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Carmen Pérez-Olivares, Nuria Ochoa Parra, Pedro Arias, Elena Granda,
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Pulmonary arterial hypertension (PAH) is a highly heterogeneous disorder with a
complex, multifactorial aetiology. PAH is characterized by a sustained elevation of mean
pulmonary arterial pressure resulting from the occlusion of distal pulmonary arterioles
due to the uncontrolled proliferation of endothelial and smooth muscle cell populations.
Of interest, pulmonary artery endothelial cells display monoclonal expansion suggestive
of a neoplastic, quasi-cancerous phenotype. While the majority of PAH cases present with
idiopathic disease (IPAH), approximately 10% of patients report a positive family history
wherein the mode of transmission is predominantly autosomal dominant. More recently,
examples of autosomal recessive inheritance have been recorded, albeit in rare instances.
PAH may also be associated with co-morbidities, including congenital heart disease, con-
nective tissue disease, thromboembolism and exposure to anorexigens (APAH). Of note,
PAH displays a marked sex bias towards females (4.3:1) and reduced penetrance both
within and between families. These features strongly suggest the presence of modifying
factors that may be genetic and/or environmental in origin.

The identification of heterozygous, germline mutations in the bone morphogenetic
protein receptor 2 (BMPR2) gene, encoding a type-II receptor of the TGF-β signalling super-
family, represented a critical breakthrough in defining the pathogenesis of PAH [1]. In the
last decade, next-generation sequencing methodologies have been successfully harnessed
in the detection of novel causative genes that, together, have significantly expanded the
genetic landscape of this disease. However, several key clinical and molecular aspects of
PAH remain enigmatic. First, missing heritability in both familial and idiopathic disease is
yet to be fully explored and, indeed, solved. Historically, gene identification and variant
analyses have largely targeted Caucasian, adult populations to the exclusion of paediatric
cohorts and populations of different genetic ancestry that may provide important insights.
A strong focus has been placed on the analysis of the exome in both gene identification
and molecular diagnostic efforts. The comprehensive interrogation of non-coding regions
of the genome may represent a fruitful means of accessing variation that explains the
apparent mutation shortfall observed thus far. Modifying factors of PAH, for example,
expression quantitative trait loci is a field that requires further investigation. Moreover,
the preponderance of females afflicted with PAH remains a vexed question demanding
deeper analysis. The cellular phenotype of PAH is considered to be largely similar to the
Warburg phenomenon of cancer cell progression, namely monoclonal expansion of key cell
populations, altered glycolysis and mitochondrial dysfunction [2]. However, this research
avenue remains to be fully elucidated. Finally, although major breakthroughs have been
made in the management and treatment of this devastating disease, clinical intervention
remains ameliorative, and PAH typically continues to be a fatal outcome.

In this Genes Special Issue, a number of these outstanding questions are addressed.
Welch et al. distinguish between the clinical and molecular genetic features of paediatric
and adult PAH to draw distinct parallels between these disease subtypes [3]. Specifically,
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the authors indicate a significantly higher mutation burden in early onset disease (~42%
by comparison to 12.5% in adults). Gelinas et al. performed whole-exome sequencing
on a panel of paediatric patients to explore the genetic background to this specific and
pernicious form of PAH [4]. This study provides novel insights into the wider mutation
burden in childhood disease and also establishes the first independent validation of BMP10
and PDGFD as genetic risk factors for PAH. Both reports emphasise the need to consider
childhood-onset PAH as a genetically and clinically discrete entity to better facilitate
improved diagnostic surveillance and novel gene identification.

The granular assessment of patient groups based on clearly defined ethnicity has
furthered awareness of divergent genetic architecture in both PAH and other inherited
diseases. To this end, Tenorio Castaño et al. surveyed a cohort of three hundred Spanish
patients in a customised panel that included 21 genes associated with PAH [5]. Likely
deleterious variants were detected in 15% of the patients analysed, including those with
APAH. Moreover, the study recorded a sub-set of variants of uncertain significance (VUS)
that require further annotation to reach clinical utility. The value of incorporating emerging
genes, likely to underpin PAH, into existing screening protocols is exemplified by van den
Heuvel et al., who added 17 newly identified causal factors to the previous diagnostic
panel, which initially consisted of just BMPR2 and SMAD9, in the Netherlands [6]. The
diagnostic yield in a cohort comprising 28 previously tested patients and an additional
56 patients with IPAH or pulmonary veno-occlusive disease (PVOD) was subsequently
augmented, thereby affording improved prospects for early diagnosis, screening of at-risk
relatives and personalised management of patients. As detailed in some depth by Swietlik
et al., genetic screening now plays a pivotal role in the diagnosis of PAH; yet, there is more
work to be done to fully elucidate the genetic architecture, particularly in idiopathic disease.
An intriguing approach is the assessment of stable intermediate phenotypes that, in turn,
leads to a fluid interplay between forward and reverse genetics and reverse phenotyping.
Whilst conceptual in nature, this study nonetheless suggests multi-omics approaches to
otherwise intractable genetic disorders may yield subtle and/or masked insights into PAH
pathogenesis [7].

With the exception of reports limited to single genes and small study panels, the
non-coding regions of putative causative genes and the wider genome remain insufficiently
investigated. An early example of the value of analysing these regions is provided by the
identification of a deleterious variant in the 5′ untranslated region of the BMPR2 gene,
consolidated by functional evidence suggesting loss of transcript by nonsense-mediated
decay [8]. To assess the role of non-coding sequence defects leading to the promotion of the
disease phenotype, Song et al. examined nine different BMPR2 promoter variants previ-
ously identified in seven PAH families and three IPAH patients by in vitro over-expression
luciferase assays. In human pulmonary artery smooth muscle cells, the majority of these
variants (c.-575A>T, c.-586dupT, c.-910C>T, c.-930_-928dupGGC, c.-933_-928dupGGCGGC,
c.-930_-928delGGC and c.-1141C>T) significantly depressed activation of the reporter
gene [9]. This preliminary examination of regulatory elements in known PAH risk factors
draws much-needed attention to a hitherto poorly explored avenue of research into disease
manifestation and modulation. Expansion of this proof-of-principle study into readily
available whole-genome sequence data will establish a framework for the comprehensive
determination of causal variation.

A powerful analytic technique for investigating the genetic triggers underlying PAH
is driven by the assessment of expression quantitative trait loci (eQTL), a nexus between
genetic association study signals and fundamental biology. Herein, Ulrich et al. describe
transcriptome- and genome-wide eQTL mapping in an idiopathic and hereditary PAH
cohort employing RNA sequencing (RNAseq) methodology [10]. By comparison to at least
one published study, the authors confirm approximately 75% eQTLs from an identified
total of 2314, of which 90% were cis-acting. These data implicate genes involved in immune-
related processes, an acknowledged association of PAH pathogenesis. This insight has
wider relevance to diseases that share a molecular signature with PAH.
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Genomic instability in PAH has been a long-standing mechanism of the pathobiolog-
ical process. To assess the importance of DNA repair in the nuclear and mitochondrial
genome, Sharma et al. analysed aberration in damage response pathways in both the
nuclear and mitochondrial genomes. Apoptotic escape associated with concomitant pro-
proliferation processes provides a temporal sequence that may aid in early diagnosis and
therapeutic intervention [11]. Of interest, expression profiles of key cellular sites of disease
in PAH patients indicated that 586 genes were up-regulated and 372 down-regulated.
Moreover, 35 of these genes were involved in DNA repair [12]. The authors report an
intriguing link between BRCA1 and BMP signalling, further providing an interface between
PAH and neoplastic expansion.

Cirulis et al. posit the ‘oestrogen puzzle’ as a confounding factor in the development
of PAH [13]. Typically, oestrogen and its metabolites protect organisms from developing
indicative symptoms of pulmonary hypertension. However, in human disease, female
carriers of causal variants are significantly more likely to develop the disease than male
variant carriers. The authors in this review examine the interplay between oestrogen and
the BMP signalling pathway in regard to the role of gender and PAH susceptibility. In
relevant cell lines, the most prominent genetic risk factor, namely BMPR2, was significantly
repressed by the administration of estradiol (E2) and estriol (E3). Indeed, over-expression in
a cell line lacking native oestrogen receptors with elevated concentrations of ERα generated
de-repression of the BMPR2 promoter. Of interest, these findings have been reproduced
in murine models; in particular Bmpr2 gene expression was depressed in ovariectomized
females. These studies indicate a multi-layered nexus between oestrogen signalling and
BMP activity. The dysregulation of these pathways might promote a PAH phenotype that
signals a shift toward mitogenic elements, for example, 16α-hydroxyestrone (16α-OHE1).

Treatment options in PAH have focussed on addressing pathobiological processes,
namely endothelial dysfunction, excessive cell proliferation and vasoconstriction. Although
efficacious in prolonging 5-year survival metrics, notably an improvement of 34% to 60%,
these approaches are not curative, and the disease remains fatal often due to resistance
to medication. Dannewitz Prosseda et al. propose employing the fundamental genetic
and molecular findings key to disease pathogenesis as complementary avenues to the
development of targeted, effective measures in combating this disease [14]. In particular,
they note the fundamental importance of the BMPR2 pathway as a precision tool to the
development of therapeutic modalities. Specifically, the authors present alternatives to
current therapeutic strategies, which include enhancing BMPR2 availability at the cell
membrane, relieving receptor inhibition, driving transcription of BMPR2 target genes or
gene therapy approaches.

In conclusion, the series of articles presented in this Special Issue highlight that PAH
genetics have now moved beyond a simple Mendelian ‘one gene = one disease’ model to
the recognition of PAH as a multigenic and multifactorial disorder. Of note, independent
validation of newly described genes by expert review has become an increasingly impor-
tant consideration in the establishment of high-throughput diagnostic testing panels. By
expanding contemporary analyses into considerations of the wider genomic architecture,
these reports demonstrate that the examination of the non-coding genome, eQTL mapping,
DNA damage repair and gender-specific bias will provide fundamental insights into the
pathways and molecular mechanisms critical to the development and maintenance of the
pulmonary vasculature. In the near future, further focussed investigations based on these
findings will afford novel diagnostic and clinical avenues to improve outcomes for patients
and their families.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Pulmonary arterial hypertension (PAH) is a rare disease with high mortality despite recent
therapeutic advances. The disease is caused by both genetic and environmental factors and likely
gene–environment interactions. While PAH can manifest across the lifespan, pediatric-onset disease
is particularly challenging because it is frequently associated with a more severe clinical course
and comorbidities including lung/heart developmental anomalies. In light of these differences, it is
perhaps not surprising that emerging data from genetic studies of pediatric-onset PAH indicate that
the genetic basis is different than that of adults. There is a greater genetic burden in children, with rare
genetic factors contributing to ~42% of pediatric-onset PAH compared to ~12.5% of adult-onset PAH.
De novo variants are frequently associated with PAH in children and contribute to at least 15% of all
pediatric cases. The standard of medical care for pediatric PAH patients is based on extrapolations
from adult data. However, increased etiologic heterogeneity, poorer prognosis, and increased genetic
burden for pediatric-onset PAH calls for a dedicated pediatric research agenda to improve molecular
diagnosis and clinical management. A genomics-first approach will improve the understanding of
pediatric PAH and how it is related to other rare pediatric genetic disorders.

Keywords: genomics; pediatrics; lung disease; pulmonary arterial hypertension

1. Introduction

Pulmonary arterial hypertension (PAH) is a rare disease with an estimated prevalence of
4.8–8.1 cases/million for pediatric-onset [1] and 15–50 cases/million for adult-onset disease [2].
Pathogenic changes in the pulmonary vasculature—including endothelial dysfunction, aberrant
cell proliferation, and vasoconstriction—give rise to the clinical consequences of increased pulmonary
vascular pressures, increased vascular resistance, heart failure, and premature death [3]. The disease is
caused by genetic, epigenetic, and environmental factors, as well as gene–environment interactions
wherein genetic contributions to disease risk are modified by environmental exposures. Causal genetic
factors for PAH are typically autosomal dominantly inherited for genes such as BMPR2, the major
gene causing familial forms of PAH (FPAH) [4,5]. Environmental risk factors include hypoxia and
exposure to drugs and toxins [4]. Epigenetic factors include active histone mark H3K27ac [6]. Most
of our understanding of PAH etiology and treatment is based upon studies in adults [7,8]. However,
emerging clinical and genetic data indicate that there are fundamental differences between pediatric-
and adult-onset disease.

Pediatric PAH differs from the adult-onset disease in several important aspects, including sex
bias, clinical presentation, etiology, and response to therapy [7–9]. The frequency of PAH is ~3–4-fold
higher in females relative to males for adult-onset disease. However, data from the National Biological
Sample and Data Repository for PAH (aka PAH Biobank, Table 1) [10,11] and other studies [12,13]

Genes 2020, 11, 1213; doi:10.3390/genes11101213 www.mdpi.com/journal/genes
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indicate that the frequency of pediatric-onset PAH is similar for females and males, suggesting less
dependence on sex-specific factors in children. Children present with increased severity of disease, e.g.,
elevated mean pulmonary artery pressure (mPAP), decreased cardiac output, and increased pulmonary
vascular resistance, compared to adults at diagnosis (Table 1) [10,11]. The clinical manifestations likely
reflect the complex etiology of disease in children. While prenatal and early postnatal influences
on lung growth and development can contribute to the development of PAH across the lifespan,
early developmental influences play a particularly prominent role in pediatric-onset PAH in which
patients frequently have complex comorbidities such as congenital heart disease (APAH-CHD), Down
syndrome, congenital diaphragmatic hernia (CDH), and other developmental lung diseases, including
persistent pulmonary hypertension of the newborn (PPHN) [7,14,15]. Histopathological studies have
identified abnormal lung development and lung hypoplasia as common features of PAH, CHD, CDH,
and Down syndrome [14,16]. While the mechanisms for impaired lung development are not known,
altered expression of angiogenic and anti-angiogenic genes likely contribute [17–20]. Decreased lung
vascular and alveolar growth predispose one to vascular injury during susceptible periods of growth
and adaptation. The presentation of pediatric PAH with developmental comorbidities contributes
to poor outcomes in these children [7,15]. Few pharmaceutical therapies are approved for use in
children due to the lack of safety and efficacy data [8]. However, a retrospective study of pediatric PAH
patients suggested that PAH patients with Down syndrome may be less responsive to PAH treatments
than non-Down syndrome patients [21]. Clearly, pediatric-focused studies are needed to increase
our understanding about the natural history, the pathogenic mechanisms, and the treatment of PAH
in children.
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2. Genetics of Pediatric PAH—Current Knowledge

Emerging data from genetic studies of pediatric-onset PAH indicate that the genetic basis in
children is different from that of adults [10,11,13]. There is a greater genetic burden in children, with
rare genetic factors contributing to ~42% of pediatric-onset PAH compared to ~12.5% of adult-onset
PAH (Figure 1). De novo variants are frequent in children, likely contributing to ~15% of pediatric
PAH [10,13]. Among rare inherited variants, variants in BMPR2 are causal in ~6.5–7% of both pediatric-
and adult-onset PAH; most of the cases are FPAH or idiopathic PAH (IPAH), rarely PAH associated with
other diseases (APAH) [11,22], and no occurrences in PPHN have been reported to date [23]. Notably,
two of the other known causal genes with the highest frequencies of rare deleterious variants among
pediatric cases—TBX4 and SOX17—are highly expressed in embryonic tissues and have prominent
roles in lung and vasculature development [24–26]. The mean age of PAH onset by risk gene is shown
for twelve of the genes in Figure 2.

Figure 1. Relative contributions of de novo mutations and 18 PAH risk genes in a cohort of 443 pediatric
and 2628 adult cases from CUIMC and the PAH Biobank. Risk genes include BMPR2, ABCC8, ACVRL1,
ATP13A3, BMPR1B, CAV1, EIF2AK4, ENG, GDF2, KCNA5, KCNK3, KDR, NOTCH1, SMAD1, SMAD4,
SMAD9, and TBX4. PAH cases include IPAH, APAH, FPAH and other rarer cases.

Figure 2. Age-of-disease onset for all PAH Biobank cases with rare deleterious variants in known PAH
risk genes. Box plots showing median, interquartile range and min/max values for age-of-disease onset
(i.e., age at diagnostic right heart catheterization). The number of cases carrying variants for each gene
is given above each box plot. Genes represented by less than four cases are not shown.

2.1. TBX4

Unlike BMPR2 and other known causal PAH genes, TBX4 is not expressed in pulmonary arterial
endothelial cells or smooth muscle cells. TBX4 is a transcription factor in the T-box gene family that is
co-expressed with TBX5 throughout the mesenchyme of developing lung and trachea [24]. Lung-specific
Tbx4/Tbx5 deficient mice exhibit impaired lung branching and hypoplasia during gestation as well as
early postnatal death due to severe respiratory disease [24]. TBX4 is also expressed in the developing
atrium of the heart and the limb buds [27]. In humans, rare but recurrent microdeletions of chromosome
17q23, including TBX4, have been observed in children with complex phenotypes including PAH,
heart and skeletal defects, and neurodevelopmental delay [28–30]. More recently, TBX4-specific likely
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gene-disrupting (LGD) and damaging missense variants have been associated with PAH with or
without small patella syndrome (OMIM #147891), most frequently in pediatric cases [11,13,22,31,32].
In two independent cohorts [11,13], rare deleterious variants in TBX4 showed significant enrichment
among pediatric- compared to adult-onset IPAH cases (Columbia University Irving Medical Center,
CUIMC, cohort: 10/130 vs. 0/178; PAH Biobank: 12/155 vs. 1/257, respectively). In the PAH Biobank,
ten additional TBX4 variants were identified for other PAH subtypes, including three APAH-CHD
cases with heart defects. In a cohort of 256 APAH-CHD cases (144 pediatric- and 112 adult-onset), we
identified TBX4 variants in seven cases with age-of-onset from newborn to 11 years, one associated
with alveolar hypoplasia [22]. Together, the data suggest that rare TBX4 variants contribute to 7.7%
of pediatric IPAH and 4.9% of pediatric APAH-CHD cases. Notably, TBX4 variants have not been
observed in CHD alone [33].

