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Abstract
Pulmonary arterial hypertension (PAH) is a rare disease that can be caused by (likely) pathogenic germline
genomic variants. In addition to the most prevalent disease gene, BMPR2 (bone morphogenetic protein
receptor 2), several genes, some belonging to distinct functional classes, are also now known to predispose
to the development of PAH. As a consequence, specialist and non-specialist clinicians and healthcare
professionals are increasingly faced with a range of questions regarding the need for, approaches to and
benefits/risks of genetic testing for PAH patients and/or related family members. We provide a consensus-
based approach to recommendations for genetic counselling and assessment of current best practice for
disease gene testing. We provide a framework and the type of information to be provided to patients and
relatives through the process of genetic counselling, and describe the presently known disease causal genes
to be analysed. Benefits of including molecular genetic testing within the management protocol of patients
with PAH include the identification of individuals misclassified by other diagnostic approaches, the
optimisation of phenotypic characterisation for aggregation of outcome data, including in clinical trials,
and importantly through cascade screening, the detection of healthy causal variant carriers, to whom
regular assessment should be offered.

Pulmonary arterial hypertension
Pulmonary arterial hypertension (PAH) is a rare and severe disorder characterised by the obliteration of
remodelled pulmonary microvessels resulting in increased pulmonary vascular resistance (PVR),
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progressively elevated pulmonary arterial pressure (PAP), right ventricle hypertrophy and failure as well as
death if untreated [1]. PAH has been traditionally defined haemodynamically by mean PAP (mPAP)
⩾25 mmHg, pulmonary arterial wedge pressure ⩽15 mmHg and PVR >3 WU [2]. The cut-off of
25 mmHg exceeds the upper limit of a normal mPAP, i.e. 20 mmHg, which was suggested as a new
cut-off value for diagnosing pulmonary hypertension during the Sixth World Symposium on Pulmonary
Hypertension in 2018 [3] and was recently accepted as a new haemodynamic cut-off in addition to PVR
>2 WU [4]. Patients with PAH present with non-specific symptoms (fatigue, dyspnoea on exertion, chest
pain and (pre)syncope) that often lead to a delay in seeking medical advice by the patient and referral
delay by the physician often resulting in the appropriate diagnosis at already advanced stages of the
disease, leading to a worse prognosis. The mean delay between onset of symptoms and diagnosis of
2.8 years could be shortened by a greater awareness of this disease among clinicians [5]. Available
vasodilator drugs targeting nitric oxide, endothelin and prostacyclin pathways fail to cure the disease. New
agents are being tested in clinical trials addressing underlying molecular mechanisms to meet the urgent
need for new therapeutic targets [6, 7]. This set of new drugs underscores the importance of a thorough
molecular characterisation of our patients to understand if subsets of patients respond or do not respond to
particular treatments.

The first description of PAH as a distinct entity was made by Ernst von Romberg, a German physician
who described the pulmonary vascular disease as “pulmonary vascular sclerosis” on autopsy in 1891 [8].
Since the mid-1900s, when right heart catheterisation (RHC) became possible, idiopathic PAH (IPAH,
called primary pulmonary hypertension (PPH) at that time) was recognised. PAH has an incidence between
2.5 and 7.5 cases per million per year and a prevalence ranging from 15 to 50 per million, according to the
French [5] and Scottish registries [9]. In the US REVEAL registry and the US PAH Biobank, patients with
PAH associated with other conditions (APAH) comprised the largest subpopulation (50.7% and 48.2%,
respectively), followed closely by IPAH [10]. Connective tissue disease accounted for half of the APAH
cases [11].

A possible genetic origin was described in 1954 by DRESDALE et al. [12], who observed familial cases. In
the 1980s, an autosomal dominant mode of inheritance was described in 14 families with PPH/PAH [13].
In the late 1990s and in 2000, the PPH1 locus was mapped to chromosome 2q31–32 [14, 15], later in
2000 to 2q33 [16], and in 2000, heterozygous pathogenic germline variants in the bone morphogenetic
protein receptor type 2 (BMPR2) gene were found to be responsible for the majority of familial PAH
(FPAH) cases [17, 18]. This finding opened a new era, highlighting the genetic causes of PAH, leading to
the identification of several other genes associated with PAH. This process resulted in the refinement of
the clinical classification of PAH, with heritable PAH (HPAH) categorised as a distinct subcategory of
Group 1 (PAH) during the Fourth World Symposium on Pulmonary Hypertension in 2008 [19]. In the
most recent classification of pulmonary hypertension, this distinction remains, including subtypes for IPAH
(Group 1.1) and HPAH (Group 1.2) (table 1) [3, 4]. About 3% of all PAH patients are characterised as
HPAH and around 40% as IPAH [5, 11].

Data from several PAH registries show a consistent female predominance; on average 70–80% of patients
are female, with variation according to the subgroup, e.g. up to 90% are female in connective tissue
disease APAH (Group 1.4.1) [20, 21]. While variable across registries, female predominance may be less
apparent or even absent in elderly patients in particular with a smoking history [22–24] and in pre-pubertal
children [25]. In younger adult patients, the disease prevalence is also less biased, with twice as many
females compared with males [26].

