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Abstract
Pulmonary arterial hypertension (PAH) is a devastating disease 
with significantly reduced survival. To date, no tested therapies 
have demonstrated an ability to reverse or cure the disease. The 
etiology of PAH is heterogeneous and incompletely understood. 
Genetics plays an important role in idiopathic and heritable PAH. 
Many germline gene mutations have been described as promoters 
of PAH and include mutations in the gene coding BMPR2, which has 
been identified in at least 50% of familial and 10-40% of sporadic 
cases. Mutations in ACVRL1 (ALK-1), endoglin (ENG), SMAD4 
and SMAD8, and other TGF-β family members are additional rare 
causes of PAH. CAV 1 regulates SMAD2/3 phosphorylation, and 
mutations in CAV1 are a rare cause of PAH, KCNK3 and KCNK5 
are members of potassium channels expressed in pulmonary 
artery smooth muscle cells, and mutations in them are rare causes 
of both heritable and idiopathic PAH. According to Notch signaling 
pathway, mutations in NOTCH3 in PAH patients with PAH showed 
that these mutations were involved in cell proliferation and viability. 
Heterozygous variants in NOTCH1 are an additional cause of 
Adams-Oliver syndrome in many families. EIF2AK4 has been 
identified as the major gene linked to pulmonary veno-occlusive 
disease. Recent advanced DNA sequencing technologies have 
facilitated the discovery of additional genes with mutations. Genetic 
testing is also available for PAH and should be considered in 
families who are at increased risk of developing PAH. Ultimately, 
a profound understanding of the genetic factors relevant to PAH 
will further our understanding and knowledge to promote novel 
therapeutic development. 
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Introduction
Pulmonary arterial hypertension (PAH) is a rare disease 

characterized by a sustained increase in pulmonary artery pressure 
(PAP), without common causes of pulmonary hypertension such 
as heart, lung, and other chronic diseases [1]. PAH is a clinical 
diagnosis that cannot be made accurately without hemodynamic 
measurements taken from pulmonary artery catheterization. The 
current consensus regarding hemodynamic criteria of PAH include 
mean PAP (mPAP) of 25 mm Hg or more and pulmonary capillary 
wedge pressure (PCWP) of 15 mm Hg or less [2]. In the current 
United States guidelines, according to the 5th World Symposium on 
Pulmonary Hypertension (WSPH) held in 2013 in Nice, pulmonary 
vascular resistance (PVR) > 3 wood unit (WU) is added as part of the 
hemodynamic definition of PAH [3-6].

The clinical classification of PAH has been adopted worldwide 
and recently was updated. According to this system, Group 1 PAH is 
divided into disease subgroups including heritable (HPAH, formerly 
familial PAH), idiopathic (IPAH), and PAH associated with drug/
toxin exposures or a variety of other medical conditions including 
connective tissue diseases, human immunodeficiency virus (HIV) 
infection, congenital heart disease, and portal hypertension [7,8].

PAH is pathologically characterized by progressive intimal 
proliferation, smooth muscle cell hypertrophy, and surrounding 
adventitial expansion leading to occlusive vascular lesions of the 
small pulmonary arteries [9]. The pathogenesis of PAH is complex, 
including both genetic and environmental factors altering vascular 
structure and functions, and incompletely understood [10]. Despite 
advancements in therapy made during the past 25 years, PAH remains 
a devastating disease with significantly reduced survival rates [11]. 
No therapies tested to date have demonstrated an ability to reverse 
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or cure PAH [12]. Further understanding of the pathophysiological 
mechanisms underlying PAH to promote novel therapeutic 
development [13,14] is profoundly needed. The identification of PAH 
genes, such as bone morphogenetic protein receptor type II (BMPR2), 
and the recognition of critical path biological abnormalities associated 
with them, now provide a unique opportunity to better understand 
the disease.

We herein provide a review of the literature and describe the 
genetics and its associated pathways of PAH.

Genetics of PAH
Genetic approaches and genes associated with PAH

Familial cases of PAH have been long recognized before the 
discovery of genetic mutations associated with HPAH and are usually 
autosomal dominantly inherited. Of the cases previously thought to 
be IPAH, 10 - 40% have identifiable mutations in their BMPR2 and, 
therefore, pose a hereditary risk for other family members. However, 
a family history of PAH may go unrecognized in IPAH cases with 
BMPR2 mutations, due to undiagnosed diseases, incomplete 
penetrance, or spontaneous mutations [15].

