg, mean±SD 

50.2±13.5 57.4±13.1 0.004* 

Pulmonary vascular resistance 
(N=146), Wood units, mean±SD 

11.6±6.2 14.4±7.3 0.036 

Right atrial pressure (N=151), mm 
Hg, mean±SD 

8.3±5.2 9.6±6.2 0.385 

Cardiac output (N=155), L/min, 
mean±SD 

4.2±1.5 3.8±1.4 0.056 

Cardiac index (N=153),  
L/min per m2, mean±SD 

2.3±0.8 2.2±0.9 0.086 

Vasodilator responder (N=112) 12 (13,5%) 1 (4.3%) 0.393 
° EIF2AK4 mutations carriers excluded. The unique acute vasodilator responder carrier has a BMPR2 

mutation c.1471C>T, p.Arg491Trp 

 

B. 

Pediatric PAH Non carriers 
(N=26) 

Carriers° (N=9) P value 

Age at diagnosis, (N=35) years, 
mean±SD (min-max); median (IQR) 

5.4±5.3 (0.035-16) 
4.1 (6.9) 

10±3.7 (4.5-15) 
10.2 (5.2) 

0.020 

sex ratio (female/male) 15 (58%)/11 (42%) 6 (67%)/3 (33%) 0.94 
NYHA functional class (N=25) 

I-II 
III-IV 

 
7 (41%) 

10 (59%) 

 
5 (62%) 
3 (38 %) 

0.571 

Mean pulmonary artery pressure 
(N=29), mm Hg,  mean±SD; median 

(IQR) 

51±17.7 
51 (23) 

55.1±15.8 
54.5 (15.7) 

0.494 

Pulmonary vascular resistance (N=27), 
Wood units, mean±SD; median (IQR) 

22.3±18.6 
17.3 (17.3) 

13.6±6.8 
14 (7.6) 

0.300 

Right atrial pressure (N=25), mm Hg, 
mean±SD; median (IQR) 

6.2±3.4 
5.5 (4) 

5.3 ±1.8 
5 (1) 

0.807 

Cardiac output (N=25), L/min(±SD), 
mean±SD; median (IQR) 

2.6 ±1.2 
2.5 (1.4) 

4.5±3 
3.2 (1.3) 

0.066 

Cardiac index (N=24), L/min per m2, 
mean±SD; median (IQR) 

3.8±1.3 
3.3 (1.4) 

3.6±1.2 
3.1 (1.1) 

0.854 

Acute vasodilator responder (N=26) 6 (33%) 1 (12%) 0.531 
° EIF2AK4 mutations carriers excluded. The unique vasodilator responder carrier has a TBX4 

mutation c.143dup , p.Pro50Thrfs*24 

  



C. 

Adult PVOD Non carriers 
(N=49) 

Carriers° (N=7) P value 

Age at diagnosis, (N=56) years, 
mean±SD (min-max); median (IQR) 

61 ±13.2 (22-88) 
64 (13) 

34.4±13.1 (21-52) 
35 (21,5) 

< 0,0001* 

sex ratio (female/male) 19 (39%)/30 (61%) 3 (43%)/4 (57%) 1 
NYHA functional class (N=47) 

I-II 
III-IV 

 
11 (25%) 
33 (75%) 

 
2 (67%) 
1 (33%) 

0.371 

Mean pulmonary artery pressure 
(N=48), mm Hg,  mean±SD; median 

(IQR) 

47.3 ±11.8 
47.5 (17.2) 

47.7 ±20.3 
38.5 (14.2) 

0.614 

Pulmonary vascular resistance (N=46), 
Wood units, mean±SD; median (IQR) 

10.2±9.4 
8.7 (4.3) 

9.9±6.2 
7.2 (4.4) 

0.770 

Right atrial pressure (N=45), mm Hg, 
mean±SD; median (IQR) 

8±5.1 
7 (6) 

5.2±2.1 
5.5 (3.2) 

0.336 

Cardiac output (N=46), L/min(±SD), 
mean±SD; median (IQR) 

4.4±1.1 
4.5 (1.3) 

3.8±0.4 
3.8 (0.5) 

0.250 

Cardiac index (N=47), L/min per m2, 
mean±SD; median (IQR) 

2.4±0.6 
  2.4 (0.8) 

2.3±0.2 
2.2 (0.2) 

0.542 

Solvant exposure or previous 
chemotherapy (N=40) 

17 (42.5%) 0 (0%) 0.037 

°EIF2AK4 mutations carriers ; § P<0.02 

Table 5. Demographics and clinical measurements at diagnosis: (A) Adult PAH cases;  (B) 

Pediatric PAH cases; (C) Adult PVOD cases. Data are N (%) or mean±SD and median (IQR) 

for small subgroups. Comparisons between mutation carriers and non-carriers were 

analyzed by Mann & Whitney or chi2 tests. * The significance threshold (p<0.05) was 

corrected to p<0.0045 for multiple testing using the Bonferroni correction. NYHA=New York 

Heart Association. 