Genetics of PAH
The term HPAH includes familial cases of PAH and sporadic cases when there is an underlying (likely)
pathogenic variant in a predisposing gene. In about 70–87% of FPAH and 12–20% of IPAH patients a
genetic cause can be identified in the currently known PAH genes [10, 27, 28]. HPAH is most often
caused by heterozygous pathogenic variants in the BMPR2 gene, encoding a member of the bone
morphogenetic protein receptor family of transmembrane serine/threonine kinases (BMPR2). Pathogenic
variants in this gene predispose to a narrowing of the small pulmonary arteries by driving cell proliferation
and preventing apoptosis. Vascular remodelling results in increased proliferation of pulmonary arterial
smooth muscle cells and fibroblasts. This can lead to the formation of neointimal lesions and complex
plexiform lesions where nests of proliferating endothelial cells are also seen. More than 800 different,
independent pathogenic BMPR2 variants have been identified to date [29, 30]. In addition, by 2018 a total
of 17 PAH genes had been acknowledged at the Sixth World Symposium on Pulmonary Hypertension
[31]. Many of these genes have been shown to belong to or to be associated with the BMPR2/transforming
growth factor (TGF)-β pathway.
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The main pattern of inheritance in PAH is autosomal dominant with incomplete penetrance. Thus, one
inherited or newly arisen (de novo) variant can be sufficient to lead to disease development. However, not
all heterozygous individuals develop PAH. For BMPR2 variants the penetrance has been estimated to be
around 30%, with 42% of heterozygous women and 14% of heterozygous men developing PAH [32].
Hence, for BMPR2 the penetrance is also sexually dimorphic, with the penetrance for PAH in female
BMPR2 variant carriers being at least twice that of male variant carriers [30]. Thus, the disease may “skip”
a generation and manifest again in the following generation [33].

Of note, a few PAH genes can also be autosomal recessively inherited or act semidominantly. Patients with
biallelic variants have been shown to present with more severe and earlier onset clinical phenotypes
[27, 34, 35].

In contrast to classical PAH, the heritable form of pulmonary veno-occlusive disease (PVOD) and/or
pulmonary capillary haemangiomatosis (PCH) is characterised by autosomal recessive inheritance due to
biallelic pathogenic variants in the eukaryotic translation initiation factor 2α kinase 4 gene (EIF2AK4) [36–
39]. While PVOD patients usually present with reduced diffusing capacity of the lung for carbon
monoxide (DLCO) and abnormalities in computed tomography (CT), heritable PVOD patients are in
addition characterised by an earlier age of onset than PVOD patients without biallelic EIF2AK4 variants
[39, 40].

TABLE 1 2022 classification of pulmonary hypertension [4]

1 PAH
1.1 Idiopathic PAH
1.1.1 Non-responders at vasoreactivity testing
1.1.2 Acute responders at vasoreactivity testing

1.2 Heritable
1.3 Associated with drugs and toxins
1.4 Associated with:
1.4.1 Connective tissue disease
1.4.2 HIV infection
1.4.3 Portal hypertension
1.4.4 Congenital heart disease
1.4.5 Schistosomiasis

1.5 PAH with features of venous/capillary (PVOD/PCH) involvement
1.6 Persistent pulmonary hypertension of the newborn syndrome

2 Pulmonary hypertension associated with left heart disease
2.1 Pulmonary hypertension due to heart failure
2.1.1 With preserved ejection fraction
2.1.2 With reduced or mildly reduced ejection fraction

2.2 Valvular heart disease
2.3 Congenital/acquired cardiovascular conditions leading to post-capillary pulmonary hypertension

3 Pulmonary hypertension associated with lung diseases and/or hypoxia
3.1 Obstructive lung disease or emphysema
3.2 Restrictive lung disease
3.3 Lung disease with mixed restrictive/obstructive pattern
3.4 Hypoventilation syndromes
3.5 Hypoxia without lung disease (e.g. high altitude)
3.6 Developmental lung disorders

4 Pulmonary hypertension associated with pulmonary artery obstructions
4.1 Chronic thromboembolic pulmonary hypertension
4.2 Other pulmonary artery obstructions

5 Pulmonary hypertension with unclear and/or multifactorial mechanisms
5.1 Haematological disorders
5.2 Systemic disorders
5.3 Metabolic disorders
5.4 Chronic renal failure with or without haemodialysis
5.5 Pulmonary tumour thrombotic microangiopathy
5.6 Fibrosing mediastinitis

PAH: pulmonary arterial hypertension; PVOD: pulmonary veno-occlusive disease; PCH: pulmonary capillary
haemangiomatosis.
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Genetic testing in PAH with and without associated conditions
Genetic testing may help clinicians to better characterise the phenotype of PAH patients and identify
potentially misclassified patients, facilitating appropriate management. Considering that individuals with
BMPR2 pathogenic variants, on average, develop PAH at a younger age, present with a more compromised
haemodynamic profile and carry a higher risk of death or lung transplantation [41], a genetic diagnosis
may have significant consequences for clinical management and therapeutic strategies. For example, more
frequent monitoring may be recommended, to allow for early therapy escalation and/or starting with
combination therapy. Furthermore, genetic testing can be helpful for risk stratification of family members
and it may allow for reproductive options such as pre-implantation genetic testing.

PVOD/PCH can be difficult to diagnose, and is characterised by radiological abnormalities, low DLCO and
poor response to PAH therapies [42]. PVOD/PCH has likely been underdiagnosed as distinguishing
features may not be apparent in early stages of disease. Biallelic EIF2AK4 pathogenic variants represent at
least 25% of all PVOD/PCH cases [43]. Genetic testing may identify biallelic EIF2AK4 variants in patients
misclassified as having IPAH [39, 44]. As PVOD/PCH patients have a poor prognosis and can develop
pulmonary oedema with PAH therapies, genetic testing could identify these misclassified patients, allowing
appropriate management and early referral for lung transplantation as rapid disease progression in
EIF2AK4 patients has been reported [39, 45]. PVOD/PCH has also been described more frequently in
consanguineous families [36, 38].