Skeletal and other developmental defects are not routinely assessed as part of a PAH diagnosis and,
as such, some dual diagnoses may have been missed for PAH cases. To this end, Galambos et al. [34]
carried out detailed clinical and histopathologic characterization of 19 pediatric PAH cases with TBX4
variants: 6 microdeletions, 12 LGD, and 1 missense. Seven infants had evidence of abnormal distal
lung development, and there was a high frequency of heart and skeletal developmental anomalies;
neurodevelopmental delay was also observed among those patients with microdeletions, likely due to
haploinsufficiency of other adjacent genes. Ten newborns presented with PPHN which resolved but
recurred later in infancy or childhood [34]. A report from the National French Registry [35] concurred
these findings of skeletal, heart, and lung developmental anomalies in PAH cases. Why some patients
present with PAH alone, small patella syndrome alone, PAH with small patella syndrome, or PAH
with other developmental defects is not understood at this time but may depend on the variant type or
the protein location of gene variants, other genetic or epigenetic factors, or other environmental factors
affecting the specific transcriptional pathways regulated by TBX4. It is clear that genetic diagnosis of
a rare deleterious TBX4 variant or TBX4-containing microdeletion in pediatric PAH predicts a more
complex developmental phenotype (TBX4 syndrome [36]). Chest imaging for severe and diffuse
features of pulmonary growth arrest, assessment for congenital heart defects, physical examination of
hands and feet, and radiological assessment of pelvic areas are recommended. In addition, a TBX4
diagnosis predicts potential recurrence of PAH following neonatal PPHN suggesting that annual
screening by echocardiography may be useful.

2.2. SOX17

SOX17 is a member of the conserved family of SRY-related HMG box transcription factors,
originally identified as key regulators of male sex determination but now recognized to have critical
roles in embryogenesis [25,26]. SOX17 is specifically required for endoderm formation and vascular
morphogenesis [25,37,38], and germline deletion of Sox17 results in embryonic lethality by E10.5 [25].
In the developing murine lung, Sox17 is expressed in mesenchymal progenitor cells and is then
restricted to endothelial cells of the pulmonary vasculature [39]. Conditional deletion of Sox17 in
mesenchymal progenitor cells causes abnormal pulmonary vascular morphogenesis, resulting in
postnatal cardiopulmonary dysfunction and juvenile death [39]. Endothelial-specific inactivation
of Sox17 in mice leads to impaired arterial specification and embryonic death or, with conditional
postnatal inactivation, arterial-venous malformations [37]. Transcriptional activation of Sox17 via
hypoxia-induced factor 1α leads to upregulation of cyclin-E1 and endothelial regeneration in response
to lung injury [40]. We identified SOX17 as a candidate risk gene for PAH using exome sequencing
data in a cohort of 256 APAH-CHD patients [22]. Thirteen cases with rare predicted deleterious
SOX17 variants were identified, seven LGD and six missense variants located primarily within
the conserved HMG box domain (Figure 2). Fifty-six percent of the overall cohort were pediatric cases,
but nine of thirteen cases with rare deleterious variants in SOX17 were pediatric cases with mean
age-of-onset of 14 years. A recurrent frameshift variant, p.(Leu167Trpfs*213), was identified in three
APAH-CHD cases with age-of-onset ranging from 7 months to 5 years. We [11,22] and others [41,42]
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have identified SOX17 variants in IPAH cases but with lower frequency in adults. Combined data
from five cohorts ([11,13,22,41,42] indicate that SOX17 variants contribute to 7% of all pediatric-onset
PAH cases compared to 0.4% of adult-onset cases (Figure 3). Protein modeling indicates that at least
three of the APAH-CHD case missense variants localize to the transcription factor DNA binding
pocket [22], and missense variants in this region have been shown to impair both direct DNA binding
and SOX17/β-catenin nucleoprotein complexes at target gene promoters [43,44]. These data suggest
that haploinsufficiency with complete or partial loss of function alleles is the likely mechanism of
SOX17 risk in PAH.

Figure 3. Locations of SOX17 likely gene disrupting (LGD) and rare predicted deleterious missense
(D-Mis) variants carried by PAH cases from five cohorts from the US, UK and Japan. Variants carried
by pediatric cases (n = 19) are shown above the protein schematic and variants carried by adult
cases (n = 13) below the schematic. The combined datasets include 273 pediatric and 3455 adult
cases [11,13,22,41,42].

Some variants in SOX17 downstream target genes may be predicted to mimic the consequences of
SOX17 LGD variants or haploinsufficiency. We identified 163 rare predicted deleterious variants in 149
putative SOX17 target genes, most with prominent expression in pulmonary artery endothelial cells
and/or developing heart [22]. For the 32 LGD and the 131 missense variants, we observed a moderate
but significant enrichment of rare missense variants in cases compared to controls. Approximately
one-third of these genes had top quartile gene expression in both pulmonary artery endothelial cells
and developing heart. Pathway analysis indicated that the genes have likely roles in developmental
biology, small molecule transport/homeostasis, and extracellular matrix interactions (Table 2). While
these results are intriguing, they require confirmation in larger cohorts to determine which specific
SOX17-regulated genes/pathways contribute to PAH risk.

Table 2. Biological pathway analysis of SOX17 target genes harboring PAH-CHD patient rare deleterious
variants. Data obtained using Reactome 2016. Pathways with false discovery rate (FDR)-adjusted
p-value ≤ 0.05 are listed.

Term
Reactome

ID
# Genes in

Overlap
p-Value

Adjusted
p-Value

Genes

Developmental
biology

R-HAS-
1266738 16/786 6.8 × 10−5 0.03

KLB, ROBO2, LAMA1,
EGF, ANK3, LAMC,

SLC2A4, MED6, SPRED2,
MEIS1, NRFA2, PCMC4,

NF1, EP300, TCF4,
EPHB4

Transmembrane
transport of small

molecules

R-HAS-
382561 13/594 1.7 ×10−4 0.03

RYR2, ABCC4, ABCC1,
SLC1A3, SL#3A4,

SLC8A1, CLCN5, SLCA9,
ATPB7, ASPH, WNK1,

NUP35, EMB
Non-integrin

membrane
extracellular matrix

interactions

R-HAS-
3000171 4/42 1.7 × 10−4 0.03 LAMA1, LAMA4,

LAMC1, THBS1

Ion homeostasis R-HAS-
5578775 4/51 1.7 × 10−4 0.03 RYR2, ASPH, TPR3,

SLC8A1
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2.3. The Relative Contribution of Other Known PAH Risk Genes

Among the combined CUIMC and PAH Biobank pediatric cohort of 443 non-overlapping cases,
rare deleterious variants in other known PAH risk genes altogether account for ~12% of cases (27 IPAH,
26 APAH-CHD, 2 APAH-HHT). Variants in NOTCH1 account for 2.7% of pediatric PAH cases (2 IPAH,
10 APAH-CHD). NOTCH1 encodes a transmembrane receptor that facilitates intercellular interactions
and signaling with known roles in development and is a known CHD risk gene. Variants in ABCC8
and SMAD9 account for 2% and 1% of cases, respectively, including both IPAH and APAH-CHD.
Variants in ACVRL1/ENG account for 1% of cases, including two APAH-HHT cases. BMPR1B, CAV1,
GDF2, KCNK3 and KDR/BMP9 were identified in one to four cases each, accounting for <1% for each
gene. In addition to autosomal dominant inheritance, recessively inherited EIF2AK4 variants have
been identified in 1–3% of children in European and Chinese cohorts [31,45,46]. In addition, a rare
occurrence of recessively inherited GDF2 variants has been reported for a 3-year-old boy with right
heart failure [47]. Autosomal recessive inheritance of other risk variants may cause very early-onset
severe PAH, and additional pediatric studies are necessary to evaluate rare recessive genetic etiologies.

2.4. De Novo Variants

De novo variants have emerged as an important class of genetic factors underlying rare diseases,
especially early-onset severe conditions [15,33,48–50], due to strong negative selection decreasing
reproductive fitness [51]. We recently assessed the role of rare deleterious de novo variants in pediatric
PAH using a cohort of 124 parent-child trios (56% IPAH, 38% APAH-CHD, 6% other PAH) [10]. We
observed a 2.5-fold enrichment of de novo variants among all PAH cases compared to the expected
rate, almost entirely due to genes that are highly expressed in developing lung or heart (Table 3).
Among the PAH cases identified with de novo variants, 54% were IPAH, 32% were APAH-CHD,
and 14% other PAH; at least 20% of the de novo variant carriers had additional diagnoses of other
congenital anomalies. De novo variants were identified in three known PAH risk genes (four variants
in TBX4, two in BMPR2, one in ACVRL1) and 23 additional genes with high expression in developing
lung and/or heart but little to no previous association with PAH. Based on the enrichment rate, we
estimate that ~18 of the identified variants are likely to be implicated in pediatric PAH. The identified
genes fit a general pattern for developmental disorders—genes intolerant to LGD variants (pLI >0.5
for 40% of the PAH genes) and with known functions important for coordinated organogenesis,
including transcription factors, RNA binding proteins, protein kinases, and chromatin modification.
Three of the genes are known CHD risk genes (NOTCH1, PTPN11, and RAF1). NOTCH1 is the most
commonly associated gene for the congenital heart defect of tetralogy of Fallot, [52] and the NOTCH1
de novo variant carrier had a diagnosis of APAH-CHD with tetralogy of Fallot. Rare variants in
PTPN11 and RAF1 are causal for Noonan syndrome, which has a high frequency of congenital
heart defects. The de novo variants identified in both of these genes are known causal Noonan
syndrome variants [53], and three cases of fatal pediatric PAH with Noonan syndrome have been
previously reported [54,55]. We previously reported rare inherited variants in NOTCH1 (n = 5),
PTPN11 (n = 1), and RAF1 (n = 2) carried by APAH-CHD cases [22]. Aside from known PAH
and CHD genes, at least eight of the other genes with identified de novo variants have known or
plausible roles in lung/vascular development (Table 4). For example, AMOT (angiomotin) encodes
an angiostatin-binding protein involved in embryonic endothelial cell migration and tube formation
as well as endothelial cell tight junctions and angiogenesis [56–58]. HSPA4 (heat shock protein A4)
encodes a chaperone that, together with HSPA4L, functions in embryonic lung maturation and dual
deletion of Hspa4/Hspa4l, which results in intrauterine pulmonary hypoplasia and early neonatal
death [59]. KEAP1 (Kelch-like ECH associated protein 1) regulates oxidative stress and apoptosis
through interactions with NRF2 in murine vascular cells [60], and endothelial-specific deletion of NRF2
reduces endothelial sprouting in vivo [61] and increases susceptibility to bronchopulmonary dysplasia
and other respiratory diseases [62]. An NRF2 activator is currently being investigated in a phase 2
clinical trial for PAH (ichgcp.net/clinical-trials-registry/NCT02036970). Finally, one third of all of the de
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novo variants identified in the trio analysis are in causal genes for developmental syndromes, consistent
with the enrichment of developmental phenotypes among the variant carriers [10]. The genes identified
in this study require replication in a larger pediatric cohort. In addition, genes with rare variants
can be entered into GeneMatcher to identify other cases with rare variants in the same gene and
compare genotypes and phenotypes. Due to the low background rate of rare deleterious de novo
variants [63], the statistical evidence for a candidate risk gene is effectively equivalent to multiplicity.
That is, genes with ≥2 rare deleterious de novo variants are unlikely to be mutated by chance and
should be considered candidate risk genes. The genes and the variants identified in the pediatric trio
analysis have not been observed in adult-onset cases and likely will be specific to pediatric PAH. Thus,
it is imperative that larger pediatric-focused PAH cohorts are studied to advance our knowledge of
the causal genes specific to pediatric-onset PAH.

Table 3. Burden of de novo variants in 5756 genes highly expressed in developing lung (murine E16.5
lung stromal cells) and/or developing heart (murine E14.5 heart) in pediatric-onset PAH (n = 124
child/parent trios).

Variant Type *
Observed in

Trios (n = 124)
Expected by

Chance
Enrichment p-Value

Estimated # of
True Risk Variants

SYN 18 14.0 1.3 0.28 —
LGD 11 4.7 2.4 0.06 —
MIS 40 31.7 1.3 0.15 —

D-MIS 19 7.2 2.6 2.0 × 10−4 12
LGD + D-MIS 30 11.8 2.5 7.0 × 10−6 18

* SYN, synonymous; LGD, likely gene disrupting; MIS, missense; D-MIS, predicted deleterious missense based on
REVEL score > 0.5.

Table 4. Novel genes with rare deleterious de novo variants in pediatric-onset PAH (n = 124 trios).

Gene
Symbol

Variant
Type

Protein Change
REVEL
Score

CADD
Score

Allele
Frequency
(gnomAD)

E16.5 Lung
Expression

Rank

E14.5
Heart

Expression
Rank

Variant
Carrier

PAH
Subtype

AMOT LGD p.(Leu320Cysfs*55) . 31 . 68 95 IPAH
CSNK2A2 D-MIS p.(His184Leu) 0.50 25 . 55 77 IPAH

HNRNPF LGD p.(Tyr210Leufs*14) . 29 . 85 98 PPHN,
PAH

HSPA4 D-MIS p.(pro684Arg) 0.62 30 4.1 × 10−6 43 96 PAH-CHD
KDM3B D-MIS p.(Pro1100Ser) 0.66 29 . 89 87 IPAH

KEAP1 LGD p.(Tyr584*) . 35 . 79 82
IPAH

with dev
delay

MECOM D-MIS p.(Phe762Ser) 0.76 32 . 82 60 IPAH

ZMYM2 LGD p.(Arg540*) . 36 . 93 77

IPAH
with

skeletal
anomalies

AMOT, angiomotin; CSKN2A2, casein kinase II, α 2; HNRNPF, heterogeneous nuclear ribonucleoprotein F; HSPA4,
heat shock protein A (HSP70), member 4; KDM3B, lysine demethylase 3B; KEAP1, Kelch-like ECH-associated
protein 1; MECOM, MDS1 and EVI1 complex locus; ZMYM2, zinc finger protein 620. LGD, likely gene disrupting;
MIS, missense; D-MIS, predicted deleterious missense based on REVEL score > 0.5. Allele frequency “.” absent
from gnomAD.

2.5. Genetic Ancestry

Most of the large genetic studies conducted to date have utilized cohorts of predominantly
European ancestry. However, the role of specific genes in PAH may be heterogeneous across genetic
ancestries, and the results of these studies may not be generalizable to all other populations. For example,
the frequency of ACVRL1 and ENG variants combined is ~1% among pediatric IPAH cases of European
ancestry [11,13], but the frequency of ACVRL1 alone may be closer to 13% among Asian children [64].
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GDF2/BMP9 was recently identified as a novel PAH risk gene with genome-wide significance in both
European [41] and Asian [65] cohorts with replication in the PAH Biobank cohort [11]. Similar to other
PAH risk genes, the mode of inheritance was autosomal dominant. The frequency of GDF2/BMP9
variants among children was 2.1% (2/94 cases) in the PAH Biobank and 5.2% (3/57 cases) in the Asian
cohort, suggesting that GDF2/BMP9 variants might be a more frequent cause of PAH among Asian
children. Further study is required to determine whether this difference is a true genetic ancestry effect
or random variation due to relatively small sample size or differences in bioinformatic pipelines. A
PAH case study of a five-year-old boy of Hispanic ancestry identified a homozygous GDF2/BMP9
LGD variant, NM_016204.1:c.76C > T; p.(Gln26Ter) [47]. The unaffected parents were heterozygous for
the variant. Interestingly, the gnomAD population database (gnomADv2.1.1, n = 141,456 samples) [66]
contains only two heterozygous counts of this allele, both of Latino ancestry, suggesting that this might
be an ancestry-specific allele. Clearly, larger studies of children with greater diversity are needed to
define population-specific risk gene allele frequencies as well as ancestral-specific genetic factors.

2.6. The Role of Other “Omics” in PAH

In addition to DNA sequencing to identify genetic etiologies of PAH, other “omics”, including
RNA sequencing, metabolomics, and proteomics, can provide valuable predictions of who is at risk
for disease, define endophenotypes, and guide effective therapies [67,68]. For example, West and
colleagues performed RNA sequencing of blood lymphocytes derived from BMPR2 variant carriers
with and without PAH to identify transcriptional patterns relevant to disease penetrance [69]. More
recently, FHIT was identified as a potentially clinically relevant BMPR2 modifier gene through an siRNA
screen of BMPR2 signaling regulatory genes combined with publicly available PAH RNA expression
data. Subsequently, the authors showed that pharmaceutical upregulation of FHIT prevented and
reversed experimental pulmonary hypertension in a rat model [70]. Rhodes and colleagues utilized
metabolomics to identify circulating metabolites that distinguish PAH cases from healthy controls, to
predict outcomes among PAH cases, and to monitor metabolite levels over time to determine whether
correction could affect outcomes [71]. Stearman et al. combined gene expression data with pathway
analyses to identify a transcriptional framework for PAH-affected lungs [72]. Similarly, Hemnes
and colleagues used transcriptomics to identify RNA expression patterns predictive of vasodilator
responsiveness among PAH patients [73]. These studies highlight the promise of other omics in
predictions of PAH risk, diagnosis, classification, drug responsiveness, and prognosis. However, such
studies have not been conducted in children. Detailed omic phenotyping requires biologic sampling,
which can be difficult in pediatric patients, especially for the very young or those with complex medical
conditions. We propose a pilot genomics-first approach followed by detailed phenotyping of patients
grouped by genetic diagnosis to enrich the biologic sampling and assess utility before performing
larger studies across all pediatric PAH patients.