Various strategies have been applied to identify the PAH associated 
genes. Initially large families were required for linkage analysis which 
mapped PPH1 to chromosome 2q31 - q32 [16]. Positional candidate 
genes at 2q21 - 32 were sequenced, and BMPR2 was firstly identified 
as the major genetic cause of PAH [17]. Next-generation sequencing 
(NGS) technologies made possible the discovery of unknown PAH 
genes and are capable of screening the entire genome for genetic 
variants relevant to the pathogenesis of common and Mendelian 
disorders [18]. In particular, whole exome sequencing (WES) has been 
successfully applied to identify novel candidate genes in hereditary 
disorders [19,20]. Since 2000, mutations in other genes related to 
BMPR2 signaling, such as mutations in ALK1, ENG and SMAD8, 
have been discovered, and progress has been made to identify genetic 
and epigenetic modifiers of disease expression. More recently, use of 
WES in patients with BMPR2-negative familial PAH has identified 
CAV-1 and KCNK3 as two new candidate genes that may increase 
susceptibility for PAH in carriers (Table 1) [21,22]. With the advent 
of WES, rarer monogenic causes of PAH have been identified, using 
smaller families than required for linkage [21]. In addition, a genome-

wide association study (GWAS) has successfully identified common 
Variants predisposing to PAH [23].

Mutations in TGF-β/BMP signaling pathway

Bone morphogenetic protein receptor type II (BMPR2) is a 
member of the transforming growth factor (TGF-β) superfamily of 
transmembrane serine/threonine kinase receptors. It binds bone 
morphogenetic proteins (BMPs), which are involved in a series 
of cellular functions including osteogenesis and cell growth and 
differentiation. Signaling in the BMP pathway begins with the binding 
of a BMP to the type II receptor, which causes the recruitment of a 
BMP type I receptor, and phosphorylates a receptor-regulated Smad 
(R-Smad) transcriptional regulator (Figure 1) [24].

The main function of BMPR2 is inhibiting the proliferation of 
vascular smooth muscle cells. Alteration of this gene leads to vascular 
smooth muscle proliferation and then pulmonary hypertension 
[25]. In the 1990s, two teams working independently on a single 
gene that might be responsible for the majority of HPAH cases 
identified by different methods BMPR2 as the target gene [26,27]. 
Since these initial reports, more than 400 different mutations on 
BMPR2 gene definitively associated with HPAH have been detected 
using diverse approaches such as direct sequencing, Southern 
blotting, and multiplex ligation-dependent probe amplification [28]. 
Germ line mutations in BMPR2 were identified in at least 50% of 
heritable and 40% of sporadic cases [27,29]. Approximately 30% of 
them are missense mutations that occur in highly conserved amino 
acids and are likely to perturb ligand-receptor binding or disrupt 
the constitutively active functional domains of the receptor. Most 
of the coding mutations are frameshift and nonsense mutations or 
involve deletions [30]. Many of the mutations were predicted to cause 
premature truncation that might trigger nonsense-mediated decay of 
the mutant mRNA and lead to a state of haploinsufficiency, which 
may represent the predominant molecular mechanism underlying 
inherited predisposition to PAH [31]. Previous studies have also 
shown that patients with a BMPR2 mutation have worse prognoses 
than those of non-carriers [32,33]. BMPR2 mutations are especially 
important and require screening of the relatives of patients with 
heritable or idiopathic pulmonary hypertension. Studies also have 
found a correlation between BMPR2 and exercise-induced elevation 
of PAP [34].

Table 1: Genes Associated with PAH

 Gene Location OMIM Prevalence Inheritance mode Gene function
Related 

diseases References

BMPR2 NM_001204.6 2q33.1-q33.2 600799
in ~70 % of HPAH 
and ~10-40 % of 

IPAH cases14
AD inhibiting the proliferation of 

vascular smooth muscle cells HPAH,IPAH [25-37]

SMAD4 NM_005359.5 18q21.2 600993 Rare AD cell differentiation, apoptosis, 
and embryonic development PAH [43]

SMAD8/SMAD9 NM_005905.5 13q13.3 603295 Rare AD pulmonary vascular remodeling PAH [41,42]

BMP9/GDF2 NM_0016204.1 10q11.22 605120 Rare AD
cell apoptosis, proliferation, 

differentiation, migration, and 
angiogenesis 

HHT,PAH [61,62,65,66]

ACVRL1/ALK-1 NM_001077401.1 12q13.13 601284 Rare AD normal blood vessel 
development HHT2,PAH [53-57]

ENG NM_001114753.2 9q34.11 131195 Rare AD
proliferation associated 

antigen, regulating 
angiogenesis.