The development of PAH in patients with hereditary haemorrhagic telangiectasia (HHT) (Osler–Weber–
Rendu disease) led to the identification of other PAH-predisposing genes: activin A receptor type II-like
kinase 1 (ACVRL1), endoglin (ENG) and mothers against decapentaplegic homologue 4 (SMAD4). These
genes also belong to the BMP/TGF-β family. The cardinal features of HHT are mucocutaneous
telangiectasias, recurrent epistaxis, macroscopic arteriovenous malformations and, in rare cases, PAH. HHT
is autosomal dominantly transmitted with onset around puberty and essentially complete penetrance of
HHT by the age of 60 years, although there is a much lower penetrance for PAH. Only very few HHT
predisposing variant carriers with PAH older than 60 years have been described without any signs for
HHT [10]. In contrast, PAH associated with an ACVRL1 mutation is characterised by a young median age
of onset of 20 years and thus PAH may be the first obvious sign of subsequently developing HHT in these
young patients [46]. Indeed, genetic testing can identify these patients and facilitate the recognition of
HHT complications (arteriovenous malformations) in the patients and their relatives.

Several predisposing PAH genes are also associated with lung development abnormalities in children and
adults, such as T-box protein 4 (TBX4). This gene has been previously associated with small patella
syndrome (OMIM: 601719) with or without PAH, and is inherited in an autosomal dominant fashion with
incomplete penetrance and variable expressivity [47, 48]. An enrichment of pathogenic TBX4 variants has
been observed in paediatric PAH [49, 50]. Genetic diagnosis can assist in assessment of associated hip and
knee issues. Similarly, protein-truncating variants in the gene encoding vascular endothelial growth factor
receptor 2 (KDR) were identified in patients with interstitial lung disease in addition to PAH [48, 50–52].
In these conditions, PAH may be associated with low DLCO (KDR) or bronchial abnormalities (TBX4).
Genetic testing may help to differentiate these patients from Group 3 pulmonary hypertension due to
chronic lung diseases in particular if low DLCO is present together with a past smoking history [24, 53].

In patients with congenital heart disease APAH (Group 1.4.4), particularly in children with this condition,
pathogenic variants in the transcription factor SRY-box transcription factor 17 (SOX17) have been
identified in 3–7% of patients [54–56]. The majority of these patients presented with simple heart defects
such as arterial septal defects, patent ductus arteriosus, patent foramen ovale and ventricular septal defects
[54, 56]. In addition, chest CT abnormalities such as dilated, tortuous pulmonary vessels and ground-glass
opacities and haemoptysis were described in a subset of patients [56]. While pathogenic SOX17 variants
are more common in congenital heart disease APAH they have also been described in FPAH and IPAH
(table 2) [10, 27, 28, 56]. The same SOX17 variant was even identified in PAH patients from the same
family with and without associated congenital heart disease [57]. Similarly, pathogenic variants in
congenital heart disease APAH patients were not only identified in SOX17 but also in other PAH genes
such as TBX4 and BMPR2 [10].

Little evidence is available for patients with PAH associated with drugs and toxins (Group 1.3). Current
evidence shows that only patients with previous anorexigen intake may harbour pathogenic variants and
should, therefore, undergo genetic counselling and testing [58, 59]. For other specific drug or toxin
exposures only few cases with pathogenic variants were reported [60, 61]. In most other patients no
predisposing genetic variant was identified in addition to the drug or toxin exposure. For example, in a
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subset of more than 20 patients who ingested colza oil and subsequently developed PAH, no pathogenic
variant could be identified ( J.A. Tenorio-Castaño, personal communication). Similarly, in a subset of 13
PVOD patients with previous intermediate or high trichlorethylene exposure, no pathogenic variant could
be identified, whereas five out of 12 PVOD patients with absent or trivial exposure to the same substance
were carriers of biallelic EIF2AK4 variants [62].

Our recommendation is that genetic testing should be performed at least in patients with a family history of
PAH, patients with IPAH, patients with anorexigen-induced PAH and patients with congenital heart
disease APAH. Patients with suspected or confirmed PVOD/PCH and other developmental lung disorders
should also be offered genetic counselling and testing. Cascade genetic testing should be offered to
relatives of index cases with PAH with identified pathogenic/likely pathogenic variants according to the
guidelines of the American College of Medical Genetics and Genomics (ACMG) [63].

Currently there is insufficient evidence to recommend genetic testing for pulmonary hypertension patients
in Groups 2–5 (table 2). Only if there is familial aggregation of pulmonary hypertension or any of the
aforementioned differential diagnoses is being considered should genetic testing be offered.

Genetic testing and clinical screening for relatives of PAH patients
Regular screening and follow-up of at-risk family members of HPAH patients is particularly important to
diagnose HPAH at an early stage, initiate early treatment and hopefully improve prognosis. Asymptomatic
individuals at genetic risk should have regular clinical assessments. Screening assessments intervals may
vary between 6 months to 3 years, based on gene, assessment results, trajectory, gender and family history.
As soon as any symptoms such as breathlessness appear, a full clinical work-up should be immediately
conducted. Therefore, family members should be informed to be alert for these symptoms.