3. A Genomics First Approach towards Better Understanding of Pediatric PAH

Identification of molecular subtypes of PAH has been proposed as a means to improve risk
stratification, treatment, and outcomes. Obtaining a genetic diagnosis in children requires more
extensive genetic testing than in adults (Figure 4). If testing for a panel of genes known to be
associated with PAH is not diagnostic, children should be evaluated genome-wide for rare de novo
and inherited variants with trio (parental and child) exome sequencing/chromosome microarray or
genome sequencing. With knowledge of the causal gene, natural history, penetrance, and response to
treatment can be refined for that specific genetic subtype of PAH to allow for more precise care for
each genetically defined group. Individuals across genes in the same biological pathway can then be
compared to assess similarities and differences.
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Figure 4. Genomic approach to improve understanding of pediatric PAH.

Collaboration across national and international clinical PH sites will be necessary to yield
sufficient sample sizes due to the extremely small number of pediatric PAH patients at single PH
sites, heterogeneity of risk genes for PAH, and need for ancestral diversity. PPHNet is an example
of a pediatric-specific PAH consortium with ongoing recruitment across 13 North American clinical
sites [74–78]. PVDomics [79], a US multicenter study launched in 2014, and PAH-ICON (pahicon.com),
a new international effort, represent additional large-scale PAH cohorts. PAH was defined as mPAP
≥25 mmHg but was recently updated to include mPAP 20–25 mmHg in both children and adults [8].
Due to variability in pulmonary hemodynamics during the post-natal transition period, pediatric PAH
is defined by elevated mPAP after 3 months of age in combination with pulmonary vascular resistance
as indexed to body surface area, PVRI ≥3 Woods units/m2 [8]. Clinical classification of PAH subtypes
aims to improve clinical management and enhance research efforts and is typically based on the World
Symposium on Pulmonary Hypertension (WSPH) system, updated during the 2018 Nice session [80].
In children, use of a pediatric-specific classification system developed in Panama by the Pulmonary
Vascular Research Institute (PVRI) Pediatric Task Force [81] provides more definitive classification of
developmental and complex phenotypes.

Biological trios composed of two unaffected parents and an affected child are preferred over
singleton cases for pediatric studies of PAH in order to identify both inherited and de novo variants
causal for disease. However, as the number of ethnically matched genomic data in public databases
increases, the need for trios will decrease. DNA can be reliably obtained from small samples of blood
or saliva. We have developed methods in a large national autism study to collect saliva from pediatric
patients and their parents in their homes, with instructional videos to support clinical sites with remote
biospecimen collection [82,83]. Biological samples can be shipped to a central biorepository for DNA
extraction and then processed and sequenced using a single genetic platform. Since annotation tools
for predicting relative pathogenicity of noncoding variants are still under development, and because
the incremental yield of structural variants identified from genome sequencing is low, there is currently
little added value in analysis of genome sequencing compared to exome sequencing data. Following
extensive quality control, filtering, and annotation, sequencing data are screened for rare deleterious
variants in known candidate genes or undergo trio analysis for de novo variants or association analysis
for inherited variants [10,11]. Candidate genes identified by these methods are further assessed by
mapping the locations of variants to protein structures, assessing expression in PAH-relevant tissues
and cell types, assessing variant function in vitro, and assessing the impact of pathogenic variants
in vivo in model organisms. Human mutations can be introduced into cells and PAH-sensitized mice
using CRISPR technology. Phenotypic “rescue” by exogenous delivery of normal proteins can add
evidence to support causation.
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Once genetic subtypes are defined, demographic data, clinical phenotypes, and imaging data
(pulmonary vascular angiography, chest X-ray or CT scans, chest/cardiac MRI, and lung biopsies) can
be compared among cases with variants in the same gene/pathway. Relevant cases can be recalled or
remotely interviewed for targeted clinical assessments to determine if there are similarities among
cases with rare variants in the same gene/pathway.

To increase rigor and assess the full phenotypic spectrum of the new genetic subtypes, additional
cases can be identified using GeneMatcher, clinical diagnostic laboratories, and large sequencing centers.
Longitudinal phenotypes of the genetic subtypes can be assessed retrospectively and prospectively,
including death/transplant, response to medication, other medical diagnoses, and changes in lung
function. For inherited variants, cascade genetic testing of family members with clinical evaluation
of “unaffected” individuals who carry the relevant genetic variant can inform penetrance by age
and sex. To support families with genetic diagnoses, “virtual” family meetings can be organized
to update families on new findings related to their conditions and build communities for each of
the rare endophenotypes.

The value of a genetic diagnosis to families is three-fold: (1) identification of other associated
features, (2) identification of family members at risk for developing PAH, and (3) clarification of
reproductive risks and provide family planning options. Biallelic mutations in EIF2AK4 are diagnostic
for pulmonary veno-occlusive disease/pulmonary capillary hemangiomatosis [84], which can be
difficult to diagnose clinically without a lung biopsy, and patients can be listed for transplant earlier in
the course of disease, which may improve outcomes. As mentioned, TBX4 variant carriers should
be assessed for associated developmental (lung, heart) and orthopedic (hips, knees, feet) issues.
ENG/ACVRL1 variant carriers are prone to arteriovenous malformations in brain, intestine, lung, and
liver [85]; these patients require periodic MRI surveillance. After making a genetic diagnosis in a PAH
patient, additional family members can be screened for the family variant to identify those at risk who
may benefit from annual surveillance and early diagnosis/treatment. Furthermore, diagnosed young
adults can make informed decisions regarding family planning.

4. Conclusions

Pediatric PAH differs from adult-onset PAH in many important aspects, including clinical
presentation, etiology, genetic burden, and specific genes involved. In many young children,
PAH is a developmental disease with a complex phenotype. TBX4 and SOX17 are examples of
developmental genes in which rare deleterious variants occur much more frequently in pediatric-
compared to adult-onset PAH. De novo variants likely contribute to at least 15% of pediatric-onset
PAH, but the specific genes require confirmation in larger pediatric cohorts. Many genes with de
novo variants likely contribute to developmental phenotypes and complex medical conditions. A
genomics-first approach to pediatric PAH starts with a genetic diagnosis followed by phenotypic
characterization of cases with variants in the same genes/pathways. Large, diverse pediatric populations
are needed to confirm the candidate genes identified thus far, identify new genes, characterize each
rare endophenotype and natural history, and assess the efficacy of therapies to inform more precise
clinical management. In addition, questions related to which children are at risk for developing
PAH—especially children with CHD, CDH, bronchopulmonary dysplasia, and Down syndrome—may
be answered. The yield of genetic diagnoses in pediatric-onset PAH cohorts is significantly greater
than the yield in adult-onset cohorts. However, identification of genes, pathways, and networks in
children could provide novel targets for therapy not only for children but for all patients with and at
high risk for PAH.

Author Contributions: Writing—original draft preparation, C.L.W.; writing—review and editing, W.K.C.; funding
acquisition, W.K.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NIH U01HL125218 and the JPB Foundation (W.K.C.).

Acknowledgments: We are grateful to the patients who have contributed to these studies.

15



Genes 2020, 11, 1213

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, L.; Jick, S.S.; Breitenstein, S.; Hernandez, G.; Michel, A.; Vizcaya, D. Pulmonary arterial hypertension in
the USA: An epidemiological study in a large insured pediatric population. Pulm. Circ. 2017, 7, 126–136.
[CrossRef] [PubMed]

2. Humbert, M.; Sitbon, O.; Chaouat, A.; Bertocchi, M.; Habib, G.; Gressin, V.; Yaici, A.; Weitzenblum, E.;
Cordier, J.F.; Chabot, F.; et al. Pulmonary arterial hypertension in France. Am. J. Respir. Crit. Care Med. 2006,
173, 1023–1030. [CrossRef]

3. Ryan, J.J.; Archer, S.L. The right ventricle in pulmonary arterial hypertension: Disorders of metabolism,
angiogenesis and adrenergic signaling in right ventricular failure. Circ. Res. 2014, 115, 176–188. [CrossRef]
[PubMed]

4. Morrell, N.W.; Aldred, M.A.; Chung, W.K.; Elliott, C.G.; Nichols, W.C.; Soubrier, F.; Trembath, R.C.; Loyd, J.E.
Genetics and genomics of pulmonary arterial hypertension. Eur. Respir. J. 2019, 53, 1801899. [CrossRef]
[PubMed]

5. Southgate, L.; Machado, R.D.; Gräf, S.; Morrell, N.W. Molecular genetic framework underlying pulmonary
arterial hypertension. Nat. Rev. Cardiol. 2020, 17, 85–95. [CrossRef] [PubMed]

6. Reyes-Palomares, A.; Gu, M.; Grubert, F.; Berest, I.; Sa, S.; Kasowski, M.; Arnold, C.; Shuai, M.; Srivas, R.;
Miao, S.; et al. Remodeling of active endothelial enhancers is associated with aberrant gene-regulatory
networks in pulmonary arterial hypertension. Nat. Commun. 2020, 11, 1673. [CrossRef]

7. Hansmann, G. Pulmonary hypertension in infants, children, and young adults. J. Am. Coll. Cardiol. 2017, 69,
2551–2569. [CrossRef] [PubMed]

8. Rosenzweig, E.B.; Abman, S.H.; Adatia, I.; Beghetti, M.; Bonnet, D.; Haworth, S.; Ivy, D.D.; Berger, R.M.
Paediatric pulmonary arterial hypertension: Updates on definition, classification, diagnostics and
management. Eur. Respir. J. 2019, 53, 1801916. [CrossRef]

9. Saji, T. Update on pediatric pulmonary arterial hypertension. Differences and similarities to adult disease.
Circ. J. 2013, 77, 2639–2650. [CrossRef]

10. Zhu, N.; Swietlik, E.M.; Welch, C.L.; Pauciulo, M.W.; Hagen, J.J.; Zhou, X.; Guo, Y.; Karten, J.; Pandya, D.;
Tilly, T.; et al. Rare variant analysis of 4241 pulmonary arterial hypertension cases from an international
consortium implicate FBLN2, PDGFD and rare de novo variants in PAH. bioRxiv 2020, 2029, 124255.

11. Zhu, N.; PAH Biobank Enrolling Centers’ Investigators; Pauciulo, M.W.; Welch, C.L.; Lutz, K.A.;
Coleman, A.W.; Gonzaga-Jauregui, C.; Wang, J.; Grimes, J.M.; Martin, L.J.; et al. Novel risk genes
and mechanisms implicated by exome sequencing of 2572 individuals with pulmonary arterial hypertension.
Genome Med. 2019, 11, 69. [CrossRef] [PubMed]

12. Barst, R.J.; McGoon, M.D.; Elliott, C.G.; Foreman, A.J.; Miller, D.P.; Ivy, D.D. Survival in childhood pulmonary
arterial hypertension: Insights from the registry to evaluate early and long-term pulmonary arterial
hypertension disease management. Circulation 2012, 125, 113–122. [CrossRef]

13. Zhu, N.; Gonzaga-Jauregui, C.; Welch, C.L.; Ma, L.; Qi, H.; King, A.K.; Krishnan, U.; Rosenzweig, E.B.;
Ivy, D.D.; Austin, E.D.; et al. Exome sequencing in children with pulmonary arterial hypertension
demonstrates differences compared with adults. Circ. Genom. Precis. Med. 2018, 11, e001887. [CrossRef]
[PubMed]

14. Abman, S.H.; Baker, C.; Gien, J.; Mourani, P.; Galambos, C. The Robyn Barst memorial lecture: Differences
between the fetal, newborn, and adult pulmonary circulations: Relevance for age-specific therapies (2013
grover conference series). Pulm. Circ. 2014, 4, 424–440. [CrossRef] [PubMed]

15. Qiao, L.; Wynn, J.; Yu, L.; Ms, R.H.; Zhou, X.; Duron, V.; Aspelund, G.; Farkouh-Karoleski, C.; Zygumunt, A.;
Krishnan, U.S.; et al. Likely damaging de novo variants in congenital diaphragmatic hernia patients are
associated with worse clinical outcomes. Genet. Med. 2020, 1–9. [CrossRef]

16. Bush, D.; Abman, S.H.; Galambos, C. Prominent intrapulmonary bronchopulmonary anastomoses and
abnormal lung development in infants and children with down syndrome. J. Pediatr. 2017, 180, 156–162.e1.
[CrossRef]

17. Sánchez, O.; Dominguez, C.; Ruiz, A.; Ribera, I.; Alijotas-Reig, J.; Roura, L.C.; Carreras, E.; Llurba, E.
Angiogenic gene expression in down syndrome fetal hearts. Fetal Diagn. Ther. 2016, 40, 21–27. [CrossRef]

16



Genes 2020, 11, 1213

18. Galambos, C.; Minic, A.D.; Bush, D.; Nguyen, D.; Dodson, B.; Seedorf, G.; Abman, S.H. Increased lung
expression of anti-angiogenic factors in down syndrome: Potential role in abnormal lung vascular growth
and the risk for pulmonary hypertension. PLoS ONE 2016, 11, e0159005. [CrossRef]

19. Reuter, M.S.; Jobling, R.; Chaturvedi, R.R.; Manshaei, R.; Costain, G.; Heung, T.; Curtis, M.; Hosseini, S.M.;
Liston, E.; Lowther, C.; et al. Haploinsufficiency of vascular endothelial growth factor related signaling
genes is associated with tetralogy of Fallot. Genet. Med. 2018, 21, 1001–1007. [CrossRef]

20. Zhao, W.; Wang, J.; Shen, J.; Sun, K.; Zhu, J.; Yu, T.; Ji, W.; Chen, Y.; Fu, Q.; Li, F. Mutations in VEGFA are
associated with congenital left ventricular outflow tract obstruction. Biochem. Biophys. Res. Commun. 2010,
396, 483–488. [CrossRef]

21. Beghetti, M.; Rudzinski, A.; Zhang, M. Efficacy and safety of oral sildenafil in children with Down syndrome
and pulmonary hypertension. BMC Cardiovasc. Disord. 2017, 17, 177. [CrossRef]

22. Zhu, N.; Welch, C.L.; Wang, J.; Allen, P.M.; Gonzaga-Jauregui, C.; Ma, L.; King, A.K.; Krishnan, U.;
Rosenzweig, E.B.; Ivy, D.D.; et al. Rare variants in SOX17 are associated with pulmonary arterial hypertension
with congenital heart disease. Genome Med. 2018, 10, 56. [CrossRef] [PubMed]

23. Byers, H.M.; Dagle, J.M.; Klein, J.M.; Ryckman, K.K.; McDonald, E.L.; Murray, J.C.; Borowski, K.S. Variations
in CRHR1 are associated with persistent pulmonary hypertension of the newborn. Pediatr. Res. 2012, 71,
162–167. [CrossRef] [PubMed]

24. Arora, R.; Metzger, R.J.; Papaioannou, V.E. Multiple roles and interactions of Tbx4 and Tbx5 in development
of the respiratory system. PLoS Genet. 2012, 8, e1002866. [CrossRef]

25. Kanai-Azuma, M.; Kanai, Y.; Gad, J.M.; Tajima, Y.; Taya, C.; Kurohmaru, M.; Sanai, Y.; Yonekawa, H.;
Yazaki, K.; Tam, P.P.; et al. Depletion of definitive gut endoderm in Sox17-null mutant mice. Development
2002, 129, 2367–2379.

26. Lilly, A.J.; Lacaud, G.; Kouskoff, V. SOXF transcription factors in cardiovascular development. Semin. Cell
Dev. Biol. 2017, 63, 50–57. [CrossRef]

27. Sheeba, C.J.; Logan, M.P. The roles of T-box genes in vertebrate limb development. Curr. Top Dev. Biol. 2017,
122, 355–381. [PubMed]

28. Ballif, B.C.; Theisen, A.; Rosenfeld, J.A.; Traylor, R.N.; Gastier-Foster, J.; Thrush, D.L.; Astbury, C.;
Bartholomew, D.; McBride, K.L.; Pyatt, R.E.; et al. Identification of a recurrent microdeletion at 17q23.1q23.2
flanked by segmental duplications associated with heart defects and limb abnormalities. Am. J. Hum. Genet.
2010, 86, 454–461. [CrossRef]

29. Nimmakayalu, M.; Sheffield, V.C.; Solomon, D.H.; Patil, S.R.; Shchelochkov, O.A.; Major, H.; Smith, R.J.
Microdeletion of 17q22q23.2 encompassing TBX2 and TBX4 in a patient with congenital microcephaly,
thyroid duct cyst, sensorineural hearing loss, and pulmonary hypertension. Am. J. Med. Genet. Part A 2011,
155A, 418–423. [CrossRef]

30. Kerstjens-Frederikse, W.S.; Bongers, E.M.H.F.; Roofthooft, M.T.R.; Leter, E.M.; Douwes, J.M.; Van Dijk, A.;
Vonk-Noordegraaf, A.; Dijk-Bos, K.K.; Hoefsloot, L.H.; Hoendermis, E.S.; et al. TBX4mutations (small patella
syndrome) are associated with childhood-onset pulmonary arterial hypertension. J. Med. Genet. 2013, 50,
500–506. [CrossRef]

31. Levy, M.; Eyries, M.; Szezepanski, I.; Ladouceur, M.; Nadaud, S.; Bonnet, D.; Soubrier, F. Genetic analyses in
a cohort of children with pulmonary hypertension. Eur. Respir. J. 2016, 48, 1118–1126. [CrossRef] [PubMed]

32. Navas, P.; Tenorio, J.; Quezada, C.A.; Barrios, E.; Gordo, G.; Arias, P.; Messeguer, M.L.; Santos-Lozano, A.;
Doza, J.P.; Lapunzina, P.; et al. Molecular analysis of BMPR2, TBX4, and KCNK3 and genotype-phenotype
correlations in Spanish patients and families with idiopathic and hereditary pulmonary arterial hypertension.
Rev. Esp. Cardiol. 2016, 69, 1011–1019. [CrossRef] [PubMed]

33. Homsy, J.; Zaidi, S.; Shen, Y.; Ware, J.S.; Samocha, K.E.; Karczewski, K.J.; DePalma, S.R.; Mckean, D.;
Wakimoto, H.; Gorham, J.; et al. De novo mutations in congenital heart disease with neurodevelopmental
and other congenital anomalies. Science 2015, 350, 1262–1266. [CrossRef] [PubMed]