HHT1,PAH [58,59]

CAV1 NM_001753.4 7q31.2 601047 Rare AD formation of caveolae IPAH [74-76]

TOPBP1 NM_007027.3 3q22.1 607760 Rare AD  DNA damage response and 
cell survival HPAH,IPAH [77,78]

KCNA5 NM_002234.3 12p13.32 176267 Rare AD
forms functional voltage-

gated Kv channels in human 
PASMCs 

HPAH,IPAH [84]

KCNK3 NM_002246.2 2p23.3 603220 Rare AD
regulation of vascular 

remodeling andvascular 
proliferation 

HPAH,IPAH [21,82,83]

NOTCH1 NM_017617.3 9q34.3 190198 Rare AD critical for  vascular Adams-Oliver 
syndrome (AOS) [102-105]

NOTCH3 NM_000435.2 19p13.12 600276 Rare AD development PAH [96-99]

EIF2AK4 NM_001013703.3 15q15.1 609280 Rare AR vascular cell proliferation and 
remodeling of lung vessels 

Pulmonary 
veno-occlusive 

disease (PVOD) 
[86-88]

http://omim.org/geneMap/7/499?start=-3&limit=10&highlight=499
http://omim.org/geneMap/9/532?start=-3&limit=10&highlight=532
http://omim.org/geneMap/19/314?start=-3&limit=10&highlight=314
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Whether the type of BMPR2 mutation (with truncating or 
missense) alters PAH prognosis remains controversial [35,36]. Wang 
et al. compared the effects of two missense mutations (Tyr67Cys 
ECD and Ser863AsnCD) and two truncating mutations (Thr268fs 
and Gln433X in KD) on the release of nitric oxide (NO) and 
endothelin-1 (ET-1) and on endothelial cell proliferation, migration, 
and apoptosis. The results demonstrated that only the Ser863Asp 
mutant stimulates production of ET-1 by human lung microvascular 
endothelial (HLMVE) cells. The increased level of ET-1 associated 
with the Ser863Asp mutant and the decreased levels of NO in all 
four mutants may represent a mechanism that explains how BMPR2 
mutations are associated with the development of PAH [37]. This is 
the first study to compare the functional significance of missense and 
truncating mutations of BMPR2.

Taken together with previously reported data, more than 400 
mutations of BMPR2 have been found, and the majority of them 
located in exons encoding the ligand-binding domain (exons 2-3) 
and key catalytic regions of the kinase domain (exons 6-9,11). 
While exons 1, 4, 10 and 13, encoding receptor regions of uncertain 
importance to function, have a low frequency of missense mutation. 
Cysteine substitutions comprise the majority of missense mutations 
in the extracellular ligand-binding domain and are concentrated on 
9 of 10 conserved residues, which are essential for the integrity of 
its three-dimensional structure [38,39]. Girerd et al. compared the 
age at diagnosis, severity, and prognosis of 171 PAH patients whose 
mutations located in the cytoplasmic tail of BMPR2 with these located 
on the signal peptide, the ligand domain, or the kinase domain. They 
found that patients carrying a mutation in the cytoplasmic tail were 
characterized by older ages at diagnosis, less severe hemodynamic 
characteristics, and a greater chance of being a long-term responder 
to calcium channel blockers. In vitro experiments showed that 
mutations located in the cytoplasmic tail led to normal activation of 
the Smad pathway, whereas activation was abolished in the presence 
of mutations located in the kinase domain [40]. Further investigations 
are needed to better understand the consequences of these BMPR2 
mutations in TGF-β signaling pathway.

Smad-dependent signaling: Smad4, Smad8/9

Smad4 is involved in many cell functions such as cell 
differentiation, apoptosis, and embryonic development. It modulates 
members of the TGF-β protein superfamily by binding R-Smads and 
then forms a complex that binds to DNA and serves as a transcription 
factor [41]. Smad8, also known as Smad9, is a receptor regulated 
Smad (R-Smad) [42]. BMPR2 triggers signal transduction through 
the R-Smads (Smad1, Smad5, and Smad8) upon ligand binding and 
complex formation with a type I receptor, namely BMPR-1A, -1B, or 
ACVRL1. When a BMP binds to a receptor, it causes Smad8 to interact 
with Smad anchor for receptor activation (SARA). The binding 
results in the phosphorylation of the Smad8 protein, dissociation 
from SARA, and association with Smad4. R-Smads translocate to the 
nucleus in complex with co-Smad4 to regulate transcription of target 
genes [43].