Screening should ideally be performed annually and include medical history, New York Heart Association/
World Health Organization dyspnoea class, physical examination, ECG, pulmonary function testing (PFT),
N-terminal pro-brain natriuretic peptide (NT-proBNP)/BNP and echocardiography [2]. In addition,
echocardiography during exercise and cardiopulmonary exercise testing (CPET) can provide valuable
additional information on PAP increase during exercise [15]. Subtle clinical changes may only be obvious
during exercise in an otherwise healthy individual [4]. An increase of systolic PAP >40 mmHg during mild
exercise has been demonstrated in 30% of family members of HPAH patients and in only 10% of controls
[64]. This hypertensive pulmonary response could indicate early vascular changes as only family members
with this response and a pathogenic BMPR2 variant subsequently developed manifest PAH [65]. Screening
intervals of asymptomatic variant carriers with a hypertensive exercise response may therefore be even
shorter than for individuals without a hypertensive exercise response.

TABLE 2 Number of reported disease-causing (pathogenic or likely pathogenic) variants across genes and pulmonary hypertension groups

Gene Group 1 PAH Group 2 Group 3 Group 4 Group 5

IPAH HPAH DPAH CTD
APAH

HIV
APAH

POPH CHD
APAH

Sch. APAH PVOD/
PCH

PPHN CTEPH Other

ACVRL1 20–25 5–10 <5 <5 <5
ATP13A3 20–25 <5 <5 <5 <5
BMPR2 >650 >350 <5 <5 <5 10–15 <5 <5 <5
CAV1 5–10 5–10 <5 <5 <5
EIF2AK4 10–15 5–10 <5 40–50
ENG 5–10 <5 <5 <5 <5
GDF2 50–60 <5 <5 <5
KCNK3 15–20 5–10 <5
KDR 5–10 <5 <5
SMAD9 15–20 <5 <5 <5 5–10
SOX17 30–40 <5 <5 <5 10–15
TBX4 70–80 5–10 <5 <5 10–15 10–15

PAH: pulmonary arterial hypertension; I/H/D: idiopathic/heritable/associated with drugs and toxins; APAH: associated PAH; CTD: connective tissue
disease; POPH: portopulmonary hypertension; CHD: congenital heart disease; Sch.: schistosomiasis; PVOD: pulmonary veno-occlusive disease; PCH:
pulmonary capillary haemangiomatosis; PPHN: persistent pulmonary hypertension of the newborn; CTEPH: chronic thromboembolic pulmonary
hypertension. Data compiled from [10, 27, 30, 50–52, 54, 56, 57, 80, 81, 98–106].
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An absolute minimum screening should include NT-proBNP/BNP levels, which may be checked by the
local general practitioner, and anamnesis via phone by the treating pulmonary hypertension expert, albeit at
shorter intervals such as every 6 months. While this more frequent minimum screening is less burdensome
and costly for the family member, it cannot substitute for a full clinical screening with the full set of the
aforementioned assessments, which should then be conducted at less frequent time intervals.

Regular screening can help to identify family members at risk who can be offered diagnostic RHC [66].
Therefore, informing the patient of the familial implications and providing genetic counselling to interested
family members is a medico-legal responsibility once a (likely) pathogenic variant has been identified in a
PAH proband. A starting point is the family history and pedigree. With consent of the PAH patient,
first-degree family members should be offered genetic counselling and testing. During genetic counselling
disadvantages of knowing about a potential genetic predisposition also have to be addressed (see the later
section on genetic counselling). By identifying those variant carriers with PAH in a given family further
insight may be gained regarding possible second hits of a genetic, epigenetic or environmental nature,
providing clues about disease penetrance [67].

A recent study (DELPHI-2) performed annual screening in asymptomatic BMPR2 mutation carriers
including clinical assessment, ECG, PFT, DLCO measurement, 6-min walk test, CPET, chest radiography,
echocardiography and NT-proBNP level [68]. In addition, an optional RHC at rest and exercise was
performed at baseline. 55 subjects (median age 37 years) were included. At baseline, no PAH was
suspected based on echocardiography and NT-proBNP levels. All subjects accepted the optional RHC at
inclusion, which identified two mild PAH cases (3.6%) and 12 subjects with exercise pulmonary
hypertension (21.8%). At long-term follow-up (>5 years), three additional cases were diagnosed who were
still in functional class I–II. In these patients, echocardiography and NT-proBNP were useful in detecting
mildly symptomatic PAH with more severe haemodynamic impairment. In clinical practice, screening is
often extended to include mildly symptomatic patients and these data suggest that echocardiography
remains a useful screening tool in this setting. Also in DELPHI-2, patients with exercise pulmonary
hypertension at baseline seemed to be at higher risk for developing PAH than patients with normal
haemodynamics at rest and exercise [68]. Finally, a PAH incidence in BMPR2 mutation carriers of 2.3%
per year (0.99% per year in men and 3.5% per year in women) was calculated for the first time. All PAH
cases remained at low-risk status on oral therapy at last follow-up, illustrating the benefit of an early
detection. International multicentre studies are needed to define the best multimodal screening programmes
and follow-up intervals to allow early detection and effective treatment of PAH, and to accurately estimate
the numbers of at-risk family members who develop disease across the lifespan and by sex.