34. Galambos, C.; Mullen, M.P.; Shieh, J.T.; Schwerk, N.; Kielt, M.J.; Ullmann, N.; Boldrini, R.; Stucin-Gantar, I.;
Haass, C.; Bansal, M.; et al. Phenotype characterisation of TBX4 mutation and deletion carriers with neonatal
and pediatric pulmonary hypertension. Eur. Respir. J. 2019, 54, 1801965. [CrossRef] [PubMed]

35. Thoré, P.; Girerd, B.; Jaïs, X.; Savale, L.; Ghigna, M.R.; Eyries, M.; Levy, M.; Ovaert, C.; Servettaz, A.;
Guillaumot, A.; et al. Phenotype and outcome of pulmonary arterial hypertension patients carrying a TBX4
mutation. Eur. Respir. J. 2020, 55, 1902340. [CrossRef]

17



Genes 2020, 11, 1213

36. Austin, E.D.; Elliott, C.G. TBX4 syndrome: A systemic disease highlighted by pulmonary arterial hypertension
in its most severe form. Eur. Respir. J. 2020, 55, 2000585. [CrossRef]

37. Corada, M.; Orsenigo, F.; Morini, M.F.; Pitulescu, M.E.; Bhat, G.; Nyqvist, D.; Breviario, F.; Conti, V.; Briot, A.;
Iruela-Arispe, M.L.; et al. Sox17 is indispensable for acquisition and maintenance of arterial identity. Nat.
Commun. 2013, 4, 2609. [CrossRef]

38. Sakamoto, Y.; Hara, K.; Kanai-Azuma, M.; Matsui, T.; Miura, Y.; Tsunekawa, N.; Kurohmaru, M.; Saijoh, Y.;
Koopman, P.; Kanai, Y. Redundant roles of Sox17 and Sox18 in early cardiovascular development of mouse
embryos. Biochem. Biophys. Res. Commun. 2007, 360, 539–544. [CrossRef] [PubMed]

39. Lange, A.W.; Haitchi, H.M.; LeCras, T.D.; Sridharan, A.; Xu, Y.; Wert, S.E.; James, J.; Udell, N.; Thurner, P.J.;
Whitsett, J.A. Sox17 is required for normal pulmonary vascular morphogenesis. Dev. Biol. 2014, 387, 109–120.
[CrossRef]

40. Liu, M.; Zhang, L.; Marsboom, G.; Jambusaria, A.; Xiong, S.; Toth, P.T.; Benevolenskaya, E.V.; Rehman, J.;
Malik, A.B. Sox17 is required for endothelial regeneration following inflammation-induced vascular injury.
Nat. Commun. 2019, 10, 2126. [CrossRef]

41. Gräf, S.; Haimel, M.; Bleda, M.; Hadinnapola, C.; Southgate, L.; Li, W.; Hodgson, J.; Liu, B.; Salmon, R.M.;
Southwood, M.; et al. Identification of rare sequence variation underlying heritable pulmonary arterial
hypertension. Nat. Commun. 2018, 9, 1416. [CrossRef] [PubMed]

42. Hiraide, T.; Kataoka, M.; Suzuki, H.; Aimi, Y.; Chiba, T.; Kanekura, K.; Satoh, T.; Fukuda, K.; Gamou, S.;
Kosaki, K. SOX17 Mutations in Japanese patients with pulmonary arterial hypertension. Am. J. Respir. Crit.
Care Med. 2018, 198, 1231–1233. [CrossRef]

43. Liu, X.; Luo, M.; Xie, W.; Wells, J.M.; Goodheart, M.J.; Engelhardt, J.F. Sox17 modulates
Wnt3A/β-catenin-mediated transcriptional activation of the Lef-1 promoter. Am. J. Physiol. Lung Cell.
Mol. Physiol. 2010, 299, L694–L710. [CrossRef]

44. Banerjee, A.; Ray, S. Structural insight, mutation and interactions in human β-catenin and SOX17 protein: A
molecular-level outlook for organogenesis. Gene 2017, 610, 118–126. [CrossRef]

45. Zhang, H.S.; Liu, Q.; Piao, C.M.; Zhu, Y.; Li, Q.Q.; Du, J.; Gu, H. Genotypes and phenotypes of Chinese
pediatric patients with idiopathic and heritable pulmonary arterial hypertension—A single-center study.
Can. J. Cardiol. 2019, 35, 1851–1856. [CrossRef]

46. Haarman, M.G.; Kerstjens-Frederikse, W.S.; Vissia-Kazemier, T.R.; Breeman, K.T.; Timens, W.; Vos, Y.J.;
Roofthooft, M.T.; Hillege, H.L.; Berger, R.M. The genetic epidemiology of pediatric pulmonary arterial
hypertension. J. Pediatr. 2020, 225, 65–73. [CrossRef]

47. Wang, G.; Fan, R.; Ji, R.; Zou, W.; Penny, D.J.; Varghese, N.P.; Fan, Y. Novel homozygous BMP9 nonsense
mutation causes pulmonary arterial hypertension: A case report. BMC Pulm. Med. 2016, 16, 17. [CrossRef]

48. Qi, H.; Yu, L.; Zhou, X.; Wynn, J.; Zhao, H.; Guo, Y.; Zhu, N.; Kitaygorodsky, A.; Hernan, R.; Aspelund, G.;
et al. De novo variants in congenital diaphragmatic hernia identify MYRF as a new syndrome and reveal
genetic overlaps with other developmental disorders. PLoS Genet. 2018, 14, e1007822. [CrossRef] [PubMed]

49. Jin, S.C.; Homsy, J.; Zaidi, S.; Lu, Q.; Morton, S.; DePalma, S.R.; Zeng, X.; Qi, H.; Chang, W.; Sierant, M.C.;
et al. Contribution of rare inherited and de novo variants in 2871 congenital heart disease probands. Nat.
Genet. 2017, 49, 1593–1601. [CrossRef]

50. Epi, K.C.; Allen, A.S.; Berkovic, S.F.; Cossette, P.; Delanty, N.; Dlugos, D.; Eichler, E.E.; Epstein, M.P.;
Glauser, T.; Goldstein, D.B.; et al. De novo mutations in epileptic encephalopathies. Nature 2013, 501, 217–221.

51. Veltman, J.A.; Brunner, H.G. De novo mutations in human genetic disease. Nat. Rev. Genet. 2012, 13, 565–575.
[CrossRef]

52. Page, D.J.; Miossec, M.J.; Williams, S.G.; Monaghan, R.M.; Fotiou, E.; Cordell, H.J.; Sutcliffe, L.; Topf, A.;
Bourgey, M.; Bourque, G.; et al. Whole exome sequencing reveals the major genetic contributors to
nonsyndromic tetralogy of fallot. Circ. Res. 2019, 124, 553–563. [CrossRef]

53. Tartaglia, M.; Martinelli, S.; Stella, L.; Bocchinfuso, G.; Flex, E.; Cordeddu, V.; Zampino, G.; Van Der Burgt, I.;
Palleschi, A.; Petrucci, T.C.; et al. Diversity and functional consequences of germline and somatic PTPN11
mutations in human disease. Am. J. Hum. Genet. 2006, 78, 279–290. [CrossRef]

54. Hopper, R.K.; Feinstein, J.A.; Manning, M.A.; Benitz, W.; Hudgins, L. Neonatal pulmonary arterial
hypertension and Noonan syndrome: Two fatal cases with a specific RAF1 mutation. Am. J. Med.
Genet. Part. A 2015, 167A, 882–885. [CrossRef] [PubMed]

18



Genes 2020, 11, 1213

55. Tinker, A.; Uren, N.; Schofield, J. Severe pulmonary hypertension in Ullrich-Noonan syndrome. Br. Heart J.
1989, 62, 74–77. [CrossRef] [PubMed]

56. Troyanovsky, B.; Levchenko, T.; Mansson, G.; Matvijenko, O.; Holmgren, L. Angiomotin: An angiostatin
binding protein that regulates endothelial cell migration and tube formation. J. Cell Biol. 2001, 152, 1247–1254.
[CrossRef] [PubMed]

57. Holmgren, L.; Ambrosino, E.; Birot, O.; Tullus, C.; Veitonmaki, N.; Levchenko, T.; Carlson, L.M.; Musiani, P.;
Iezzi, M.; Curcio, C.; et al. A DNA vaccine targeting angiomotin inhibits angiogenesis and suppresses tumor
growth. Proc. Natl. Acad. Sci. USA 2006, 103, 9208–9213. [CrossRef]

58. Zheng, Y.; Vertuani, S.; Nyström, S.; Audebert, S.; Meijer, I.; Tegnebratt, T.; Borg, J.P.; Uhlén, P.; Majumdar, A.;
Holmgren, L. Angiomotin-like protein 1 controls endothelial polarity and junction stability during sprouting
angiogenesis. Circ. Res. 2009, 105, 260–270. [CrossRef]

59. Mohamed, B.A.; Barakat, A.Z.; Held, T.; Elkenani, M.; Mühlfeld, C.; Männer, J.; Adham, I.M. Respiratory
distress and early neonatal lethality in Hspa4l/Hspa4 double-mutant mice. Am. J. Respir. Cell Mol. Biol. 2014,
50, 817–824. [CrossRef]

60. Ungvari, Z.; Bagi, Z.; Feher, A.; Recchia, F.A.; Sonntag, W.E.; Pearson, K.; De Cabo, R.; Csiszar, A. Resveratrol
confers endothelial protection via activation of the antioxidant transcription factor Nrf2. Am. J. Physiol. Heart
Circ. Physiol. 2010, 299, H18–H24. [CrossRef] [PubMed]

61. Wei, Y.; Gong, J.; Thimmulappa, R.K.; Kosmider, B.; Biswal, S.; Duh, E.J. Nrf2 acts cell-autonomously in
endothelium to regulate tip cell formation and vascular branching. Proc. Natl. Acad. Sci. USA 2013, 110,
E3910–E3918. [CrossRef]

62. Liu, Q.; Gao, Y.; Ci, X. Role of Nrf2 and its activators in respiratory diseases. Oxid. Med. Cell. Longev. 2019,
2019, 7090534. [CrossRef]

63. Samocha, K.E.; Robinson, E.B.; Sanders, S.J.; Stevens, C.; Sabo, A.; McGrath, L.M.; Kosmicki, J.A.;
Rehnström, K.; Mallick, S.; Kirby, A.; et al. A framework for the interpretation of de novo mutation
in human disease. Nat. Genet. 2014, 46, 944–950. [CrossRef]

64. Chida, A.; Shintani, M.; Yagi, H.; Fujiwara, M.; Kojima, Y.; Sato, H.; Imamura, S.; Yokozawa, M.; Onodera, N.;
Horigome, H.; et al. Outcomes of childhood pulmonary arterial hypertension in BMPR2 and ALK1 mutation
carriers. Am. J. Cardiol. 2012, 110, 586–593. [CrossRef]

65. Wang, X.J.; Lian, T.Y.; Jiang, X.; Liu, S.F.; Li, S.Q.; Jiang, R.; Wu, W.H.; Ye, J.; Cheng, C.Y.; Du, Y.; et al.
Germline BMP9 mutation causes idiopathic pulmonary arterial hypertension. Eur. Respir. J. 2019, 53, 1801609.
[CrossRef]

66. Karczewski, K.J.; Francioli, L.C.; Tiao, G.; Cummings, B.B.; Alföldi, J.; Wang, Q.; Collins, R.L.; Laricchia, K.M.;
Ganna, A.; Birnbaum, D.P.; et al. The mutational constraint spectrum quantified from variation in 141,456
humans. Nat. Cell Biol. 2020, 581, 434–443. [CrossRef]

67. Hemnes, A.R. Using omics to understand and treat pulmonary vascular disease. Front. Med. 2018, 5, 157.
[CrossRef]

68. Harbaum, L.; Rhodes, C.J.; Otero-Núñez, P.; Wharton, J.; Wilkins, M.R. The application of ‘omics’ to
pulmonary arterial hypertension. Br. J. Pharmacol. 2020. [CrossRef] [PubMed]

69. West, J.; Cogan, J.; Geraci, M.W.; Robinson, L.; Newman, J.H.; Phillips, J.A.; Lane, K.B.; Meyrick, B.; Loyd, J.E.
Gene expression in BMPR2 mutation carriers with and without evidence of Pulmonary Arterial Hypertension
suggests pathways relevant to disease penetrance. BMC Med. Genom. 2008, 1, 45. [CrossRef] [PubMed]

70. Prosseda, S.D.; Tian, X.; Kuramoto, K.; Boehm, M.; Sudheendra, D.; Miyagawa, K.; Zhang, F.;
Solow-Cordero, D.; Saldivar, J.C.; Austin, E.D.; et al. FHIT, a novel modifier gene in pulmonary arterial
hypertension. Am. J. Respir. Crit. Care Med. 2019, 199, 83–98. [CrossRef]

71. Rhodes, C.J.; Ghataorhe, P.; Wharton, J.; Rue-Albrecht, K.C.; Hadinnapola, C.; Watson, G.; Bleda, M.;
Haimel, M.; Coghlan, G.; Corris, P.A.; et al. Plasma metabolomics implicates modified transfer RNAs and
altered bioenergetics in the outcomes of pulmonary arterial hypertension. Circulation 2017, 135, 460–475.
[CrossRef]

72. Stearman, R.S.; Bui, Q.M.; Speyer, G.; Handen, A.; Cornelius, A.R.; Graham, B.B.; Kim, S.; Mickler, E.A.;
Tuder, R.M.; Chan, S.Y.; et al. Systems analysis of the human pulmonary arterial hypertension lung
transcriptome. Am. J. Respir. Cell Mol. Biol. 2019, 60, 637–649. [CrossRef]

19



Genes 2020, 11, 1213

73. Hemnes, A.R.; Trammell, A.W.; Archer, S.L.; Rich, S.; Yu, C.; Nian, H.; Penner, N.; Funke, M.; Wheeler, L.;
Robbins, I.M.; et al. Peripheral blood signature of vasodilator-responsive pulmonary arterial hypertension.
Circulation 2014, 131, 401–409. [CrossRef]

74. Abman, S.H.; Raj, U. Towards improving the care of children with pulmonary hypertension: The rationale
for developing a pediatric pulmonary hypertension network. Prog. Pediatr. Cardiol. 2009, 27, 3–6. [CrossRef]
[PubMed]

75. Abman, S.H.; Kinsella, J.P.; Rosenzweig, E.B.; Krishnan, U.; Kulik, T.; Mullen, M.; Wessel, D.L.; Steinhorn, R.;
Adatia, I.; Hanna, B.D.; et al. Implications of the U.S. Food and drug administration warning against the use
of sildenafil for the treatment of pediatric pulmonary hypertension. Am. J. Respir. Crit. Care Med. 2013, 187,
572–575. [CrossRef] [PubMed]

76. Krishnan, U.; Feinstein, J.A.; Adatia, I.; Austin, E.D.; Mullen, M.P.; Hopper, R.K.; Hanna, B.D.; Romer, L.;
Keller, R.L.; Fineman, J.; et al. Evaluation and management of pulmonary hypertension in children with
bronchopulmonary dysplasia. J. Pediatr. 2017, 188, 24–34.E1. [CrossRef] [PubMed]

77. Kinsella, J.P.; Steinhorn, R.; Mullen, M.P.; Hopper, R.K.; Keller, R.L.; Ivy, D.D.; Austin, E.D.; Krishnan, U.;
Rosenzweig, E.B.; Fineman, J.R.; et al. The left ventricle in congenital diaphragmatic hernia: Implications for
the management of pulmonary hypertension. J. Pediatr. 2018, 197, 17–22. [CrossRef]

78. Levy, P.T.; Jain, A.; Nawaytou, H.; Teitel, D.; Keller, R.; Fineman, J.; Steinhorn, R.; Abman, S.H.; McNamara, P.J.
Risk assessment and monitoring of chronic pulmonary hypertension in premature infants. J. Pediatr. 2020,
217, 199–209.e4. [CrossRef]

79. Hemnes, A.R.; Beck, G.J.; Newman, J.H.; Abidov, A.; Aldred, M.A.; Barnard, J.; Berman, R.E.; Borlaug, B.A.;
Chung, W.K.; Comhair, S.A.A.; et al. PVDOMICS: A multi-center study to improve understanding of
pulmonary vascular disease through phenomics. Circ. Res. 2017, 121, 1136–1139. [CrossRef]

80. Simonneau, G.; Montani, D.; Celermajer, D.S.; Denton, C.P.; Gatzoulis, M.A.; Krowka, M.; Williams, P.G.;
Souza, R. Haemodynamic definitions and updated clinical classification of pulmonary hypertension. Eur.
Respir. J. 2019, 53, 1801913. [CrossRef]

81. Del Cerro, M.J.; Abman, S.; Diaz, G.; Freudenthal, A.H.; Freudenthal, F.; Harikrishnan, S.; Haworth, S.G.;
Ivy, D.; Lopes, A.A.; Raj, J.U.; et al. A consensus approach to the classification of pediatric pulmonary
hypertensive vascular disease: Report from the PVRI pediatric taskforce, Panama 2011. Pulm. Circ. 2011, 1,
286–298. [CrossRef] [PubMed]

82. Feliciano, P.; Daniels, A.M.; Snyder, L.G.; Beaumont, A.; Camba, A.; Esler, A.; Gulsrud, A.; Mason, A.;
Gutierrez, A.; Nicholson, A.; et al. SPARK: A US cohort of 50,000 families to accelerate autism research.
Neuron 2018, 97, 488–493. [CrossRef] [PubMed]

83. Feliciano, P.; The SPARK Consortium; Zhou, X.; Astrovskaya, I.; Turner, T.N.; Wang, T.; Brueggeman, L.;
Barnard, R.; Hsieh, A.; Snyder, L.G.; et al. Exome sequencing of 457 autism families recruited online provides
evidence for autism risk genes. NPJ Genom. Med. 2019, 4, 19. [CrossRef]

84. Chaisson, N.F.; Dodson, M.W.; Elliott, C.G. Pulmonary capillary hemangiomatosis and pulmonary
veno-occlusive disease. Clin. Chest Med. 2016, 37, 523–534. [CrossRef]

85. Plauchu, H.; De Chadarévian, J.P.; Bideau, A.; Robert, J.-M. Age-related clinical profile of hereditary
hemorrhagic telangiectasia in an epidemiologically recruited population. Am. J. Med. Genet. 1989, 32,
291–297. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

20



genes
G C A T

T A C G

G C A T

Article

Whole Exome Sequence Analysis Provides Novel
Insights into the Genetic Framework of
Childhood-Onset Pulmonary Arterial Hypertension

Simone M. Gelinas 1, Clare E. Benson 1, Mohammed A. Khan 1, Rolf M. F. Berger 2,

Richard C. Trembath 3, Rajiv D. Machado 1,4,* and Laura Southgate 1,3,*

1 Genetics Research Centre, Molecular and Clinical Sciences Research Institute, St George’s University of
London, London SW17 0RE, UK; simone.gelinas@gstt.nhs.uk (S.M.G.); p1805584@sgul.ac.uk (C.E.B.);
m1500901@sgul.ac.uk (M.A.K.)