319 PH patients referred for 
genetic molecular diagnosis

53 cases not idiopathic, familial 
drugs and toxins induced PAH or 

PVODExcluded (n=56)

3 not index cases

263 patients included

180 sporadic idiopathic PAH 
(iPAH)

(36 pediatric cases/144 
adult cases)

204  PAH

11 adult PAH patients : 
family history of PAH 

(fPAH)

13 adult PAH patients :  
exposure to drugs or toxins

59 PVOD

59 PVOD patients
(3 pediatric cases/56 adult

cases)

Fig.1. Flow chart of patients analyzed in this study. PH= Pulmonary hypertension. PAH = Pulmonary arterial hypertension. 
PVOD= pulmonary veino-occlusive disease.



Gene Mutation 
Category 

Nucleotide 
change 

Amino Acid change Clinically defined 
disease  

References 

BMPR2 Nonsense c.39G>A p.Trp13* sporadic PAH [1] 

BMPR2 Nonsense c.244C>T p.Gln82* sporadic PAH [2] 

BMPR2 Splice-site c.248-2A>G p. ? sporadic PAH [3] 

BMPR2 Frameshift c.350dupG p.Cys117Trpfs*3 sporadic PAH This study 

BMPR2 Missense c.367T>A p.Cys123Ser sporadic PAH [3] 

BMPR2 Splice-site c.418+1del p. ? sporadic PAH This study 

BMPR2 Nonsense c.439C>T p.Arg147* fPAH, sporadic PAH [3] 

BMPR2 Nonsense c.491del p.Leu164* sporadic PAH This study 

BMPR2 Nonsense c.631C>T p.Arg211* sporadic PAH [3] 

BMPR2 Nonsense c.961C>T p.Arg321* sporadic PAH [3] 

BMPR2 Splice-site c.968-12T>G p.Asp323Valfs*15 sporadic PAH This study 

BMPR2 Nonsense c.994C>T p.Arg332* fPAH [3] 

BMPR2 Missense c.1118C>T p.Ala373Val sporadic PAH This study 

BMPR2 Missense c.1471C>T p.Arg491Trp 4 sporadic PAH , 
fPAH,  

[3] 

BMPR2 Nonsense c.1483C>T p.Gln495* sporadic PAH [3] 

BMPR2 Nonsense c.2359G>T p.Gly787* sporadic PAH This study 

BMPR2 Nonsense c.2617C>T p.Arg873* fPAH [3] 

BMPR2 Nonsense c.2695C>T p.Arg899* fPAH, sporadic PAH [3] 

BMPR2 Deletion c.(?_-
1148)_(76+1

_77-1)del 

p.? 2 sporadic PAH [3] 

BMPR2 Deletion c.(?_-
1148)_(1276

+1_1277-
1)del 

p.? sporadic PAH This study 

BMPR2 Deletion c.(1276+1_12
77-

1)_(1413+1_
1414-1)del 

p. ? sporadic PAH [3] 

BMPR2 Deletion c.(76+1_77-
1)_(247+1_2

48-1)del 

p.? sporadic PAH [3] 

BMPR2 Deletion c.(76+1_77-
1)_(418+1_4

19-1)del 

p.? fPAH [3] 

BMPR2 Deletion c.(1276+1_12
77-

1)_(1413+1_
1414-1) 

p. ? sporadic PAH [3] 

ACVRL1 Missense c.1120C>T p.Arg374Trp sporadic PAH [4] 

ACVRL1 Missense c.1450C>T p.Arg484Trp sporadic PAH [5] 

TBX4 Nonsense c.121G>T p.Gly41* sporadic PAH This study 

TBX4 Frameshift c.143dup p.Pro50Thrfs*24 sporadic PAH This study 

TBX4 Frameshift c.153_181del p.Val54Hisfs*10 
 

sporadic PAH This study 

TBX4 Frameshift c.1458dup p.Pro487Alafs*16 sporadic PAH This study 

TBX4 Deletion c.(549+1_550
-

1)_(702+1_7
03-1) 

p. ? sporadic PAH This study 

BMP9 Nonsense c.451C>T p.Arg151* sporadic PAH This study 



BMP9 Frameshift c.990delinsG
T 

p.Ser331Phefs*22 sporadic PAH This study 

SMAD9 Deletion c.(?_-
186)_(*3846

_?)del 

p.? sporadic PAH This study 

BMP10 Nonsense c.370C>T p.Arg124* sporadic PAH This study 

EIF2AK4 Missense c.361G>A 
coumpound 

HTZ 

p.Val121Met PVOD [6] 