Which PAH genes should be included in genetic testing?
In addition to BMPR2 as the gene responsible for the largest proportion of HPAH, pathogenic variants in
its co-receptors activin receptor-like kinase 1 (ACVRL1) and endoglin (ENG) are found predominantly in
patients with HHT, of whom around 2% also develop PAH [69, 70]. Moreover, heterozygous or biallelic
pathogenic variants in a ligand of BMPR2, i.e. bone morphogenetic protein 9 (GDF2) [35], and the
BMPR2 downstream pathway gene SMAD9 [71] are less common genetic causes of PAH.

Apart from BMPR2 pathway genes, disease-causing variants in genes strongly associated with PAH have
also been identified in genes that encode a plasma membrane protein (caveolin-1 (CAV1)), a potassium
channel protein (KCNK3) and an ion channel protein (ATP13A3) [28, 72, 73]. For KCNK3, ATP13A3 and
GDF2, not only monoallelic but also biallelic variants have been described with a more severe presentation
of the respective patients [27, 34, 35, 74].

The transcription factor genes SOX17 and TBX4 have been implicated in PAH often manifesting already in
childhood [28, 47, 49]. As detailed earlier, EIF2AK4 should also be analysed to help to clarify a diagnosis
of PVOD/PCH particularly in patients with CT abnormalities and low DLCO. Another subset of PAH
patients with low DLCO and parenchymal lung abnormalities may carry a pathogenic variant of the KDR
gene, a result consistent with the findings obtained by Bayesian inference on the DLCO phenotype [51, 52].

The ClinGen Pulmonary Hypertension Gene Curation Expert Panel has identified the aforementioned
genes (ACVRL1, ATP13A3, BMPR2, CAV1, EIF2AK4, ENG, GDF2, KCNK3, KDR, SMAD9, SOX17 and
TBX4) as having a “strong” or “definitive” gene–disease relationship (personal communication; www.
clinicalgenome.org). Three genes were classified as having a “moderate” gene–disease relationship,
including the only recently identified potassium channel gene ABCC8 [75], the vitamin K pathway gene
GGCX [10] and a gene involved in DNA methylation regulation by catalysing the conversion of
methylcytosine to 5-hydroxymethylcytosine TET2 [76]. Finally, six additional genes involved in PAH have
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been recently reported and so far identified in only a few PAH patients. Therefore, they have limited
evidence for a gene–disease relationship. These genes include the water channel aquaporin-1 gene AQP1
[28], the transcription factor gene KLF2 [77], the BMPR2 ligand gene BMP10 [78], the kallikrein-1 gene
KLK1 [10], the extracellular matrix gene fibulin 2 gene FBLN2 and the platelet-derived growth factor
(PDGF)-D gene PDGFD [79]. Thus, since the Sixth World Symposium on Pulmonary Hypertension, the
list of PAH genes has grown steadily. The genes with a strong recommendation for inclusion on the PAH
panel are underlined in figure 1.

How should testing be performed?
The clinical features of the patient and family history may guide the genetic testing chosen. Depending on the
resources available, genetic testing should start with an affected individual and include BMPR2 at a minimum.
A PAH gene panel sequencing approach should be employed that includes BMPR2 as well as at least all
“strong” evidence PAH genes as defined by the ClinGen Pulmonary Hypertension Gene Curation Expert
Panel using next-generation sequencing as a “gold standard”. This approach replaces the previous stepwise
method of using sequential Sanger sequencing of selected genes due to lower costs and greater efficiency of
panel testing with next-generation sequencing [80]. The gene list should be revised as additional genes are
identified. PAH patients who had received testing of only a limited number of genes in the past should be
offered a new round of sequencing [81]. In addition, testing should include methods for large genomic
rearrangements screening, including copy number variations. Methods such as multiplex ligation-dependent
probe amplification, quantitative PCR, digital droplet PCR and microarrays (mainly comparative genomic
hybridisation arrays and single nucleotide polymorphism arrays) are the “gold standard” techniques.
Alternatively, sequence-based methods such as whole-exome sequencing (WES) and gene panel sequencing
can also be used to quantify read counts to assess intragenic or whole-gene deletions or duplications,
particularly regarding BMPR2, ACVRL1, ENG and TBX4, since these occur frequently in these genes.

For children, familial cases or PAH patients with a congenital anomaly regardless of age without an
identified pathogenic variant after gene panel testing including all disease genes for the condition, WES or
whole-genome sequencing (WGS) can be useful and should include parents to better assess de novo
variants in offspring employing a trio-WES or trio-WGS strategy. Once a (likely) pathogenic variant is
identified in the family, targeted testing can be performed for the familial variant in symptomatic or
asymptomatic family members. Variants should be classified according to ACMG guidelines [63] and
submitted to the ClinVar database (www.ncbi.nlm.nih.gov/clinvar) by the diagnostic laboratory.