2 Center for Congenital Heart Diseases, Department of Pediatric Cardiology, Beatrix Children’s Hospital,
University Medical Center Groningen, 9700 RB Groningen, The Netherlands; r.m.f.berger@umcg.nl

3 Department of Medical & Molecular Genetics, Faculty of Life Sciences & Medicine, King’s College London,
London SE1 9RT, UK; richard.trembath@kcl.ac.uk

4 Institute of Medical and Biomedical Education, St George’s University of London, London SW17 0RE, UK
* Correspondence: rmachado@sgul.ac.uk (R.D.M.); lasouthg@sgul.ac.uk (L.S.)

Received: 22 October 2020; Accepted: 9 November 2020; Published: 11 November 2020

Abstract: Pulmonary arterial hypertension (PAH) describes a rare, progressive vascular disease caused
by the obstruction of pulmonary arterioles, typically resulting in right heart failure. Whilst PAH
most often manifests in adulthood, paediatric disease is considered to be a distinct entity with
increased morbidity and often an unexplained resistance to current therapies. Recent genetic studies
have substantially increased our understanding of PAH pathogenesis, providing opportunities
for molecular diagnosis and presymptomatic genetic testing in families. However, the genetic
architecture of childhood-onset PAH remains relatively poorly characterised. We sought to investigate
a previously unsolved paediatric cohort (n = 18) using whole exome sequencing to improve the
molecular diagnosis of childhood-onset PAH. Through a targeted investigation of 26 candidate
genes, we applied a rigorous variant filtering methodology to enrich for rare, likely pathogenic
variants. This analysis led to the detection of novel PAH risk alleles in five genes, including the
first identification of a heterozygous ATP13A3 mutation in childhood-onset disease. In addition,
we provide the first independent validation of BMP10 and PDGFD as genetic risk factors for PAH.
These data provide a molecular diagnosis in 28% of paediatric cases, reflecting the increased genetic
burden in childhood-onset disease and highlighting the importance of next-generation sequencing
approaches to diagnostic surveillance.

Keywords: exome sequencing; molecular genetics; lung disease; paediatrics; pulmonary
arterial hypertension

1. Introduction

Pulmonary arterial hypertension (PAH) is an uncommon vascular disorder that remains incurable
despite significant advances in current treatment regimens. PAH is characterised by obstruction and
occlusion of the pulmonary arterioles leading to progressive pulmonary arterial pressure overload,
right ventricular hypertrophy and failure of the right side of the heart [1]. Typical histopathological
features of PAH include marked vascular remodelling of the pulmonary arterioles as a consequence
of exuberant proliferation of pulmonary artery endothelial (PAEC) and smooth muscle (PASMC)
cells. In families, PAH predominantly segregates as an autosomal dominant trait displaying features
of complex disease, namely variable expressivity, reduced penetrance and a gender bias favouring

Genes 2020, 11, 1328; doi:10.3390/genes11111328 www.mdpi.com/journal/genes
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females [2]. Despite major advances in delineating PAH aetiology, the associated morbidity and early
mortality burden of this disease remains perniciously high, with an average life expectancy of 3–5 years
from diagnosis [3].

Paediatric PAH represents a clinically distinct form of disease. Although less prevalent, at an
estimated 4.8–8.1 cases/million [4,5], than the adult form (15–50 cases/million) [6], childhood-onset PAH
(cPAH) is marked by greater morbidity, depressed responses to therapy and poor survival metrics [7,8].
Taken together, these features suggest a specific genetic background. Putatively causal genetic variants
have been described in at least 26 PAH risk genes [9–14], of which deleterious variation in BMPR2,
encoding a type II receptor of the transforming growth factor beta (TGF-beta) superfamily, was firmly
established as the major risk factor in adult PAH [13]. In paediatric cases, rare deleterious mutations of
BMPR2 and other key components of the bone morphogenetic protein (BMP) signalling pathway have
been determined to be rare causal factors. These include the receptor proteins activin A receptor-like
type 1 (ACVRL1, encoding ALK1), BMPR1B and endoglin (ENG), as well as GDF2 (encoding the
ligand BMP9) and the cytoplasmic signalling mediator SMAD9 [8,15–20].

Whole exome sequencing (WES) has been instrumental in the accelerated gene discovery in PAH,
notably in genetic risk unrelated to the canonical BMP pathway. Moreover, these findings both
expanded the mutation spectrum in cPAH and shed light on the epidemiology of this discrete disease
entity. For example, mutations within the transcription factor genes T-box 4 (TBX4) and SRY-box 17
(SOX17) show enriched contribution to paediatric PAH compared to adult-onset, explaining up to 7.7%
and 3.3% of paediatric cases, respectively [8,21,22]. Of note, SOX17 mutations show a strong correlation
to PAH associated with congenital heart disease in both adult and paediatric disease [22,23]. More recent
findings include loss-of-function variants in the ATP-binding cassette subfamily C member 8 (ABCC8)
gene and in the endothelial cell-specific ligand BMP10 [24,25], whilst genome-wide gene burden
approaches in predominantly adult cohorts identified the candidate risk genes ATPase 13A3 (ATP13A3),
fibulin 2 (FBLN2) and platelet-derived growth factor D (PDGFD), among others [10,14]. These novel
gene discoveries demonstrated the benefit of a granular approach to the genomic interrogation of
discrete case cohorts.

While these data further developed the molecular architecture of PAH, the mutational landscape
remains relatively poorly understood in paediatric cohorts, particularly for more recently reported
genes [10,12]. Here, we sought to investigate a previously unsolved paediatric cohort, first, to better
define the mutational background of cPAH, and second, to augment the existing body of data
underlying this disease. Taken together, this study highlights the hitherto undefined role of ATP13A3
in the pathogenesis of paediatric PAH and, importantly, provides independent validation of putative
gene-disease associations in BMP10 and PDGFD.

2. Materials and Methods

2.1. Patient Cohort and Clinical Assessment

Eighteen unrelated patients and their relatives were recruited from specialist PAH centres in the
UK and the Netherlands. Ethical approval for the study was received from local ethics review boards
and written informed consent was obtained from all participants or their legal guardian. The study
was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the
St Thomas’ Hospital Research Ethics Committee (08/H0802/32).

Clinical diagnoses were established by PAH specialists in accordance with the classification of the
World Symposium on Pulmonary Hypertension [26]. All patients previously underwent conventional
genetic screening for BMPR2, ACVRL1 and ENG, and were found to be mutation-negative [16,27].
Following pedigree analysis and clinical examination, patients were classified as having either idiopathic
PAH (IPAH; n = 8), PAH associated with congenital heart disease (APAH-CHD; n = 7) or heritable
PAH with one or more affected relatives (HPAH; n = 3).
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2.2. Exome Sequencing

Genomic DNA was extracted from peripheral blood using standard methodologies. Whole exome
sequencing for all probands was performed by Novogene Ltd. Briefly, exome libraries were captured
using the SureSelect Human All Exon kit (Agilent Technologies, Santa Clara, CA, USA), and enriched
fragments underwent paired-end sequencing on an Illumina platform. Quality control filtration of raw
FASTQ files discarded read pairs containing adapter contamination and those with <80% of base calls
achieving a Phred score of Q30. Sequence alignment to human reference genome assembly GRCh37 was
undertaken using Burrows–Wheeler Aligner [28] and Picard MarkDuplicates (Genome Analysis Tool
Kit (GATK), Broad Institute, Cambridge, MA, USA) was used to flag PCR duplicate reads for removal.
GATK (v3.8) software was used for single nucleotide variant (SNV) and insertion and deletion (indel)
detection [29]. Variant annotation was performed using ANNOtate VARiation (ANNOVAR) [30].

2.3. Candidate Gene Analysis

Annotated WES profiles for each patient were screened for rare, deleterious variants in 26
established and emerging PAH risk genes: ABCC8, ACVRL1, AQP1, ATP13A3, BMP10, BMPR1B,
BMPR2, CAV1, EIF2AK4, ENG, EVI5, FBLN2, GDF2, GGCX, KCNA5, KCNK3, KDR, KLF2, KLK1,
NOTCH3, PDGFD, SMAD1, SMAD4, SMAD9, SOX17 and TBX4. Rare variants were defined as those
with a minor allele frequency of ≤1 in 10,000 (MAF ≤ 0.0001), as reported in the Genome Aggregation
Database control population (gnomAD v2.1.1; https://gnomad.broadinstitute.org). Splice region
and exonic variants with likely functional consequences (nonsense, frameshift, nonframeshift indels
and missense SNVs) were retained. Copy number variants were not considered in the analysis
presented herein. The functional impact of missense variants was informed by in silico pathogenicity
predictions. Specifically, variants with a Combined Annotation Dependent Depletion (CADD) score of
≥20 (https://cadd.gs.washington.edu) were considered potentially causal [31]. Additional evidence for
pathogenicity was obtained from observing at least one deleterious score across Sorting Intolerant
from Tolerant (SIFT; ≤0.05), PolyPhen-2 (≥0.909) and MutationTaster2 (annotation “disease causing”)
algorithms [32–34]. The location of each variant was inspected for correlation with conserved protein
domains, providing further confirmation of likely pathogenicity.

Candidate variants were visualised and inspected for artefacts using Integrative Genomics Viewer
(IGV) to exclude false positives [35,36]. All identified variants were validated in an independent sample
by Sanger sequencing (Eurofins Genomics, Ebersberg, Germany) and tested for familial co-segregation
where DNA samples were available.

3. Results

3.1. WES Analysis of the cPAH Cohort

Overall, 92% of base calls achieved a mean quality score of Q30. A mean depth of coverage of
65x (range: 54x–78x) was achieved for all samples, with an average of 91% (range: 86–94%) of bases
achieving >20x coverage. Manual inspection of all PAH risk genes using IGV confirmed sufficient
coverage of ≥10x across all exonic regions and intron–exon boundaries.

A targeted variant analysis of previously reported risk genes in our panel of childhood-onset IPAH,
APAH and HPAH patients revealed putatively pathogenic missense variants in ABCC8, ATP13A3,
BMP10, PDGFD and SMAD9 (Table 1). All variants were validated by Sanger sequencing. Based on
our exclusion criteria, no other likely causal variants in the reported PAH risk genes were identified in
these patients.
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3.2. Novel Association of ATP13A3 with Paediatric APAH-CHD

We identified a novel missense variant in ATP13A3 (c.1148C>A, p.Thr383Lys) in a male child
with APAH–CHD. To the best of our knowledge, this represents the first finding of a molecular defect
in this risk gene in a paediatric case. The patient was diagnosed with PAH at nine years of age,
associated with a secundum atrial septal defect (Figure 1A). All in silico predictions were consistent
with a high probability of pathogenicity (Table 1). Parental samples were not available to conduct
familial segregation analysis.

Figure 1. Sequence chromatograms and familial segregation of identified variants in childhood-onset
pulmonary arterial hypertension (cPAH). (A) Patient 1 has a c.1148C>A missense mutation in ATP13A3;
(B) Patient 2 has a heterozygous BMP10 c.247G>A mutation; (C) Patient 3 is heterozygous for a
c.550G>A mutation in PDGFD; (D) Patient 4 has a c.1069G>A missense variant in the ABCC8 gene;
(E) Patient 5 carries a heterozygous SMAD9 c.1117G>A missense variant, which co-segregates with the
disease (+/−) in his affected mother and maternal grandfather, who is an obligate carrier. Unaffected
family members available for testing are all wild-type (WT). The horizontal line underlines the mutated
codon. * DNA sample not available.

While annotated as a missense variant, further analysis of the ATP13A3 c.1148C>A variant
revealed that the mutation is located 3 bp from the intron–exon boundary and one nucleotide upstream
of the highly conserved donor splicing motif of exon 12 (CAG|gtagga). An independent interrogation
of in silico data using the NNSplice tool in MutationTaster revealed a potential disruption of the donor
splice site, likely resulting in the formation of an aberrant gene transcript or premature stop codon
leading to nonsense-mediated decay of the messenger RNA. However, further work is required on the
cDNA level to experimentally validate this predicted deleterious effect.

3.3. Novel Mutations of BMP10, PDGFD and ABCC8 in Childhood IPAH

In the IPAH cohort we detected a BMP10 variant (c.247G>A, p.Glu83Lys) in a female Dutch
patient diagnosed with severe disease at 36 months. The patient was stably treated on oral dual
therapy (bosentan and sildenafil) but died at 18 years of age. This mutation, which is observed
in 1/109,376 control individuals in gnomAD and was not previously associated with disease in a
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PAH clinical setting, provides the first independent confirmation of BMP10 as a PAH risk gene [25].
All bioinformatic predictions were consistent with a high likelihood of pathogenicity (Table 1).
Familial co-segregation analysis confirmed the unaffected mother was wild-type but, as no DNA was
available from the father, it was not possible to determine whether this variant had arisen de novo in
the proband (Figure 1B).

PDGFD is a newly identified risk gene in PAH [14]; this analysis offers the first independent
validation of its causal association with PAH, as well as confirming a specific role in the development
of paediatric disease through the identification of a rare missense variant (c.550G>A, p.Glu184Lys) in a
female cPAH patient (Figure 1C). The variant, which is not present in population control databases,
gave a CADD score of 28.2 and was predicted to be deleterious by all three missense prediction
algorithms (Table 1).

A heterozygous missense variant in ABCC8 (c.1069G>A, p.Val357Ile), novel in the context of PAH,
was observed in a male patient diagnosed at 19 months of age (Figure 1D). While the CADD score
and MutationTaster prediction were strongly indicative of a deleterious impact, the conclusions of
pathogenicity based on other in silico markers were ambiguous, likely due to the interchangeability
of valine and isoleucine residues at this position across related proteins in lower organisms (Table 1).
Unavailability of parental DNA samples precluded familial segregation analysis of the PDGFD and
ABCC8 variants.

3.4. Analysis of HPAH Samples Identifies a Potential Molecular Defect of SMAD9

An examination of WES data from the three HPAH probands revealed a missense variant in
SMAD9 (c.1117G>A, p.Val373Ile) in a single family. Following a diagnosis of PAH, the proband died at
five years of age. The affected amino acid residue displays high conservation across species, reflected in
high deleterious scores across all in silico prediction algorithms employed (Table 1). Co-segregation
was confirmed in two affected family members and an obligate carrier (Figure 1E). In addition,
the candidacy of this variant as a causal defect in PAH was underpinned by the same finding in an
HPAH patient reported in the ClinVar database (SCV000384082). However, as an observed allele
frequency of >0.0001 in European controls exceeded our threshold for inclusion, this was resultantly
considered to be a variant of unknown significance (VUS) in the absence of compelling functional data.

4. Discussion

This study applied a targeted 26 gene analysis to WES data in a European paediatric cohort,
elucidating candidate molecular mechanisms in five patients to further illuminate the genetic
architecture of early-onset PAH. It must be noted that all candidate variants presented in this
analysis were categorised as variants of unknown significance in accordance with American College of
Medical Genetics and Genomics (ACMG) guidelines [37], including those that met our criteria as being
highly deleterious. Evidence of variant pathogenicity derived from population frequency, bioinformatic
predictions and the biological relevance of these genes to PAH pathology is considered herein.

While ATP13A3 was recently identified and functionally characterised as being causative in adult
PAH [10], this study is the first to implicate heterozygous variation of ATP13A3 in paediatric-onset
cases. The gene encodes a P-type ATPase for which the substrate specificity and biological role remain
poorly defined [38], but is a known transmembrane protein that localises to endosomal compartments
and is likely involved in polyamine transport, key molecules for cell growth and proliferation [39,40].
Recent functional work demonstrated that ATP13A3 mRNA is expressed in PASMCs, whilst loss
of ATP13A3 inhibits endothelial cell proliferation and increases apoptosis, consistent with disease
initiation models in PAH [10]. The novel c.1148C>A (p.Thr383Lys) variant identified in this study
alters a highly conserved amino acid residue located within the actuator domain, which functions
to dephosphorylate the catalytic phosphorylation domain (Figure 2). The variant is predicted to
disrupt splicing and result in nonsense-mediated decay. Although molecular defects in the ATP13A3
gene clearly underlie susceptibility to PAH [10,12,20,41], the mechanism of pathogenicity remains
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to be defined. Further functional analyses are therefore warranted to elucidate whether ATP13A3
loss-of-function represents a molecular mechanism independent to the BMP signalling pathway, and
thus a new therapeutic target.

Figure 2. Protein structure of ATP13A3 highlighting mutations identified in PAH. Topological analysis
of ATP13A3 according to UniProtKB protein component and site position data (ID: Q9H7F0) and
published reports [38,40]. Likely pathogenic PAH mutations (CADD ≥ 15) reported in the literature
are indicated by the filled grey circles [10,12,20,41]. The c.1148C>A (p.T383K) mutation identified in
this study is highlighted by the gold star and is located adjacent to a previously reported splice-region
variant [10]. Numbers indicate amino acid positions at each end of the 10 transmembrane domains.
The red triangles denote essential asparagine residues (D498: active catalytic site; D883, D887: Mg2+

binding sites). A domain: actuator domain; C: carboxyl terminus; N domain: nucleotide binding
domain; NH2: amino terminus; P domain: phosphorylation domain.