EIF2AK4 Nonsense c.951G>A p.Trp317* PVOD This study 

EIF2AK4 Nonsense c.1387C>T p.Arg463* PVOD [7] 

EIF2AK4 Missense c.1754G>A 
HMZ 

p.Arg585Gln PVOD [7] 

EIF2AK4 Frameshift c.2475_2476
del HMZ 

p.Trp826Glufs*15 PVOD This study 

EIF2AK4 Missense c.2968C>T 
HMZ 

p.Pro990Ser PVOD This study 

EIF2AK4 Nonsense c.3097C>T 
compound 

HTZ 

p.Gln1033* PVOD [8] 

EIF2AK4 Nonsense c.3406C>T 
HMZ 

p.Arg1136* PVOD [7] 

EIF2AK4 Frameshift c.4205dup 
HMZ 

p.Ser1403Lysfs*45 PVOD [7] 

EIF2AK4 Frameshift c.4593del 
compound 

HTZ 

p.Ile1533Leufs*2 PVOD This study 

EIF2AK4 Nonsense c.4769del 
compound 

HTZ 

p.Leu1590* PVOD [8] 

 
 
Supplementary Table 1. Mutations identified in the cohort. 
When the same mutation was identified in more than one patient of the study, the number of 
patients is mentioned in the column “clinically defined disease”. 
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BMP10 Homo sapiens                300 LQMRSNIIYDSTARIRRNAKGNYCKRTPLYIDFKEIGWDSWIIAPPGYEAYECRGVCNYP 359 

BMP10 Pan troglodytes             300 LQMRSNIIYDSTARIRRNAKGNYCKRTPLYIDFKEIGWDSWIIAPPGYEAYECRGVCNYP 359 

BMP10 Felis catus                 300 LQMRSNIIYDSTARIRRNAKGNYCKRTPLYIDFKEIGWDSWIIAPPGYEAYECRGVCNYP 359 

BMP10 Ictidomys tridecemlineatus  298 LQMRSNIIYDSTARIRRNAKGNYCKRTPLYIDFKEIGWDSWIIAPPGYEAYECRGVCNYP 357 

BMP10 Equus caballus              300 LQMRSNIIYDSTARIRRNAKGNYCKRTPLYIDFKEIGWDSWIIAPPGYEAYECRGVCNYP 359 

BMP10 Camelus ferus               300 LQMRSNIIYDSTARIRRNAKGNYCKRTPLYIDFKEIGWDSWIIAPPGYEAYECRGVCNYP 359 

BMP10 Canis lupus familiaris      300 LQMRSNIIYDSTARIRRNAKGNYCKRTPLYIDFKEIGWDSWIIAPPGYEAYECRGVCNYP 359 

BMP10 Cavia porcellus             300 LQMRSNIIYDSTARIRRNAKGNYCKRTPLYIDFKEIGWDSWIIAPTGYEAYECRGVCNYP 359 

BMP10 Rattus norvegicus           297 LQMRSNMIDDSTARIRRNAKGNYCKKTPLYIDFKEIGWDSWIIAPPGYEAYECRGVCNYP 356 

BMP10 Mus musculus                297 LQMRSNMIDDSSARIRRNAKGNYCKKTPLYIDFKEIGWDSWIIAPPGYEAYECRGVCNYP 356 

BMP10 Xenopus laevis              297 LQMRSNIIYDASSRIRRNAKGNYCKKTPLYIDFSEIGWNSWIIAPQGYEAYECRGVCSYP 356 

                                      ******:* *:::************:*******.****:****** ***********.** 
 

 
Supplementary table 2. Alignment of BMP10 sequences in mammalian species and xenopus laevis. The 
human Arginine residue 353 mutated into Cysteine in one patient is conserved in all species tested and 
is boxed. 
 



c.968-12T>G

Wt

A.

B.

r.968-11_968-1ins,p.Asp323Valfs*15

c.968-12T>G

AG TATCCAAACAGATCA…….…..GGAG

GGAGTATCCAAACAGATCA

Exon 7 Exon 8

Supplementary figure 1. Analysis of splicing variant c.968-12T>G.(A) In silico analysis by splicing predictions tools Splice Site Finder,
MaxEntScan, Nnsplice, GeneSplicer and Human Splicing Finder. The c.968-12T>G variant was predicted to create a cryptic acceptor site by
one prediction tool (Human Splicing Finder) (B) Consequences at the cDNA level of the c.968-12T>G variant. This variant leads to the
inclusion of the last 11 bases of intron 7 into the mature mRNA. The signal of the alternatively spliced mRNA is low compared to the
normal mRNA likely because of its degradation by non-sense mediated mRNA decay.
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