Previous reports suggested that the loss of signals mediated by 
Smad1/5/8 plays an important role in pulmonary vascular remodeling 
and the pathogenesis of PAH [44]. Shintani et al. identified a nonsense 
mutation in Smad8, c.606C > A (p.C202X), in one patient among 23 
patients clinically diagnosed with IPAH and with no mutations in 
BMPR2 or ACVRL1. Immunoblotting and co-immunoprecipitation 
assay showed that it was not phosphorylated by TGF-β/BMP type 
I receptors and that it did not interact with Smad4. These results 
indicate the Smad8 mutant disturbs the downstream signaling of 
TGF- β /BMP pathway [45]. Nasim et al. reported two gene defects in 
Smad4 and Smad8 among a cohort of 324 PAH cases, neither detected 
in a substantial control population. A putative splice site mutation 
in SMAD4 resulted in moderate transcript loss due to compromised 
splicing efficiency. Functional analyses suggest significant, albeit 
limited, consequences on transcript integrity, signaling, and target 
gene regulation [46].

HHT related signaling: ACVRL1, ENG, and BMP-9

Hereditary hemorrhagic telangiectasia (HHT) is an autosomal 
dominant vascular disorder characterized by mucocutaneous 

         

Figure 1: Genes with mutations known to associate with PAH or PAH-related diseases 

Except for genes involved in TGF-β/BMP signaling pathway including BMPR2, ACVRL1, END, SMAD9 (encodes SMAD 8), SMAD4, and BMP9, there are several 
other genes and cell signaling pathways that contribute to PAH: NO signaling and eNOS-derived oxidative stress pathway: CAV1; DNA damage and replication 
stress response: TOPBP1; The potassium channel-related genes: KCNK3, KCNA5; Notch signaling pathway: NOTCH1, NOTCH3; and Autosomal recessive HPAH 
related gene EIF2AK4. Possible resultant signaling or effects of protein actions are briefly listed. And see column on the right side for BMP sub-groups, type II and 
type I receptors, and Smad proteins in TGF-β/BMP signal transduction.

http://en.wikipedia.org/wiki/R-SMAD
http://en.wikipedia.org/wiki/R-SMAD
http://en.wikipedia.org/wiki/R-SMAD
http://en.wikipedia.org/wiki/Bone_morphogenetic_protein
http://en.wikipedia.org/wiki/Phosphorylation
http://en.wikipedia.org/wiki/SMAD4
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telangiectases, recurrent epistaxes, and macroscopic arteriovenous 
malformations, particularly in the pulmonary, hepatic, and cerebral 
circulation. Pulmonary arteriovenous malformations may create 
clinically significant right-to-left shunts, causing hypoxemia, 
paradoxical embolism, stroke, and cerebral abscesses [47-50]. In 
patients with HHT, postcapillary pulmonary hypertension may 
develop as a consequence of a hyperkinetic state, resulting in high 
cardiac output heart failure. However, HHT is also associated with a 
precapillary pattern of pulmonary hypertension that is histologically 
indistinguishable from IPAH [33].

Activin A receptor type II-like kinase-1 (ACVRL1, also known as 
ALK1) and ENG mutations have been reported as causes of HHT and/or 
HPAH [51-54]. ACVRL1 is a type I cell-surface receptor for the TGF- β 
superfamily, sharing with other type I receptors a high similarity in serine-
threonine kinase subdomains, a glycine- and serine-rich region (called 
the GS domain) preceding the kinase domain, and a short C-terminal tail 
[55]. ACVRL1 acts downstream of the type II receptors and determines 
the signaling specificity by recruiting R-Smads. In the study undertaken by 
Girerd et al. ACVRL1 mutation carriers identified from the French PAH 
Network and from previously published cases of patients with IPAH or 
with PAH and carrying a BMPR2 mutation were compared for clinical, 
functional, and hemodynamic characteristics. They demonstrated that 
age at the time of PAH diagnosis and death of ACVRL1 mutation carriers 
were significantly lower than those of the noncarriers of the BMPR2/
ACVRL1 mutation [28,56,57]. The observation that ACVRL1 mutation 
carriers develop PAH earlier may illustrate the constitutive susceptibility 
conferred by the mutation on the course of the disease. The formation of 
a heteromeric complex with BMPR-II and ACVRL1 has been proposed 
[58,59]. ACVRL1 haploinsufficiency may lead to a pulmonary vascular 
status that predisposes to the development of PAH.

ENG is a type III receptor with no kinase activity that enhances 
ligand binding to its receptors [60]. A germline ENG mutation 

was identified in a patient with HHT, revealing that both ENG and 
ACVRL1 can be involved in PAH and HHT. Moreover, patients with 
ENG mutation seem to be at lower risk of developing PAH compared 
with carriers of the ACVRL1 mutation [61].