The WES analysis workflow in this study identified a novel BMP10 c.247G>A (p.Glu83Lys)
missense variant with consistent in silico markers of pathogenicity. The residue is highly conserved
across species and is located within the conserved TGF-beta propeptide domain, where a BMP10
nonsense mutation was previously identified in cPAH [25]. This observation supports accumulating
evidence implicating BMP10 loss-of-function in PAH pathogenesis [25,42]. BMP10 encodes a high
affinity ligand that activates the ALK1 and BMPR2 endothelial cell surface receptor within the BMP
signalling pathway [43]. The gene product shares 65% amino acid sequence identity with its BMP9
paralogue, encoded by the GDF2 gene. GDF2 variant enrichment was recently reported in three
large PAH cohorts, strongly implicating the BMP9/BMP10/ALK1/BMPR2 signalling pathway in PAH
pathobiology [10,12,20]. Both in vitro and in vivo studies propose a model where BMP9 and BMP10 act
interchangeably and with compensatory functionality via ALK1 to regulate endothelial cell migration
and proliferation, maintaining endothelial quiescence [44,45]. Based on evidence of sequence homology,
mature peptide structural similarities and reported functional redundancy of these gene products, it is
proposed that the BMP10 missense variant reported here may have a similar pathogenic mechanism to
those observed in GDF2; further exploration on both the genetic and functional level is now warranted.

PDGFD missense variants were recently associated with PAH pathogenesis in a case-control
analysis of a large, combined cohort [14]. The identification of a novel c.550G>A (p.Glu184Lys) variant
of this gene in the cPAH panel analysed here serves to establish PDGFD as a contributing factor to
childhood disease and provides independent validation of the discovery study. PDGF family signalling
pathways play important roles in vascular pathologies, including mediation of remodelling processes
that are known to occur in PAH [46]. The plausibility of this gene contributing to PAH risk is further
enhanced by cell-type-specific gene expression studies using single cell RNA-seq data, demonstrating
high expression in endothelial cells within heart and lung tissue, a key site of disease potentiation in
PAH [14]. Of interest, PDGFD presents an exciting drug-targeting candidate, with studies of the tyrosine
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kinase inhibitor imatinib, a known pharmacological inhibitor of PDGF signalling, demonstrating
15-fold reductions in PDGFD expression in cardiac tissue [47] and suppression of medial thickening
via receptor inhibition in patient-derived in vitro PASMC models [48].

The novel c.1069G>A (p.Val357Ile) missense variant identified in ABCC8 describes an amino
acid substitution in the highly conserved transmembrane domain 1 of the mature and functionally
important SUR1 product. This finding supports previous investigations that indicate pathogenic
variation in ABCC8 underlies 2–5% of PAH cases, including 10 previous reports of paediatric-onset
cases [8,12,24]. The gene encodes the SUR1 subunit of KATP potassium channels located in cardiac
smooth muscle cells. Of note, the variant identified in this study was previously reported to cause
hyperinsulinism in compound heterozygosity with a second ABCC8 allele, although without any
clinical signs of PAH [49]. Whole cell electrophysiology and radium efflux assays of reported missense
variants have demonstrated loss of KATP channel activity [24]. Taken together, these data suggest that
loss of SUR1-dependent channel function represents a pathogenic mechanism in PAH, although the
primary physiological role remains unknown. These findings are of clinical pertinence, as ABCC8 is
considered a possible therapeutic target wherein impaired KATP activity could be pharmacologically
rescued in vitro using diazoxide, a selective potassium-channel opening drug [24]. This may have
further implications for the development of diazoxide-induced pulmonary hypertension in children
with hyperinsulinaemic hypoglycaemia [50,51].

The SMAD9 c.1117G>A (p.Val373Ile) variant detected in an HPAH case in this study is predicted
to be deleterious by in silico analysis, further supported by familial co-segregation and its location
with the C-terminal Mad Homology 2 (MH2) domain, a region of extensive evolutionary conservation.
SMAD1, SMAD4 and SMAD9 encode signalling intermediaries that act as downstream mediators of the
BMPR2 pathway. Variants in SMAD9 were previously identified in three patients [17,52,53], and were
recently validated in both adult-onset and paediatric PAH [12,20,22]. Functional analyses of the
impact of SMAD9 variants on SMAD-mediated signalling demonstrated impaired responses to ligand
stimulation and reduced transcriptional activation of the downstream BMP target gene, ID2 [17,52].
Although this variant was deemed a VUS based on our minor allele frequency threshold boundary,
it is noteworthy that it was previously detected in an independent patient with PAH. This speaks to
the challenges of setting an appropriate MAF cut-offwhen investigating rare diseases, especially in
the context of notable reduced penetrance. Whereas most studies consider an approximation of
disease allele frequency equivalent to population disease prevalence, inheritance-based calculations
derived from Hardy–Weinberg equilibrium with adjustment for nonpenetrant alleles may be a more
appropriate method to avoid false negative findings.

5. Conclusions

Taken together, these findings provide data supporting wider locus heterogeneity of paediatric
PAH than previously reported and expand the allelic series of variation in known cPAH genetic
risk factors. This study supports the inclusion of these genes in screening panels in future work
for diagnostic surveillance of paediatric cases. In particular, we provide independent validation of
the recently identified risk factors BMP10 and PDGFD, and the first report of an ATP13A3 variant
in a paediatric case, warranting further analysis of understudied cellular pathways key to PAH
pathogenesis. Notably, although novel gene detection was beyond the scope of this study in the context
of extensive locus heterogeneity, this report emphasises the importance of the rigorous analysis of
well-defined case cohorts to delineate the molecular basis of cPAH as a framework for future gene
discovery initiatives.
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Abstract: Pulmonary arterial hypertension is a very infrequent disease, with a variable etiology and
clinical expressivity, making sometimes the clinical diagnosis a challenge. Current classification based
on clinical features does not reflect the underlying molecular profiling of these groups. The advance
in massive parallel sequencing in PAH has allowed for the describing of several new causative
and susceptibility genes related to PAH, improving overall patient diagnosis. In order to address
the molecular diagnosis of patients with PAH we designed, validated, and routinely applied a
custom panel including 21 genes. Three hundred patients from the National Spanish PAH Registry
(REHAP) were included in the analysis. A custom script was developed to annotate and filter the
variants. Variant classification was performed according to the ACMG guidelines. Pathogenic and
likely pathogenic variants have been found in 15% of the patients with 12% of variants of unknown
significance (VUS). We have found variants in patients with connective tissue disease (CTD) and
congenital heart disease (CHD). In addition, in a small proportion of patients (1.75%), we observed a
possible digenic mode of inheritance. These results stand out the importance of the genetic testing of
patients with associated forms of PAH (i.e., CHD and CTD) additionally to the classical IPAH and
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HPAH forms. Molecular confirmation of the clinical presumptive diagnosis is required in cases with
a high clinical overlapping to carry out proper management and follow up of the individuals with
the disease.

Keywords: pulmonary arterial hypertension; massive parallel sequencing; NGS; digenic inheritance;
and genetics

1. Introduction

Pulmonary arterial hypertension (PAH) is an uncommon disease, characterized by the increase in
blood pressure in the lung arteries, which causes right ventricle failure and potentially can lead to
death if not treated. According to the Spanish PAH Registry (REHAP), the prevalence of the disease in
individuals older than 14 years is approximately 15 to 50 cases per million of the population [1].

Pulmonary hypertension (PH) classification has been recently proposed and encompasses five
groups [2]. Classically, PAH included in group one diagnosis was based on hemodynamic parameters
assessed by right heart catheterization: mean pulmonary arterial pressure (mPAP) ≥ 25 mmHg at
rest, pulmonary artery wedge pressure (PAWP) ≤ 15 mmHg, and pulmonary vascular resistance
(PVR) > 3 UW, in the absence of other causes of precapillary PH such as PH due to lung diseases,
chronic thromboembolic disease or other rare diseases [3].

Idiopathic (IPAH) and heritable PAH (HPAH), included within group one, have been classically
associated with BMPR2 mutations [4], with a penetrance of 20%, which means that approximately
80% of individuals with BMPR2 will not develop clinically detectable PAH [5]. Mutations in this gene
only explain 20% of idiopathic cases and about 60% of heritable PAH individuals [5,6], suggesting that
additional genes are responsible for PAH. Thus, several genes were reported in the past few years
associated with PAH.

Genes described in PAH are associated with a variety of molecular pathways [6–12]. Currently,
12 genes have been clearly related with PAH with a higher level of evidence: BMPR2, EIF2AK4, TBX4,
ATP13A3, GDF2, SOX17, AQP1, ACVRL1, SMAD9, ENG, KCNK3, and CAV1, and five with a lower level
of evidence: SMAD4, SMAD1, KLF2, BMPR1B, and KCNA5 [13]. Also, there is increasing evidence
for the involvement of other genes in PAH with less frequency and in different pathways. KLK1 and
GGCX have been recently related to IPAH [14].

Pulmonary venooclusive disease (PVOD) is the most lethal subtype of PAH, with different
clinical, histological, and genetic features. It is characterized by very low diffusion capacity
(DLCO), resting hypoxemia, severe desaturation on exercise, and a characteristic radiological
pattern. Heritable forms are caused by bi-allelic mutations in EIF2AK4, a member of the kinases
that phosphorylate the alpha subunit of eukaryotic translation initiation factor-2. We showed that
consanguineous families with PVOD from Gipsy origin have a founder effect mutation in EIF2AK4,
which causes a missense variant and haploinsufficiency of the gene [15]. Nowadays PVOD and
pulmonary capillary disease are considered similar entities with overlapping clinical features, with the
same underlying genetic mechanism [16]. Differential diagnosis between PAH and PVOD remains a
clinical challenge and misdiagnosis is a common problem with important clinical implications.

More recently, a “second hit” hypothesis came up due to the identification of two pathogenic
variants in two genes related to PAH [17]. Eichstaedt et al. identified a family with two variants,
one in EIF2AK4 and one in BMPR2, in a family with HPAH [18]. Additionally, the group of Yuxin
Fan described a severe early-onset PAH individual that had two variants probably contributing to
the disease, one in BMPR2 and one in KCNA5 [19]. This was also reported in two families from
Lebanon in a combination of variants in BMPR2-GDF2 and BMPR2-TBX4, respectively [20]. Taking this
into account and based on the low penetrance of BMPR2-associated PAH, the co-occurrence of more
than one variant associated with the disease might explain why some individuals with only BMPR2
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mutations do not develop PAH. This can explain in part why the presence of BMPR2 pathogenic
variants alone is not always enough to develop the disease.

Thus, the main objective of this study was to study a cohort of three hundred patients with
idiopathic, heritable, PVOD and APAH from the Spanish registry of patients with PAH (REHAP),
through a custom, in-house NGS panel of 21 genes. Secondly, phenotype–genotype correlation and
survival rate were also assessed.

2. Material and Methods

2.1. Cohort Description

All patients from group one and idiopathic, heritable, and PVOD and patients with associated
PAH to congenital heart disease and connective tissue disease included in the national Spanish Registry
of Pulmonary Arterial Hypertension (REHAP) were eligible for this study (Supplementary Figure S1).
REHAP is an observational national registry with the aim to serve as a database for research purposes.
It includes patients with any form of PAH [21,22]. Clinical parameters for PAH diagnosis were obtained
from the 2015 ERS/ESC guidelines [3].

In Spain, genetic testing of patients included in the REHAP has been offered since 2011, with a
focus on IPAH, HPAH, and PVOD at the beginning but later expanded to associated forms as well.
This study followed the ethical principles of the European board of medical genetics. All patients
signed a consent form and genetic counseling pre and post-test was offered.

The study was approved by the ethical committee for scientific research of each participant center
and also by the ethical committee of the La Paz University Hospital (CEIC-HULP PI-1210).

Before genetic testing, family history information was collected, and DNA samples from the
probands were extracted. Segregation analysis in patients carrying a variant of unknown significance
was performed when possible. In cases of unaffected carriers, a complete diagnostic and specific follow
up was performed to rule out PAH.

2.2. Statistical Analysis

Categorical variables are presented as absolute frequency and proportions, and continuous
variables as the mean ± standard deviation or median (interquartile range). In order to validate the
normality of the statistical distribution, the Kolmogorov–Smirnov test was applied, and to compare
clinical features and continuous variables among patients, t-student was calculated. For variables that
did not follow a normal distribution, the Wilcoxon signed-rank test was used. The rate of percentages
was compared by Chi-square test, Fisher exact test, or Wilcoxon test, as appropriate.

Survival analysis was performed using the Kaplan-Meier analysis, matching the date of diagnosis
with the date of the first diagnostic right heart catheterization (RHC). All-cause mortality or bilateral lung
transplantation were defined as the endpoint and the log-rank test was used for comparison between
groups. Multivariate Cox regression models identified significant predictors of mortality. A comparison
of the survival rate among different groups was also performed (Supplementary Figure S2).

A two-sided p-value of less than 0.05 was considered statistically significant. Statistical analyses
were done using Stata (v12.1 for Mac; StataCorp, College Station, Brazos County, TX, USA).

2.3. Genetic Analysis

A customized panel of 21 genes (HAP v1.2) including ABCC8, ACVRL1, BMPR1B, BMPR2,
CAV1, CBLN2, CPS1, EIF2AK4, ENG, GDF2, KCNA5, KCNK3, MMACHC, NOTCH3, SARS2, SMAD1,
SMAD4, SMAD5, SMAD9, TBX4, and TOPBP1. This custom panel was designed with NimbleDesign
(Roche, Indianapolis, IN, USA). Fragmentation and library preparation were performed with SeqCap
EZ Choice Enrichment Kit (Roche, Indianapolis, IN, USA). Sequencing was performed with the Illumina
MiSeq platform (Illumina, San Diego, CA, USA) following the manufacturer’s instructions. Genes were
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chosen because of their probed association with PAH or based on previous research data. An in-house
pipeline for bioinformatic analysis was developed to perform quality control and variant annotation.

Our Institute (INGEMM) has developed a suite of quality control (QC) scripts that simplify data
quality assessment. QC included an assessment of total reads, library complexity, capture efficiency,
coverage distribution (95% at ≥20×), capture uniformity, raw error rates, Ti/Tv ratio in coding regions
(typically 3.2 for known sites and 2.9 for novel sites), and distribution of known and novel variants
relative to dbSNP and zygosity.

Annotation: an automated pipeline for the annotation of variants derived from targeted sequences
in the capture genes was developed. INGEMM script application returned several variant annotations
including dbSNPrs identification, gene names with accession numbers, predicted functional effect,
protein positions and, for amino-acid changes (dbNSFP, CADD), conservation scores and several
population frequency databases, and known clinical associations along with a vast array of annotations
for non-coding sequences derived from ENCODE. Databases for pathogenic variants such as ClinVar,
Human Gene Mutation Database (HGMD), Mastermind, LOVD, Alamut, and Varsome have also
been reviewed.

After that, the variant prioritization was performed according to the filtering strategy described
in Figure 1. Finally, variants were classified according to the ACMG guidelines [23]. A custom script
developed in-house called “LACONv” has also been developed by INGEMM in order to analyze large
genomic DNA gain and losses or copy number variation (CNVs) which can be found in the following
repository (https://github.com/kibanez/LACONv) [24].

 
Figure 1. Filtering pipeline for NGS panel HAP v1.2. A set of filters applied for variant prioritization.
Only variants does not fulfil the criteria for variant quality were validated with Sanger sequencing [25].

3. Results

After the quality control analysis, 33 out of the 300 sequenced samples were discarded and
267 were subsequently filtered. We have identified 86 variants in 81 patients (32.2%). Out of them,
34 (39.5%) have been classified as pathogenic variants, 14 (16.3%) as likely pathogenic, and 38 (44.2%)
as variants of unknown significance (VUS). In 186 samples non pathogenic, likely pathogenic, or VUS
were detected in the analyzed genes. BMPR2 was the predominantly mutated gene with 25 pathogenic
or likely pathogenic variants (29%, 25/86) followed by EIF2AK4, TBX4, and ACVRL1.

Regarding the VUS variants detected, NOTCH3 and ABCC8 had the highest frequency of these
variants (Figure 2). Based on the etiology, 41 variants were detected in 38 IPAH individuals, 15 in
15 individuals with HPAH, and 10 in 8 individuals with PVOD. In associated -PAH, we have found
15 variants (Supplementary Tables S1 and S2). Finally, in all three patients with suspected heritable
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hemorrhagic telangiectasia (HHT), an AVCRL1 pathogenic variant was detected, confirming the
clinical suspicion.

 
Figure 2. Frequency of gene mutation detected after the analysis of 21 genes. (A) A total of 14%
of pathogenic and likely pathogenic variants were identified, with a 15% of variants of unknown
significance (VUS) and in approximately 65% of individuals no candidate gene variants were identified.
After quality check, 6% of the analyzed samples were discarded due to low quality. (B) The gene with
the highest pathogenic variants detected was BMPR2, followed by EIF2AK4, because many patients
with PVOD were also included in the analysis.

Strikingly, we have found five unrelated families in whom there was more than one candidate
causative variant (Table 1, Figure 3). In two families, one of the variants was found in BMPR2 and
the co-occurrence was with NOTCH3 (x2). In the other three families, the variants were located in
ABCC8-NOTCH3, ABCC8-SARS2, and TBX4-SMAD1. Three of these families were classified as IPAH
and the other two as PAH-CHD.

In all consanguineous individuals with a clinical diagnosis of PVOD, we found the known Spanish
founder missense pathogenic variant in EIF2AK4:NM_001013703.3:c.3344C>T(p.Pro1115Leu)
in a homozygous state [15]. Additionally, in two siblings from a non-consanguineous
couple, we found compound heterozygous pathogenic variants in
EIF2AK4 ((EIF2AK4:NM_001013703.3(EIF2AK4_v001):c.3766C>T:p.(Arg1256*) and
EIF2AK4:NM_001013703.3(EIF2AK4_v001):c.4392dup:p.(Lys1465*)). Segregation analysis
demonstrated that parents were carriers of each variant. One of the siblings is a Caucasian
male with a clinical presumptive diagnosis of PVOD at 30 years of age. He underwent bilateral lung
transplantation 3.5 years after diagnosis. His sister was also diagnosed with PVOD at 38 years of age
leading to lung transplantation one year after diagnosis.