How are the genetic test results derived and how is the report interpreted?
After the blood/saliva/buccal swab sample of the proband together with all required signed consent forms
for genetic testing arrive in the genetic diagnostic laboratory, genomic DNA is extracted. Sequence data are
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FIGURE 1 Main genes recommended to be included in genetic testing of pulmonary arterial hypertension
(PAH) patients and their relatives. The underlined genes are the genes which should definitely be included in
the PAH gene panel. The other genes may be included but results should be interpreted with caution as they
await further supporting evidence. #: genes associated with hereditary haemorrhagic telangiectasia (Osler–
Weber–Rendu disease); ¶: gene associated with pulmonary veno-occlusive disease/pulmonary capillary
haemangiomatosis; +: genes associated with lung development abnormalities. BMP: bone morphogenetic
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generated for the genes requested. The sequences are aligned and compared with databases of known
benign variants. Rare variants and copy number variations are classified using defined criteria, such as
those outlined by the ACMG guidelines [63]. The criteria assess different aspects of the variant and
consider: 1) variant frequency in the general population (i.e. the gnomAD genome aggregation database;
https://gnomad.broadinstitute.org) and in the affected patient population; 2) predicted impact of a
nucleotide change leading to an amino acid substitution, premature stop codon, alternate splicing leading to
skipping of an exon or inclusion of an intron, deletion or insertions of amino acids; 3) location of the
variant within important protein domains; 4) published functional studies for the given variant;
5) co-segregation of the variant with the disease in the family; 6) de novo appearance of the variant in the
proband; 7) pathogenicity prediction according to in silico bioinformatic tools; and 8) pattern of
inheritance of the variants and disease mode of inheritance.

According to these criteria each variant is classified as benign (class I), likely benign (class II), variant of
uncertain significance (class III), likely pathogenic (class IV) or pathogenic (class V) [82]. Class IV and V
variants are considered to be likely causative for the disease, while class I and II variants are considered
not to be disease causing. Variants with either insufficient or conflicting evidence are classified as variants
of uncertain significance.

For example, variants present in more than 1% of the general population are considered benign for PAH
(class I), while a rare variant (less than 0.001%) that has never been described in a healthy individual but
has been observed in other PAH patients and was functionally shown to reduce or abolish protein function
would be classified as a pathogenic variant (class V). In between (likely) benign and (likely) pathogenic
variants are those variants of uncertain significance (class III). For these variants not enough evidence is
available to upgrade or downgrade them to give them a clear benign or pathogenic character. Such variants
should be re-evaluated at regular intervals, e.g. every 3 years, to consider newly published data such as
functional evidence or additional cases in patients or controls. In addition, co-segregation with the disease
in further affected family members can add helpful information. Association of a class III variant with a
pathogenic variant on the other allele of a gene whose biallelic loss of function is lethal is of great help.
Also, segregation of the variant in the parents can inform about its inherited or de novo nature. Pulmonary
hypertension experts may monitor the ClinVar public database for further information of a specific variant
or contact laboratories to request a re-evaluation if it is not done automatically. The large majority of these
variants will eventually be downgraded to likely benign variants as they are discovered in further healthy
control probands. Variants of uncertain significance are not to be acted on clinically and pre-implantation
diagnostics for these variants should not be performed.

To correctly classify such variants and interpret the results appropriately, laboratories performing genetic
testing should ideally be certified by an official agency and participate in regular quality control for the
genomic studies by external agencies (e.g. the European Molecular Quality Network (EMQN); www.
emqn.org) to adhere to all regulations, and use established and accepted methods for sample handling,
sequencing, data analyses and reporting. Depending on the country and the regulatory agency, the final
genetic diagnostic report is approved and signed by at least one professionally trained human geneticist.

Genetic counselling
Genetic testing for symptomatic individuals should be performed in PAH centres of excellence. The
multidisciplinary team should include clinicians with expertise in genetics, including cardiologists,
pulmonologists, geneticists and genetic counsellors. Policies and regulations about who can order genetic
testing differ by country. Pre-symptomatic genetic testing of asymptomatic individuals should include a
genetic professional consultation to explore understanding of the genetic test, implications of a positive or
negative result, risk of disease based upon age/gender/genetic status and actions to be taken if genetic
results are positive (surveillance and possible reproductive decisions). Pre-symptomatic genetic testing in
minors/adolescents should be carefully considered to preserve the right to an open future for the child
since there is not a proven method of disease prevention and because penetrance is incomplete. A healthy
child with a pathogenic variant may unconsciously be treated differently by his/her parents compared with
siblings without such predisposition. This should be carefully discussed during genetic counselling, in
particular considering the incomplete penetrance of PAH-associated variants. Thus, the most immediate
benefits for the child at hereditary risk would be to obviate the need for clinical assessments and the relief
of anxiety in the case of a negative test result. Not all countries allow genetic testing of minors for genetic
conditions associated with PAH. When appropriate, based upon the maturity of the adolescent, the
adolescent and the parents should all be included in the discussion to ensure the opinions of the adolescent
are considered. If a genetic test identified a familial variant, pre-implantation diagnostics may be discussed.
While pregnancy itself is to be avoided in female PAH patients [2], it is being debated as a trigger for
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disease onset in asymptomatic variant carriers [83, 84]. Because there is no proven way to prevent or cure
PAH, genetic counselling is important to explore whether the individual is psychologically prepared to
determine his/her genetic status and the availability of emotional support. Although many countries have
laws protecting against genetic discrimination, these laws do not necessarily cover life insurance, private
health insurances, disability insurance or long-term care and therefore exploring insurance policies prior to
genetic testing is a consideration. Any positive result revealing a genetic predisposition could possibly lead
to a rejection of a new insurance policy or a higher premium.