BMPs are the largest subgroup of signaling molecules in the TGF-β 
superfamily. BMPs play crucial roles during embryonic development 
and exerts many functional effects, such as cell apoptosis, proliferation, 
differentiation, migration, and angiogenesis [57], by binding to specific 
endothelial cell surface receptors, namely ENG and ACVRL1. Next, the 
BMP9-dependent activation of ACVRL1 leads to the phosphorylation 
of Smad1, Smad5, and Smad8, and then it associates with Smad4 to 
form a Smad complex to regulate gene expression [62]. Mutations in 
BMP9 identified in patients with HHT strongly suggest that alterations 
in BMP9, the upstream component of this signaling route, cause a 
vascular-malformation syndrome with phenotypic overlap with HHT, 
and pathogenic mutations in ENG, ACVRL1 and SMAD4, give rise to 
HHT1, HHT2, and JP-HHT, respectively (Figure 2) [63,64].

 In PAH there is also an up-regulation of the ET-1 system that has 
been shown to regulate endothelial cell migration and angiogenesis 
[65]. Plasma levels of ET-1 correlate positively with haemodynamic 
severity in patients with PAH and negatively with outcome [66]. 
Variant studies have shown recently that BMP-9 stimulates ET-1 
release in vascular endothelial cells, suggesting that BMP-9 may be a 
circulating factor affecting angiogenesis and endothelial stabilization. 
However, this effect depends on BMPR II signaling transduction, 
argues against an important role for BMP-9 as a source of increased 
endothelial ET-1 production in human PAH [67,68].

PAH not attributable to mutations in TGF- β genes
NO signalling and eNOS-derived oxidative stress

One of the key initiating events leading to PAH is endothelial 

         

Figure 2: BMP9 and the TGF-β signaling pathway

BMP9 binds to specific type I (R-I) and type II (R-II) cell-surface receptors as well as to the auxiliary receptor Endoglin. R-II then phosphorylates ALK1 (R-I), which 
can induce phosphorylation of receptor-regulated (R-Smads) Smad1/5/8. Once phosphorylated, R-Smads form heteromeric complexes with a cooperating homolog 
(co-Smad) Smad4, and translocate into the nucleus where they regulate the transcriptional activity of target genes. BMP9 is encoded by GDF2, ALK1 by ACVRL1 
and Endoglin by ENG. Mutations in GDF2, ACVRL1, SAMD4 may give rise to HHT1, HHT2, and JP-HHT respectively. 
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dysfunction characterized by uncoupling of endothelial nitric oxide 
synthase (eNOS) and an associated lack of bioavailable nitric oxide 
(NO) [69]. Loss of NO signaling and increased eNOS-derived 
oxidative stress are central to the pathogenesis of PAH [70,71]. 
Several reported studies showed that dissociation or loss of caveolin-1 
(CAV-1) leads to pathological eNOS hyperactivity [72-74]. The 
expression of CAV1 is necessary for the formation of caveolae 
[75], which is critical to many receptor signaling cascades relevant 
to PAH, including the NO pathway [71,76]. Bauer et al. reported 
finding high-level expression of thrombospondin-1 (TSP1) and 
CD47 in the lungs of patients with PAH and increased expression of 
them in experimental models of PAH. Furthermore, the therapeutic 
blockade of CD47 activation in hypoxic pulmonary artery endothelial 
cells upregulated CAV-1, increased CAV-1-CD47 co-association, 
decreased eNOS-derived superoxide and protected animals from 
developing PAH. Briefly speaking, activated CD47 promotes disease 
by limiting CAV-1 inhibition of dysregulated eNOS [77]. Austin et al. 
used WES to evaluate a large family with autosomal dominant HPAH 
and identified a de novo CAV1 mutation, which then was confirmed 
in an unrelated patient with PAH. Although originally classified as 
having IPAH, this patient thus has a heritable form of PAH as well. 
The association of PAH with CAV1 mutations is the first example of 
a genetic mutation associated with human PAH not directly involved 
in TGF-β signaling, and affirms the importance of intact caveolar 
function to pulmonary vascular homoeostasis in humans [78].

DNA damage and replication stress response

In a previous study, use of WES to screen the genome of 
12 patients with IPAH led to the identification of mutations in 
topoisomerase DNA binding II binding protein 1 (TopBP1), a novel 
gene known associated with DNA damage response and cell survival. 
Vinicio, et al. found that pulmonary microvascular endothelial cells 
(PMVECs) purified from lungs of patients with IPAH contained 
more TopBP1 single nucleotide variants (SNVs). This finding is 
relevant, considering that TopBP1 expression is impaired in IPAH 
PMVECs and correlates with reduced survival. These researchers 
proposed that TopBP1 is required for the DNA damage response in 
the setting of injury and its absence may predispose to cell death and 
impaired angiogenesis [79,80].