We have found five patients from five unrelated families carrying a pathogenic or likely pathogenic
variant in TBX4 [24]. All patients had a variable clinical expressivity with a moderate to severe reduction
in diffusion capacity (DLCO).
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Figure 3. Pedigree and in silico analysis of the families with more than one variant detected.
(A) Genealogy of the families in which segregation analysis was performed (when available). (B) Table of
in sillico analysis of the candidate variants, including the ACMG classification as well as the reference
in which the variant was described. n/a: not applicable, P: pathogenic, VUS: Variant of unknown
significance. α: In silico analysis was performed by dbNSFP counting the ones that predict a deleterious
effect over the total available.

Finally, in CBLN2, we found one candidate variant in a patient with IPAH classified as VUS
(CBLN2: NM_182511.3:c.263C>T:p.(Ser88Phe)).

4. Discussion

PAH is a multifactorial disease, in which many different phenotypes and etiologies can explain
the prognosis and severity of the disease. During the last few years, mainly due to the advances
in genomics technologies, many genes and genomic associations were described in PAH. Therefore,
nowadays the diagnostic approach for PAH should include genetic analysis because it is crucial for
follow up, genetic counseling, to grade the severity, or even for future personalized therapies [26,27].
Since 2014, we have been evaluating patients not only with IPAH, HPAH, and PVOD but also secondary
forms from which there is not so much evidence for the relation with genetic mutations.

Thus, the HAP-panel v1.2 included 21 genes based on the literature, previous experience,
and well-established genes in PAH, which influence the pathophysiology of the disease. We included
patients with PAH, no matter the type of PAH (idiopathic, heritable, or associated forms). We found
that 30.34% (81/267) of individuals with pathogenic, likely pathogenic, and/or VUS variants (Figure 2).
A total of 53.41% (47/88) of these variants were classified as pathogenic or likely pathogenic, and the
remaining 31.82% (38/88) VUS, meaning that we have a relatively high number of variants without
clear effect. The majority of the VUS have been found in NOTCH3, a gene from which mutations
have been recently associated with IPAH [9,28,29]. It has been suggested that NOTCH3 mutations
are involved in proliferation and cell viability and impairs the NOTCH3-HES5 signaling pathway,
a crucial pathway in the development of PAH [30].

Regarding NOTCH3, it has been suggested that the majority of the mutations in NOTCH3 cause a
missense change in the protein. Out of the 38 VUS variants reported herein, 23.7% (9/38) have been
found in NOTCH3, which means that functional studies and segregation analysis in available cases
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are strongly recommended to confirm or discard the possible effect for these variants in the protein
function and pathways in which NOTCH3 is involved.

This means that, if all the NOTCH3 variants were classified as pathogenic or likely pathogenic,
the frequency of mutations in this gene in PAH would be much more common than initially reported [9].
Strikingly, among the five unrelated families with a suggested digenic inheritance, two have had
pathogenic variants in BMPR2 and NOTCH3, which also segregates with the disease (Table 1). One of
the index patients was classified as IPAH and clinical features of the proband showed one adult
diagnosed at 39 years, with severe hemodynamic parameters (very low cardiac output). Oral dual
therapy (riociguat and ambrisentan) was initiated with clinical and hemodynamic improvement.
Eight years after diagnosis, he presents a low risk of death under dual oral therapy. It is important to
remark that, as far as we know, there is no previous evidence of segregation of variants in BMPR2 and
NOTCH3, and this fact, might explain in part, why penetrance of BMPR2 in idiopathic cases of PAH is
only about 20% (14% in males and 42% in females) [6,13].

Furthermore, three additional families have been found to have two variants in two genes (Table 1,
Figure 3); adding evidence that digenic inheritance may be a mechanism associated with PAH as a
previous report suggested [18]. Two out of these three families were diagnosed with APAH-CDH and
one with IPAH.

Two siblings from an unrelated couple were found to have a compound heterozygous mutation
in EIF2AK4, each one inherited from healthy parents. Clinical features of the patients correlated with
the molecular findings and with the presumptive diagnosis of PVOD.

In ABCC8, a gene initially included with minimal evidence of relation with PAH, we found
nine variants (Table 2, Figure 4), seven in IPAH individuals, one APAH, and one patient with CHD.
All detected variants are distributed along SUR1, the protein encoded by ABCC8, so there are no
hotspots in the gene, in concordance with previous reports [31] where the mechanism suggested was
the loss of the ATP-sensitive potassium channel function. Functional assays by minigenes (data not
shown), confirmed that the variant p.Asp1132Asn affects the splicing by exon skipping of exon 27 [32]
and the variants p.(Glu100Lys), p.(Val477Met), and p.(Glu1326Lys) do not alter the splicing and maybe
the pathogenic effect is not by splicing defects. In fact, variant p.(Glu1326Lys) has been found together
with another variant in NOTCH3 (NM_000435.2:c.6532C>T:p.(Pro2178Ser)), which means that further
analysis must be performed to confirm the role of these changes.

Table 2. Variants identified in ABCC8. ID and etiology of patients in which a variant in ABCC8 was
identified. Transcript for ABCC8 variant annotation was NM_000352.4.

Patient ID PAH Etiology Variant

HTP114 IPAH ABCC8:NM_000352.4:
c.1643C>T:p.(Thr548Met)

HTP88 IPAH ABCC8:NM_000352:exon26:
c.3288_3289del:p.(His1097Profs*16)

HTP151 IPAH ABCC8:NM_000352.4:
c.3238G>A:p.(Val1080Ile)

HTP159 IPAH ABCC8:NM_000352.4:
c.2422C>A:p.(Gln808Lys)

HTP162 IPAH ABCC8:NM_000352.4:
c.1429G>A:p.(Val477Met)

HTP466 IPAH ABCC8:NM_000352.4:
c.3976G>A:p.Glu1326Lys

HTP37 IPAH ABCC8:NM_000352.3:
c.579+5G>A

HTP78 CREST-PAH ABCC8:NM_000352.3:
c.2694+1G>A

HTP474 CHD ABCC8:NM_000352.4:
c.3394G>A:p.Asp1132Asn

40



Genes 2020, 11, 1158

 
Figure 4. Variants detected in ABCC8. (A) Schematic representation of SUR1 (encoded by ABCC8)
protein with its 17 transmembrane domains, and the variants detected in our cohort (red) and in Bohnen
et al series (green). (B) Distribution of variants detected in ABCC8 in our cohort based on the type
of variant.

Only one patient has been found to have a VUS in CBLN2, but further analysis needs to be done
to elucidate the possible role of this gene in PAH.

In patients with PAH associated with CHD, we found ten variants in eight samples, three classified
as pathogenic (two in BMPR2 in two siblings and one in TBX4) and six VUS in CPS1, ABCC8, SMAD5,
SARS2, SMAD1, and NOTCH3 (Table 3).

The two BMPR2 mutation carriers came from unrelated families, inherited the variant from their
healthy mother, and no additional candidate variants were detected in the NGS panel in both siblings,
suggesting that there may be other factors influencing the PAH-phenotype in the siblings, such as
second hits in other genes not included in the panel. One of these siblings is a male diagnosed with PH
at 19 years of age. In the first work-up at diagnosis, an interventricular septal defect with a right to left
shunt was observed. Right heart catheterization (RHC) confirmed suprasystemic PH. Considering
these findings, ventricular septal defect closure was contraindicated, and PAH-targeted treatment was
initiated. Clinical follow-up included a goal-oriented PAH therapy and the risk profile was assessed
periodically according to the guidelines. Finally, he underwent bilateral lung transplantation four
years after diagnosis.

His sister was also diagnosed with PAH at 26 years of age. At diagnosis, an interatrial septal
defect with a left-to-right shunt was observed. In the RHC, PH with elevated pulmonary vascular
resistance was confirmed. Dual oral PAH treatment was initiated, and she currently presents a low
risk of death under oral therapy three years after diagnosis according to the hemodynamic parameters.

Previous studies suggested that pathogenic variants in BMPR2 are present in up to 7.5% of patients
with PAH associated with CHD [33,34]. Furthermore, Liu et al. observed that BMPR2 pathogenic
variants are more frequent in patients with pulmonary vascular disease (PVD) associated with CHD
in comparison with those patients without PVD. To date, there is no effective method to predict the
development of PH after the correction of a CHD. According to current guidelines, correction is
contraindicated when PVD is established [35]. However, approximately 10% of patients with repaired
atrial septal defect or ventricular septal defect develop PAH and therefore genetic background can
contribute to explaining these differences. The role of germline mutations in these patients is unknown.
These findings suggest that PAH mutations might contribute to the development of PAH in CHD
patients. Genetic testing may allow us to identify high-risk patients. However, more studies are needed
to assess the importance of genetic abnormalities in CHD.
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Table 3. Variants detected in associated PAH forms (APAH). Description of variants found in patients
with APAH, specifically with congenital heart disease (CHD) and connective tissue disease (CTD).
ID: patient identifier, GT: genotype, ACMG: American College of Medical Genetics. Hom: homozygous;
Het: heterozygous; P: pathogenic; VUS: variant of unknown significance.

ID PAH Etiology cDNA and Protein Position GT
ACMG

Classification

HTP501 CHD CPS1:NM_001122633.2(CPS1):
c.3047C>T:p.(Thr1016Met) Hom VUS

HTP536 CHD BMPR2:NM_001204.6:
c.2674delG: p.(Glu892Asnfs*4) Het P

HTP541 CHD BMPR2:NM_001204.6:
c.2674delG: p.(Glu892Asnfs*4) Het P

HTP474 CHD

ABCC8:NM_000352.4(ABCC8):
c.3394G>A:p.(Asp1132Asn)

SARS2:NM_017827.3:
c.136G>A:p.(Glu46Lys)

Het
Het VUS

HTP558 CHD SMAD5:NM_001001420.2:
c.763A>G:p.(Ile255Val) Het VUS

HTP262 CHD NOTCH3:NM_000435.3:
c.6097C>G:p.(Pro2033Ala) Het VUS

HTP472 CHD CPS1:NM_001122633.2:
c.1036G>A:p.(Ala346Thr) Het VUS

HTP611 CHD

TBX4:NM_018488.3:
c.1018C>T:p.(Arg340*)
SMAD1:NM_005900.2:

c.738G>C:p.(Met246Ile)

Het
Het P VUS

HTP551 CTD GDF2:NM_016204:
c.642G>A:p.(Trp214*) Het VUS

HTP355 CTD CPS1:NM_001875.4:
c.4252C>T:p.(Pro1418Ser) Het VUS

HTP452 CTD NOTCH3:NM_000435:
c.5203G>A:p.(Glu1735Lys) Het VUS

HTP564 CTD TBX4:NM_018488.2:
c.1112dupC:p.(Pro372Serfs*14) Het P

HTP78 CTD ABCC8:NM_000352.3:
c.2694+1G>A Het VUS

In all patients where a pathogenic variant in TBX4 was detected, the clinical expressivity was
highly variable, including an initial suspicion of PVOD, interstitial lung disease, pulmonary vascular
abnormalities, and CHD. In one individual, a variant in SMAD1 has been also observed in addition to
the TBX4 variant. This variant in SMAD1 was classified as VUS. He suffered with PAH associated
with a non-repaired atrial septal defect. The variant observed in TBX4 is a very infrequent variant
with an extremely low frequency in the analyzed control populations (gnomAD exomes: 0.0000281,
gnomAD genomes, 1000G, Kaviar, Beacon, ESP, and Bravo) although the majority of the in silico
bioinformatic tools did not suggest a deleterious effect of the variant. Thus, the relationship of the
variant detected in SMAD1 and the phenotype of the patients remains unclear. The nonsense TBX4
variant detected in this patient (TBX4(NM_018488.3):c.1018C>T:(p.Arg340*)) was reported last year
by Galambos et al. [36]. In their study, the two siblings in whom the same variant was detected
presented a clinically specific phenotype with transient patent ductus arteriosus, a patent foramen oval,
and interstitial lung disease (ILD). Strikingly, one individual did not manifest pulmonary hypertension;
reflecting the possible contribution of other genetic, epigenetic, or external factors that can contribute
to the development of the disease. The presence of left-to-right shunt causes an overflow in pulmonary
circulation that can lead to PH. However, this does not fully explain these complex cases. It is necessary
to further investigate the possible involvement of TBX4 in complex cardiac diseases such as CHD and
ILD, and how it can contribute to increasing the risk of development of PH in these individuals.
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Additionally, we found three variants in CPS1, one in a homozygous state, a gene for which
neonatal susceptibility to PAH has been suggested with an increase of pulmonary arterial pressure
after a surgical repair of congenital heart defects [37]. Furthermore, polymorphisms in CPS1 have also
been related to persistent pulmonary hypertension of the newborn (PPHN) [38]. All variants were
classified as VUS and unfortunately, no parental samples were available for segregation analysis.

Between 15 and 30% of PAH cases are secondary to a CTD [39] such as systemic sclerosis or
systemic lupus erythematosus. Five-year survival in PAH-CTD is around 44% in the US population [40].
In Spain, one-year survival in PAH-CTD is 81% [1,41]. There is increasing evidence of the contribution
of genetic mutation in PAH-CTD, as previous reports suggested [17]. In our CTD-PAH cohort, we have
found four variants (two classified as VUS in ABCC8 and NOTCH3, and two as pathogenic in TBX4
and GDF2) (Table 3), adding further evidence of the potential relation between variants in well-known
genes for PAH and CTD-PAH. Furthermore, as far as we know, this is the first time a variant in TBX4
is associated with CTD-PAH. All variants were found in different genes and de novo events were
confirmed in segregation studies when available.

We have compared the clinical features of all patients with a confirmed genetic defect
(Supplementary Tables S3–S5). We observed that those patients who carried a pathogenic or likely
pathogenic variant had a higher mean pulmonary artery pressure (PAPm) and pulmonary vascular
resistance (PVR), with a lower cardiac index. However, they were younger and less likely to respond
to acute vasodilator testing. Regarding functional class, no statistical differences were observed in
the clinical severity assessed by the WHO functional class. However, the six-minute walking test
(6MWT) was statistically higher in the group of patients with pathogenic variants compared with the
non-mutated group.

In terms of the overall survival rate, we have found no significant difference between both groups
(Figure 5). Additional analysis of survival by Kaplan–Meier does not show any statistical differences
between patients with different gene variants except for EIF2AK4, as we expected due to the severity of
the associated PAH form. Also, we have not found statistical differences in survival between idiopathic,
hereditary, and associated PAH forms, nor between carriers and non-carriers with APAH and PVOD
(Supplementary Figure S2).
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Figure 5. Survival analysis between carriers’ vs. non-carriers. Kaplan-Meier analysis did not reflect
statistical differences between individuals with PAH and pathogenic or likely pathogenic variants and
individuals without any pathogenic, likely pathogenic variant detected.

5. Conclusions

To summarize, we applied a custom personalized panel of genes for PAH diagnosis,
which demonstrated to be very useful to confirm a presumptive diagnosis in cases with overlapping
clinical features of PAH. The panel allows the identification of variants in the PAH related genes in a
reasonable turnaround time for clinical purposes. We also detected variants in genes that have been
recently described in PAH, and that could potentially be new therapeutic targets for personalized
medicine. Lastly, in secondary PAH, we found variants that may influence the phenotype of the disease.
Further studies to confirm the role of these variants are needed.
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Abstract: Pulmonary arterial hypertension (PAH) is a severe, life-threatening disease, and in some
cases is caused by genetic defects. This study sought to assess the diagnostic yield of genetic testing
in a Dutch cohort of 126 PAH patients. Historically, genetic testing in the Netherlands consisted of
the analysis of BMPR2 and SMAD9. These genes were analyzed in 70 of the 126 patients. A (likely)
pathogenic (LP/P) variant was detected in 22 (31%) of them. After the identification of additional PAH
associated genes, a next generation sequencing (NGS) panel consisting of 19 genes was developed in
2018. Additional genetic testing was offered to the 48 BMPR2 and SMAD9 negative patients, out of
which 28 opted for NGS analysis. In addition, this gene panel was analyzed in 56 newly identified
idiopathic (IPAH) or pulmonary veno occlusive disease (PVOD) patients. In these 84 patients,
NGS panel testing revealed LP/P variants in BMPR2 (N = 4), GDF2 (N = 2), EIF2AK4 (N = 1),
and TBX4 (N = 3). Furthermore, 134 relatives of 32 probands with a LP/P variant were tested, yielding
41 carriers. NGS panel screening offered to IPAH/PVOD patients led to the identification of LP/P
variants in GDF2, EIF2AK4, and TBX4 in six additional patients. The identification of LP/P variants
in patients allows for screening of at-risk relatives, enabling the early identification of PAH.

Keywords: pulmonary arterial hypertension; genetic analysis; NGS gene panel; BMPR2; TBX4;
GDF2; EIF2AK4

1. Introduction

Pulmonary arterial hypertension (PAH) is a rare and life-threatening disease with an estimated
prevalence of 5.9–60 cases per a million adults [1–3]. Due to variable and non-specific symptoms,

Genes 2020, 11, 1191; doi:10.3390/genes11101191 www.mdpi.com/journal/genes

49



Genes 2020, 11, 1191

patients are often diagnosed well after the development of right heart failure, indicating a considerable
delay in diagnosis.