Upon return of the results, many individuals who test positive are concerned because of the poorer
prognosis associated with some PAH genes (i.e. BMPR2) and/or worries/guilt about having passed it onto
their children. Even those who test negative may need time to adjust to “survivor guilt”. Those who test
negative for a pathogenic variant in the family do not have to be concerned about genetic testing for any of
their descendants since the pathogenic variant cannot be transmitted from someone who does not carry the
variant. In contrast, variant carriers have a 50% chance of passing the variant to their offspring. Specific
genetic counselling should be given for recessive autosomal transmission of EIF2AK4-linked PVOD/PCH.
25% of the offspring will be carriers of biallelic pathogenic variants when both parents carry a single
heterozygous pathogenic variant. Moreover, the risk of consanguineous unions should be explained to
families with pathogenic EIF2AK4 variants. Carrying a pathogenic variant of EIF2AK4 on a single allele
is not considered sufficient to lead to disease onset. Disseminating information about genetic test results to
family members can be challenging due to the complex nature of the information, guilt and family
dynamics [85]. Genetic professionals can act as a critical liaison for families to educate and counsel family
members once a (likely) pathogenic variant has been identified. The path of genetic counselling and testing
is illustrated in figure 2.

For some patients and relatives, access to testing can be difficult. In some countries, insurance may not
cover genetic counselling and testing despite the benefits for the proband. This situation can be even worse
in minority or underprivileged communities. Thus, registration of the patient in a PAH expert centre may
help to overcome these obstacles.

Areas of uncertainty
While PAH is a disease with a mainly autosomal dominant inheritance pattern, a few patients have been
described in whom more than one pathogenic variant in different genes was present and might contribute
to disease manifestation. For example, these so-called oligogenic cases have been described in a family
with a BMPR2 frameshift variant and an EIF2AK4 exon-skipping variant [86]. An earlier study had
reported a severe case of PAH in a child with a BMPR2 and a KCNA5 variant [87]. Thus, in rare cases
two variants may increase the severity of the disease or lead to an earlier age of onset of PAH. However,
the contribution of this potential oligogenic inheritance remains to be established in PAH.

It is unknown whether the substantial variation usually observed among PAH patients in response to
available treatments might be determined, at least in part, by genetic predisposition. More than a decade
ago it was already shown that BMPR2 variant carriers rarely respond acutely to vasodilators and are hence
less likely to benefit from calcium channel blocker therapy [88, 89]. Relatively few studies focused on
gene variants that may interact with drug responses to PAH therapies. BENZA et al. [90] demonstrated that
variants in endothelin metabolism may predict outcomes in PAH patients treated with endothelin receptor
antagonists. Two recent case series explored the hypothesis that BMPR2 pathogenic variants may be
associated with a reduced haemodynamic response to inhaled or parenteral prostanoids [91, 92]. The
conclusions were different, but it is interesting to notice that the different results might be related to
the aggressiveness of the therapeutic approach. These efforts might ultimately provide a step towards the
application of precision medicine in PAH. In this regard, it will be interesting to determine whether
patients with a genetic risk show a differential response to novel emerging drugs which aim to reduce
cellular proliferation and vascular remodelling through the BMP pathway (e.g. sotatercept [6]) or the
PDGF receptor pathway (e.g. the inhaled tyrosine kinase inhibitor seralutinib [7]).

Patients with persistent pulmonary hypertension of the newborn (Group 1.6 [4]) often present with
complex comorbidities or disorders and may harbour genetic variants in developmental genes [55]. The
exact influence of the genes on the phenotype of the patients, apart from the acknowledged PAH genes
such as TBX4 and BMPR2, remains to be established [93, 94].

Patients with congenital heart disease APAH may present with a diverse range of cardiac phenotypes. How
much the specific cardiac defects contribute to PAH or whether there are pleiotropic effects of some genes
on cardiac and pulmonary vascular development remains to be determined. Among patients with
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congenital heart defects, those patients with a defect repaired early and APAH may be more likely to
harbour a pathogenic variant.

PVOD/PCH is defined by clear clinical characteristics in CT, reduced DLCO and in hereditary forms by
biallelic EIF2AK4 pathogenic variants. EIF2AK4 variants have also been reported in a limited number of
PAH patients which may have been unrecognised PVOD patients [39]. Interestingly, protein expression of
EIF2AK4 was similarly reduced in BMPR2 heterozygotes and sporadic PVOD patients without variants in
EIF2AK4 [40]. The presence of an additional EIF2AK4 variant in BMPR2 heterozygotes explaining the
disease penetrance in a HPAH family could also point towards an autosomal dominant contribution of
EIF2AK4 mutations in some cases [86]. Thus, despite being characterised as two different forms of PAH,
one might speculate that PVOD and PAH are a spectrum of the same disease. An 8-year follow-up of a
sibling with two sisters with PVOD illustrated pulmonary arterial remodelling as a first sign of a lung
disease with mild dyspnoea without elevated PAP, while after 8 years lung transplantation revealed
pronounced venous remodelling and capillary proliferation [95]. This hypothesis is also supported by a
PVOD-like phenotype, which has been described in BMPR2 mutation carriers [96, 97] and which has even
received an OMIM entry (265450) prior to the detection of EIF2AK4 as a genetic cause for PVOD.
Accordingly, a new terminology has been adopted for the classification of PVOD/PCH patients in the
2022 pulmonary hypertension guidelines for this subgroup of PAH (Group 1.5): “PAH with features of
venous/capillary (PVOD/PCH) involvement” [4].