The potassium channels: KCNK3, KCNK5

KCNK3 (potassium channel subfamily K, member 3), also called 
TASK-1, belongs to a family of mammalian potassium (Kv) channels 
that are characterized by the presence of four transmembrane domains 
and two pore domains per subunit [81,82]. Ion channels play critical 
roles in vascular remodeling, and KCNK3 is thought to be involved 
in the regulation of vascular remodeling and abnormal vascular 
proliferation in patients with PAH by preventing apoptosis [83]. Ma 
et al. studied a family in which multiple members had PAH without 
identifiable mutations in any of the genes known to be associated with 
the disease, including BMPR2, ACVRL, ENG, SMAD9, and CAV-1. 
They identified a novel heterozygous missense variant in KCNK3, 
and five additional heterozygous missense variants in KCNK3 were 
independently identified in 92 unrelated patients with familial PAH 
and 230 patients with IPAH. The study identified the association of a 
novel gene, KCNK3, as a disease-causing candidate gene with HPAH 
and IPAH. Because KCNK3 channels are not voltage-dependent 
and are open at negative potentials, these mutations probably cause 
depolarization of the resting membrane potential, which could lead 
to pulmonary-artery vasoconstriction [21]. Mutations in this gene 
produced a reduced Kv-channel current, which was successfully 
remedied by pharmacologic manipulation [84].

 It is also possible that in patients with PAH, variation in KCNK3 
function may be a more broadly applicable risk factor that is not caused 
by mutations in KCNK3. In addition, previous studies of Kv channels 
support the concept that the expression or function of Kv channels 
is altered in patients with idiopathic PAH, and dysfunctional Kv-
channel activity may contribute to the development or persistence of 
PAH [85]. In a study of mice with wild-type Kv channels, therapeutic 

Kv-channel activation was useful in the treatment of established PAH 
in the absence of known genetic variations in Kv channels [84]. Thus, 
the therapeutic targeting of KCNK3 may be beneficial for patients 
with PAH who have increased vascular tone independent of their 
KCNK3 genetic status.

The pore-forming subunit, Kv1.5, forms functional voltage-
gated Kv channels in human pulmonary artery smooth muscle cells 
(PASMC), and abnormal Kv channel Kv1.5 function encoded by 
KCNA5 mutations has been reported previously in patients with 
IPAH [86]. A recent study of our lab was the first to identify digenic 
mutations, a novel mutation in KCNA5 and a known mutation in 
BMPR2, supporting a ‘two-hit’ model for the severe disease course 
in an 13-year-old African-American girl with severe HPAH. By 
sequencing the candidate genes, we identified both a heterozygous 
missense mutation in the BMPR2 gene and a heterozygous deletion 
mutation in the KCNA5 gene, which results in a frameshift mutation 
and leads to premature truncation in the C-terminal of the potassium 
channel Kv1.5. The ‘two-hit’ of the digenic mutations may account 
for the early occurrence, severity and rapid deterioration of PAH 
in this patient. The girl presented for cardiology evaluation at six 
years of age following a syncopal episode that led to her diagnosis 
of PAH. Her father had presented with PAH earlier the same year at 
the age of 25 and died of complications within one year. The family 
history is otherwise negative. The severe symptoms of PAH and 
rapid deterioration in her father may be due to the BMPR2 mutant. 
However, the occurrence is at adult age, much later than the index 
patient’s at presentation. The absence of clinical PAH symptoms in 
the mother may be due to incomplete penetrance of the KCNA5 
mutation and supports the second-hit modifier model as well [87].

Autosomal recessive HPAH: EIFAK4

Pulmonary veno-occlusive disease (PVOD) is a rare and 
devastating cause of pulmonary hypertension that is characterized 
histologically by widespread fibrous intimal proliferation of septal 
veins and preseptal venules. It is frequently associated with pulmonary 
capillary dilatation and proliferation [88,89]. Using WES, Eyries et al. 
detected recessive mutations in EIF2AK4 gene in 13 related PVOD 
families with history of PVOD. Biallelic EIF2AK4 mutations in 5 of 
20 histologically confirmed sporadic cases of PVOD had also been 
reported. All mutations, either in a homozygous or compound-
heterozygous state, disrupted the function of this gene. These findings 
indicated EIF2AK4 as the major gene linked to development of 
PVOD [90].

EIF2AK4 belongs to a family of four kinases that phosphorylate 
the α-subunit of the eukaryotic initiation factor 2 (eIF2α). EIF2AK4-
mediated phosphorylation of eIF2α inactivates the factor and leads to 
preferential synthesis of stress proteins. The pathophysiological link 
between biallelic EIF2AK4 loss-of-function mutations and vascular 
cell proliferation and remodeling of lung vessels remains elusive. 
The involvement of EIF2AK4 in PVOD could be related either 
directly to its amino acid starvation sensor function and subsequent 
translational changes secondary to its activation or to EIF2AK4 kinase 
activity, which might have substrates other than eIF2α. Two series of 
experimental data potentially connect EIF2AK4 to the BMP pathway, 
which has been implicated in PAH pathogenesis through mutations 
in BMPR2 and ACVRL1 [91,92]. Notably, EIF2AK4 was also found to 
interact with SMAD4 and SMAD1 [93] and also with ACVRL1, ENG 
and TGF-β receptor 2 (TGFBR2). The identification of EIF2AK4 
mutations as the major cause of heritable PVOD confirms the 
hereditary origin of this particular type of pulmonary hypertension 
and allows identification of heritable but apparently sporadic cases.

Notch signaling pathway: NOTCH1, NOTCH3

NOTCH genes encode a group of single-pass transmembrane 
receptors (NOTCH1-4). The large extracellular domain contains 
tandem EGF-like repeats and cysteine-rich Notch/LIN-12 repeats, 
ankyrin repeats and a PEST sequence have been found within the 
intracellular domain [94]. The NOTCH signaling pathway is highly 
conserved and critical for cell fate determination during embryonic 
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development, including many aspects of vascular development 
[95]. Despite the involvement of the NOTCH signaling in many 
key developmental systems, human mutations in Notch signaling 
components have been described mainly in disorders with vascular 
and bone effects. In 2009, Li et al. reported that human pulmonary 
hypertension could be characterized by the overexpression of 
NOTCH3 in small PASMCs, and the severity of the disease in humans 
is correlated with the amount of NOTCH3 protein in the lungs [96]. 
Recently, Chida et al. identified two novel missense mutations in 
NOTCH3 in patients with PAH and revealed that these mutations 
were involved in cell proliferation and viability [97]. The results may 
contribute to the elucidation of PAH pathogenesis, but whether the 
NOTCH3 mutations affect NOTCH signaling activity remains unclear. 
Another report indicated that NOTCH3 mutations in or near the 
ligand-binding site (EGF-like repeats 10-11) impaired ligand binding 
sufficiently to affect signaling activity [98]. Furthermore, another two 
studies suggested that most of the mutations located outside of the 
ligand-binding site did not impair the signal transduction activity of 
NOTCH3 [99,100]. Therefore, further investigations are necessary to 
analyze the function of NOTCH3 in the pathogenesis of PAH.

Adams-Oliver syndrome (AOS) is a rare developmental 
disorder defined by the combination of aplasia cutis congenita 
of the scalp vertex and terminal transverse limb defects [101]. In 
addition, vascular anomalies, such as cutis marmorata telangiectatica 
congenita, pulmonary hypertension, and retinal hypovascularization, 
are recurrently observed [102]. Stittrich et al. identified heterozygous 
variants in NOTCH1 as an additional cause of AOS in multiple 
families. Phenotypic analysis of affected individuals with NOTCH1 
mutations indicates a high rate of vascular anomalies [103]. They 
found five NOTCH1 mutations in 5 of 12 unrelated families affected 
by AOS. This condition might lead to loss of function by preventing 
transcription and translation. Given that NOTCH receptors 
bind ligands as tetramers [104], it is also possible that some AOS-
associated NOTCH1 missense mutations exert dominant-negative 
effects by destabilizing normal tetramer formation and, thus, disrupt 
ligand binding. Also conceivable is that some of the NOTCH1 
mutations induce a gain of function, which resides in the negative 
regulatory region, which in turn might reduce the restraint on ligand-
independent signaling [105]. The possibility that both loss- and gain-
of-function mutations in NOTCH1 cause AOS could be explained 
if Notch-signaling strength is the critical element in determining 
normal development of the vasculature [106]. An alternate hypothesis 
for the different phenotypes observed with AOS-related NOTCH1 
mutations is that other genetic, epigenetic, or environmental factors 
shape the NOTCH1 mutant phenotype.