The strength of the International Consortium for Genetic Studies in PAH (PAH-ICON; https://pahicon.
com) is the connection of worldwide experts, large and small centres, together achieving larger numbers of
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FIGURE 2 Genetic counselling path for pulmonary arterial hypertension (PAH) patients and their relatives.
Patients should receive genetic counselling before and after genetic testing. If a (likely) pathogenic variant is
identified, family testing should be encouraged. If asymptomatic carriers are identified they should undergo
regular clinical follow-up. IPAH: idiopathic PAH; FPAH: familial PAH; PVOD: pulmonary veno-occlusive disease;
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patients to address questions like oligogenic inheritance and genetic contributions to persistent pulmonary
hypertension of the newborn, and characterise patients’ phenotypes and rare genotypes in detail. Data
collected and analysed by PAH-ICON will also provide clues to therapeutic responses of novel molecular
agents addressing the underlying pathophysiological imbalances.

Summary of recommendations
• At least probands diagnosed with IPAH, FPAH, PVOD/PCH and anorexigen-induced and congenital

heart disease APAH should be offered genetic counselling and genetic testing.
• A PAH gene panel sequencing approach should be employed that includes at least all “strong”

evidence PAH genes (ACVRL1, ATP13A3, BMPR2, CAV1, EIF2AK4, ENG, GDF2, KCNK3, KDR,
SMAD9, SOX17 and TBX4) using next-generation sequencing. The gene list should be revised as
additional genes are identified and new supporting evidence for previously described possible disease
genes becomes available.

• The testing method should be complemented by methods to quantify read counts to assess intragenic
or whole-gene deletions or duplications, particularly for BMPR2, ACVRL1, ENG and TBX4.

• Symptomatic individuals with FPAH, children with normal genetic results on a PAH gene panel and
patients with a congenital anomaly regardless of age should consider exome/genome sequencing
including multiple affected family members in FPAH and both parents in children to increase the
chance of identifying the disease-causing variant.

• Cascade genetic testing should be offered in consultation with genetic professionals in families with an
identified PAH-associated pathogenic/likely pathogenic variant.

• Asymptomatic genetically at-risk individuals should be followed regularly and should be aware of
PAH-associated symptoms to enable early diagnosis of PAH and early initiation of treatment if
evidence of PAH emerges.

• Variants of uncertain significance should be re-evaluated at regular intervals to take into account newly
published data. Pulmonary hypertension experts may monitor the ClinVar database for further
information of a specific variant or contact laboratories to request a re-evaluation.

PAH-ICON members: Micheala A. Aldred (Indiana University School of Medicine, Indianapolis, IN, USA), Stephen
L. Archer (Department of Medicine, Queen’s University, Kingston, ON, Canada), Eric D. Austin (Department of
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(Pediatric and Congenital Cardiology, Center for Congenital Heart Diseases, Beatrix Children’s Hospital, University
Medical Center Groningen, The Netherlands), Harm Jan Bogaard (Department of Lung Disease, Amsterdam UMC
(location VUmc), Amsterdam, The Netherlands), Sébastien Bonnet (Pulmonary Hypertension Research Group,
Centre de Recherche de l’Institut de Cardiologie et de Pneumologie de Quebec, Quebec City, QC, Canada;
Department of Medicine, Université Laval, Quebec City, QC, Canada), Karin A. Boomars (Department of Pulmonary
Medicine, Erasmus MC, University Medical Center Rotterdam, The Netherlands), Olivier Boucherat (Department of
Medicine, Université Laval, Quebec City, QC, Canada; Pulmonary Hypertension and Vascular Biology Research
Group, Institut Universitaire de Cardiologie et de Pneumologie de Québec, Department of Medicine, Université
Laval, Quebec City, QC, Canada), Murali M. Chakinala (Division of Pulmonary and Critical Care Medicine,
Department of Medicine, Washington University School of Medicine, St Louis, MO, USA), Robin Condliffe
(Department of Infection, Immunity and Cardiovascular Disease, University of Sheffield, UK; Royal Hallamshire
Hospital, Sheffield, UK), Rachel Lynn Damico (Division of Pulmonary and Critical Care Medicine, Johns Hopkins
University School of Medicine, Baltimore, MD, USA), Marion Delcroix (Department of Pneumology, University
Hospital Leuven, Leuven, Belgium), Ankit A. Desai (Indiana University, Indianapolis, IN, USA), Anna Doboszynska
(Department of Pulmonology, Faculty of Medicine, University of Warmia and Mazury in Olsztyn, Olsztyn, Poland),
Dennis Dooijes (Department of Genetics, Utrecht University Medical Center, Utrecht, The Netherlands), C. Greg
Elliott (Pulmonary Division, Intermountain Medical Center, Murray, UT, USA), Melanie Eyries (Département de
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Hospital Universitario 12 de Octubre, Madrid, Spain; Ciber-CV, Centro de Investigación Biomédica en Red de
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and ERN-Lung-Pulmonary Hypertension Referal Center, Madrid, Spain; Instituto de Investigación Sanitaria del
Hospital Universitario 12 de Octubre (Imas12), Red SAMID, Madrid, Spain), Henning Gall ( Justus-Liebig University,
Excellence Cluster Cardio-Pulmonary Institute (CPI) and Universities of Giessen and Marburg Lung Center (UGMLC),
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Diagnostics, Institute of Human Genetics, Heidelberg University, Heidelberg, Germany), Arjan C. Houweling
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University of Graz, Graz, Austria), David Langleben (Center for Pulmonary Vascular Disease, Cardiology Division,
Jewish General Hospital and McGill University, Montreal, QC, Canada), Pablo Lapunzina (Institute of Medical and
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