In summary, there are 13 genes we have known associated with 
PAH. Nearly half of them involved in TGF-β/BMP signaling pathway 
including BMPR2, ACVRL1, END, SMAD9 (encodes SMAD 8), 
SMAD4, and BMP9, which is responsible for the majority of HPAH/
IPAH cases. Several other cell signaling pathways contribute to PAH, 
and their possible resultant signaling or effects of protein actions are 
briefly listed here (Figure 1).

Genetic testing and counseling
Two consensus guidelines recommend that physicians offer 

professional counseling on genetics and testing to patients with a 
history that suggests HPAH [107,3]. Pre-test informed consent and 
counseling, supported by additional counseling when providing 
the results, should ensure that all patients involved understand the 
implications of the results of the testing and what these results might 
imply for both the patient and family members. Reduced penetrance 
is one of the many reasons why this is crucial [108]. In addition, 
the authors of these guidelines have recommended that patients 
with IPAH be advised about the availability of genetic testing and 
counseling because of the strong possibility that they carry a disease-
causing mutation. The guidelines recommend that professionals 
offer counseling and testing to the affected IPAH patient before 
approaching other family members.

Genetic testing for known mutations in PAH-associated 

autosomal dominant genes is available in North America and Europe 
for the BMPR2, ACVRL1, ENG, SMAD9, CAV1, and now KCNK3 
genes [12], although there currently is no unified PAH mutation panel 
incorporating all genes. Provision of genetic counseling by trained 
professionals is vital before and after undertaking clinical genetic 
testing [109]. Genetic testing is available for either single genes or the 
entire panel of genes. The cost of testing has recently decreased in the 
U.S. with the introduction of these gene panels, thereby increasing the 
accessibility of testing to patients, and usually covered by insurance. 
Results generally are available in 8 weeks. Genetic testing often is 
considered in pediatric PAH to explain the etiology of the disease, 
to counsel family members about identifying other family members 
at risk and accurately determining the risk of recurrence in future 
children [14]. Once the mutation in a family is identified, testing other 
family members for a family-specific mutation in the U.S. is relatively 
inexpensive, accurate, and fast. Genetic testing is most helpful when 
it is able to identify members of the family who are not genetically at 
risk for PAH and who can then forgo the otherwise recommended 
serial evaluations to screen for the development of PAH.

Affected individuals and “at risk” family members might want to 
know their mutation status for family planning purposes. Pre-natal 
screening or pre-implantation diagnosis and management is possible. 
Reproductive medicine allows several options for preventing 
transmission of HPAH to the next generation. If the heritable 
mutation is identified, a medical abortion is an option. Another 
option is pre-implantation genetic diagnosis and medically-assisted 
reproduction with selection and implantation of embryos that do not 
carry the heritable mutation, thereby avoiding the distress of having 
a medical abortion.

Genetic testing allows identification of pre-symptomatic carriers 
of PAH-causing mutations who are at high risk of developing PAH. 
However, it is currently not possible to identify which carriers of a 
mutation will develop PAH. Thus, genetic testing in relatives will 
effectively identify mutation noncarriers who have no increased risk 
of having the heritable disease and potentially provide significant 
relief; however, mutation carriers currently face many uncertainties. 
In the U.S., physicians, patients with PAH, and patients’ family 
members have rarely embraced pre-symptomatic genetic testing for 
several reasons including the unacceptable high cost, discrimination, 
and the psychological impact of either a positive test (anxiety and 
depression) or a negative test (survivor guilt). Further studies 
are needed to analyze the clinical value of noninvasive screening 
assessments in relatives of patients with IPAH and HPAH and to 
develop an algorithm for early diagnosis in this cohort [110].

Conclusion
In this review, we discussed all known genes, proteins and their 

possible mechanisms associated with HPAH or IPAH, which provided 
a more comprehensive understanding of the complex biological 
networks and events that promote PAH and provided significant 
insights into the development of therapeutic interventions for this 
devastating disorder. However, all the genes identified so far have not 
fully explained all the HPAH, IPAH, especially the sporadic PAH. We 
predict that there are more new PAH disease-causing genes or genetic 
modifiers in the human genome that need to be discovered. Recent 
advances in the development of NGS for WES or whole genome 
sequencing (WGS) have provided a powerful tool for the discovery 
of new disease-causing genes and for the genome-wide association 
(GWS) studies [111-113]. Despite the fact that the PAH pathogenesis 
is very complicated, it is promising that large PAH cohort studies 
in different ethnical populations by the WES or WGS will provide a 
more complete picture of the underlying genetic architecture for the 
disease, and may point the way to additional disease mechanisms and 
therapeutic opportunities.
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