PAH can be classified into different subgroups, including idiopathic PAH (IPAH), heritable PAH
(HPAH), pulmonary veno-occlusive disease (PVOD), drug and toxin induced PAH, and PAH associated
with other conditions, including connective tissue disease, human immunodeficiency virus (HIV)
infection, portal hypertension, or congenital heart disease [4]. IPAH and PVOD have similar clinical
and hemodynamic characteristics but different pathophysiological and histological characteristics and
progression rates [5]. IPAH is diagnosed when any potential cause or risk factor has been excluded [4].
HPAH can be diagnosed after the identification of a (likely) pathogenic (LP/P) genetic variant in a
PAH associated gene [5]. HPAH generally follows an autosomal dominant inheritance pattern with
incomplete penetrance [6]. Both IPAH and HPAH can occur sporadically or familial, when two or
more members of a family are affected with PAH.

Pathogenic variants in the BMPR2 gene (MIM# 131195) were identified as the main genetic cause
of HPAH, explaining 75–90% of familial cases and 10–20% of sporadic cases [7–10]. The BMPR2 gene
belongs to the transforming growth factor β (TGF-β) superfamily and is involved in the regulation
of cell growth and apoptosis. Evans et al. showed that compared to BMPR2-negative PAH patients,
carriers of a pathogenic variant in BMPR2 were, on average, diagnosed at a younger age and had a
more severe progression of the disease [7].

Until 2018, DNA diagnostics in IPAH patients in the Netherlands consisted of sequencing
BMPR2 and SMAD9 (OMIM # 615342), encoding an intracellular signal tran Material S2ucer of the
TGF-B pathway. The additional use of next-generation sequencing (NGS) techniques has resulted
in the identification of several additional genes potentially associated with PAH [9]. However,
these recently identified gene–disease relationships remain to be established beyond case-control
studies and with more certainty over time. In a minority of IPAH cases, (potentially) associated variants
have been reported in several genes including KCNK3 (encoding a PH sensitive potassium channel),
CAV1 (encoding an integral membrane protein), TBX4 (playing a critical role in the development of
respiratory system), GDF2 (also called BMP9 and a member of the highly conserved transforming
growth factor-β superfamily), AQP1 (encoding aquaporin-1), SOX17 (encoding a transcription factor
involved in Wnt/β-catenin and Notch signaling during development), and BMPR1B (encoding a type I
BMP receptor) [5,9,11]. EIF2AK4 variants have been reported as an autosomal recessive cause of PVOD
whereas variants in the BMPR2 gene have also been reported to cause PVOD [12–14].

The identification of a pathogenic variant in a patient diagnosed with IPAH/PVOD allows for
the early detection of disease in genotype positive relatives. This enables timely treatment, which is
important as a recent study indicated that early treatment of PAH delays disease progression and
improves transplant-free survival [15]. Furthermore, predictive DNA testing enables reproductive
choices, including the possibility of preimplantation genetic diagnosis [8].

Previous research has shown that genetic testing may reveal a genetic predisposition to the disease
also in sporadic cases. In two studies, disease-causing variants were identified in 13–17% of sporadic
IPAH/PVOD cases [8,16]. This can likely be explained by the relatively low penetrance in HPAH and
the de novo occurrence of pathogenic variants [17–19]. While newly diagnosed IPAH patients can
benefit from genetic counselling and DNA testing, only a limited number of patients undergo genetic
testing and this is generally limited to BMPR2/SMAD9. The recent identification of additional genes
involved in the disease, in combination with increasing evidence on health benefits of early detection
of the disease in unaffected relatives, prompted us to offer all IPAH/PVOD patients genetic counselling
and (extended) genetic testing using an NGS panel of 19 PAH-associated genes if necessary. Here,
we describe the diagnostic yield of genetic testing in a Dutch cohort, in terms of identified (likely)
pathogenic variants and the number of identified genotype positive relatives.
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2. Materials and Methods

2.1. Subjects

Genetic testing has been offered to IPAH/PVOD patients referred to the PAH center of expertise in
the Amsterdam UMC since 2002. Prior to the introduction of NGS technologies, genetic testing was
not routinely offered to all patients but often only in familial cases. Patients with IPAH or PVOD were
included in this study from January 2018 until April 2020. Patients in whom prior analysis of BMRP2
and SMAD9 did not result in the detection of a LP/P variant and patients who were not previously
tested were offered the option of (extended) genetic testing using NGS via a letter of their treating
physician. Interested patients received genetic counselling and could opt for genetic testing with
an NGS panel consisting of 19 genes. All included patients were unrelated. The clinical geneticist
or genetic counsellor obtained informed consent for genetic testing from all patients. All patients
provided consent for the use of their data for research. The study was conducted in accordance with
the Declaration of Helsinki. The Medical Ethical Committee of the Amsterdam UMC (location VUmc)
assessed the study protocol and confirmed that the study was exempt from ethics review according to
the Dutch Medical Research Involving Human Subjects Act (2017.541).

All patients in whom a LP/P variant as a cause of their PAH was detected were encouraged
to inform their first-degree relatives about the option of predictive DNA testing. For assistance,
we provided personalized family letters for patients’ relatives with information about the disease and
access to genetic counselling and—if desired—predictive DNA testing. Patients in whom a causal
BMPR2 mutation had been detected via genetic testing (i.e., HPAH patients) prior to January 2018 were
informed about current preventive and treatment options for themselves and their at-risk relatives by
letter, including the information on preimplantation genetic diagnosis (PGD). They were also asked to
inform their relatives, supported by an updated family letter if desired. Relatives could opt for genetic
testing when interested.

2.2. Data Collection

Sociodemographic data (age at diagnosis and sex), clinical data (NYHA functional class,
mean pulmonary artery pressure (mPAP), mean right atrial pressure (mRAP), pulmonary vascular
resistance (PVR) and right ventricle end-diastolic volume index (RVEDVI), right ventricle end-systolic
volume index (RVESVI), and right ventricular ejection fraction (RVEF) at diagnosis), as well as family
history were collected. DNA diagnostics was performed at the DNA laboratory of Amsterdam
UMC, location VUmc. Up until 2017, DNA testing of BMPR2 and SMAD9 were performed using
Sanger sequencing. From 2018 onwards, a WES-based virtual panel was analyzed, which included
19 PAH-associated genes (ABCA3, ACVRL1, BMPR1B, BMPR2, CAV1, EIF2AK4, ENG, FOXF1, GDF2,
KCNA5, KCNK3, NOTCH1, NOTCH3, RASA1, SMAD1, SMAD4, SMAD9, TBX4, and TOPBP1).
AQP1 and SOX17 were not included in this NGS panel. Using the NGS test point, mutations and
small insertions and deletions can be detected. Additionally, multiplex ligation-dependent probe
amplification (MLPA) was used to detect large deletions or duplications of BMPR2, because our
WES-based panel test does not allow the detection of exon deletions and duplications.

All variants detected were classified using the ACGS/VKGL guidelines [20]. For variant
classification, a 5-class variant classification system was used: class 1 (benign), class 2 (likely benign),
class 3 (variant of uncertain significance), class 4 (likely pathogenic), and class 5 (pathogenic) [21].
The classification of variants was based on the occurrence of the variant in control populations
(gnomAD database), in silico predictions of the impact of an amino acid change on the function of
the protein (PolyPhen2, SIFT, AlignGVGD), and in silico prediction of the potential impact of the
nucleotide change on splicing. Variants causing frameshifts or premature stop codons were considered
likely pathogenic (class 4) or pathogenic (class 5). Variants occurring in a control population at
a frequency > 1% were considered polymorphisms (class 1). Detailed information on the analysis
methods is given in Supplementary Materials S1.
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2.3. Statistical Analysis

Statistical analysis was performed with SPSS (Version 25.0) and R Studio (Version 4.0.2, 2020-06-22).
Data were visualized using the R ggplot2 package. Data were described as mean and SD, or median and
IQR, as appropriate. Chi-square tests, log-rank tests, t-tests, and Wilcoxon signed rank tests were used
to assess the differences between clinical observations in patients with and without a (likely) pathogenic
variant, and between patients with a positive and negative family history, where appropriate. A p-value
of <0.05 was considered statistically significant.

3. Results

3.1. Genetic Analyses

Figure 1 shows a flow-chart of the number of patients in whom genetic testing was performed.
In total, 126 patients were included in our study. Until 2018, genetic testing at the Amsterdam UMC
consisted of analysis of BMPR2 and SMAD9. These genes were analyzed in 70 of the 126 patients.
In 22 of these 70 patients (31%), a LP/P variant of BMPR2 was identified. Additional genetic testing
(NGS panel) was offered to the 48 BMPR2 and SMAD9 negative patients, including 2 patients with a
VUS in the BMPR2 gene. Of them, 28 opted for NGS analysis. Fifty-six patients diagnosed with PAH
after 2018 were directly tested with this NGS panel. In total, 84 patients were genetically tested using
NGS. The NGS panel yielded 10 additional patients with a LP/P variant, 3 LP/P variants in the PAH
patients previously tested negative for LP/P variants in BMPR2 and SMAD9 and 7 LP/P variants in
the PAH group diagnosed after 2018. NGS panel testing revealed LP/P variants in BMPR2 (N = 4),
GDF2 (N = 2), EIF2AK4 (N = 1), and TBX4 (N = 3). In 11 out of 84 patients (9%), NGS panel revealed a
VUS (class 3 variants). In total, a LP/P variant was identified in 32 out of 126 patients (25%).

Figure 1. Flow-chart of genetic analyses in idiopathic/pulmonary veno occlusive disease (IPAH/PVOD)
patients.

Table 1 shows the characteristics of the study population. The mean age at diagnosis was 49 years
(SD = 16) in all patients, with a mean age of 52 years in patients without and 37 years in patients
with a LP/P variant (p = 0.001). Seventy-one percent of patients were female. The majority of patients
(N = 114, 90%) were diagnosed with IPAH, whereas only 12 patients were diagnosed with PVOD.
Seventeen patients in our total cohort had a positive family history for PAH. Of the patients with a
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LP/P variant (n = 32), nine had a positive family history. In eight patients with a positive family history
no LP/P variant could be detected. A negative family history was reported in 13 patients (41%) with a
LP/P variant compared to 55 patients (59%) without a LP/P variant. During follow-up (median 3 years,
range 0–7), seventeen patients died, and four patients received a lung transplant.

Table 1. Sociodemographic and clinical characteristics of patients eligible for genetic testing at diagnosis.

All Patients
N = 126

No LP/P Variant
N = 94

LP/P Variant
N = 32

Characteristic N (%) N (%) a N (%) a p Value

Sex
Female 89 (71) 66 (70) 23 (72) 0.922
Male 37 (29) 28 (30) 9 (28)

Age at diagnosis, years 49 ± 16 52 ± 17 37 ± 13 0.001
Clinical diagnosis b

IPAH 114 (90) 84 (89) 30 (94) 0.031
PVOD 12 (10) 10 (11) 2 (6)

NYHA functional class
NYHA I-II 36 (29) 25 (29) 11 (34) 0.587

NYHA III-IV 78 (62) 60 (71) 18 (56)
BMI, kg/m2 26.9 ± 5.2 27.0 ± 5.3 26.6 ± 5.0 0.757

Hemodynamics
mPAP, mmHg 52 ± 17 50 ± 17 59 ± 14 0.008

PVR, WU 9.9 (5.7–12.7) 8.8 (4.8–12.2) 11.9 (9.2–15.2) 0.022
mRAP, mmHg 9 (6–11) 9 (6–11) 8 (6–11) 0.214
PCWP, mmHg 10 ± 3 10 ± 3 9 ± 3 0.039
CI, L/min/m2 2.5 ± 0.8 2.6 ± 0.8 2.2 ± 0.6 0.061

RVEDVI, mL/m2 84 ± 27 82 ± 27 90 ± 27 0.243
RVESVI, mL/m2 53 ± 26 50 ± 25 64 ± 28 0.038

RV EF, % 38 ± 13 41 ± 12 30 ± 12 <0.001
Family history

No 68 (54) 55 (59) 13 (41) 0.025
Yes 17 (13) 8 (9) 9 (28)

Unclear 31 (25) 22 (23) 9 (28)
Unknown 10 (8) 9 (10) 1 (3)

Death 17 (14) 11 (12) 6 (20) 0.324
Lung transplant 4 (3) 4 (4) 0 (0) NA c

Median FU, years 3 (0–7) 2 (0–5) 6 (2–11) 0.001

Data are given as mean (SD), median (range) or number (percentage). IPAH = Idiopathic pulmonary arterial
hypertension; PVOD = pulmonary veno-occlusive disease; NYHA = New York Association functional class;
BMI = body mass index; mPAP = mean pulmonary arterial pressure; PVR = pulmonary vascular resistance;
mRAP =mean right atrial pressure; RVEF= right ventricular ejection fraction; RDEVI= right ventricular end-diastolic
volume index; RVESVI = right ventricular end-systolic volume index. a Not all numbers add up to the total number
of patients due to missing values. b Concerns p value of chi-square test performed on difference ‘idiopathic PAH’
versus ‘PVOD’, due to >20% of cells having an expected count less than 5. c Significance testing not possible due to
small numbers.

The variants in the group of patients with a LP/P (N = 32) were identified in BMPR2 (N = 26),
TBX4 (N = 3), GDF2 (N = 2), and EIF2AK4 (N = 1), see Table 2. One identical pathogenic variant in
BMPR2 was identified in three unrelated probands (c.1471C > T, p.(Arg491Trp)), indicating a potential
founder effect of this variant. VUS were found in FOXF1 (N = 3), NOTCH3 (N = 4), BMPR2 (N = 3),
and TBX4 (N = 2), of whom two VUS were found in one patient (see Supplementary Table S1).
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3.2. Genotype-Phenotype Correlation

The main clinical characteristics of the patients with and without a LP/P variant identified are
presented in Table 1. A significant difference in age at diagnosis in patients with and without a LP/P
variant was observed, those with a LP/P variant had a significantly younger age at diagnosis (p = 0.001),
as shown in Figure 2. In addition, patients with a LP/P variant had significantly higher mPAP and PVR
at diagnosis compared to those without LP/P variant (p = 0.008 and p = 0.022, respectively). Moreover,
a significantly higher RVESVI and significantly lower RVEF was observed in patients with a LP/P
variant, (p = 0.038 and p < 0.001 respectively). Furthermore, a LP/P variant was identified more often
in patients with a positive family history compared to those with a negative family history (p = 0.025).

 
Figure 2. Kaplan–Meier curve for difference in age at diagnosis between patients with and without a
LP/P variant.

3.3. Relatives

Following the initial identification of LP/P variants in 32 probands, 134 relatives (range per family:
0–42) have been tested to date. Of the relatives pursuing predictive DNA testing, 41 were shown to be
a carrier, of whom 36 relatives carried a variant in BMPR2 (88%), 3 in TBX4 (7%), and 2 in GDF2 (5%).
These relatives were offered annual check-ups at the out-patient clinic to detect early signs of PAH
and receive treatment accordingly. In one asymptomatic carrier, mild PAH was diagnosed at the first
visit and treatment was subsequently started. Further cascade genetic testing and clinical screening is
currently ongoing. One relative, who had opted for predictive DNA testing and turned out to be a
carrier, successfully pursued PGD.

4. Discussion

In this study, we describe the results of genetic testing and the characteristics in a Dutch cohort of
126 adult probands diagnosed with non-associated PAH or PVOD. A LP/P variant was identified in
25% of patients in this cohort. The vast majority of these patients had a LP/P variant in BMPR2 (81%).
LP/P variants were detected in BMPR2 (N = 26), GDF2 (N = 2), EIF2AK4 (N = 1), and TBX4 (N = 3).
Expanding genetic testing in 28 patients previously tested negative for LP/P variants in BMPR2 and
SMAD9 resulted in the identification of three disease-causing variants (11%). Patients with a LP/P
variant had worse hemodynamics and a younger age at diagnosis.

In eight families with familial PAH, we were unable to identify a disease-causing variant with
our NGS panel, pointing to the possibility of other genetic causes [27]. In these gene-elusive families,
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first-degree relatives of PAH patients were offered clinical screening. Furthermore, these patients and
other PAH patients were asked to participate in international efforts aimed at the identification of
novel PAH associated genes [9,28,29]. With these international efforts, an AQP1 variant (c.583C > T;
p.Arg195Trp) was identified in one PAH patient who tested negative on our NGS panel [9].
Novel gene–disease relations are established at a rapid pace for PAH and other genetic diseases.
Especially when the identification of a genetic cause can result in health benefits in relatives, it is
important to establish patient databases and to obtain informed consent by which mutation negative
patients can be re-contacted for future additional genetic testing.

In our cohort, three patients had a disease-causing variant in TBX4. Variants in TBX4 have
previously been recognized as a cause of neonatal and paediatric pulmonary hypertension [30,31].
However, recent studies also reported pathogenic TBX4 variants in adult-onset pulmonary
hypertension [9,16]. We previously described the clinical characteristics of our TBX4 patients indicating
a female predominance, bronchial diverticulosis, distinct skeletal anomalies, and a history of asthma in
all [32]. PAH associated with variants in TBX4 is clinically highly variable [33]. In addition to TBX4,
we identified LP/P variants in GDF2, resulting in loss of BMP9 function [34]. Causal variants in GDF2
(BMP9) were first described in adult-onset PAH patients by Gräf et al. [9], and subsequently reported
in two studies describing GDF2 variants in respectively 6.7% and 1.1% of sporadic PAH patients [31].
Interestingly, no LP/P variants were found in the other 15 PAH-associated genes, including SMAD9.
Although SMAD9 has been repeatedly shown to cause PAH when disrupted, it is considered to be a
very rare cause of PAH. This is confirmed by the absence of LP/P variants in this gene in our cohort.

In this study, only BMPR2 was screened for larger deletions or duplications using MLPA. Therefore,
larger deletions or duplications in the other genes on our panel may have been missed. Larger Copy
Number Variants (CNVs) including the TBX4 gene have been reported to cause PAH [4]. As these
CNVs often include additional genes located in proximity to the TBX4 gene, they often cause additional
features, such as intellectual disability and congenital defects. It is therefore unlikely that large CNVs
are common in the cohort reported here, as such features were not present. Small deletions/CNVs,
however, may have been missed in our cohort. In a previous study in patients with hereditary thoracic
aortic aneurysms small CNVs were identified as a genetic cause in 6/66 (9%) patients with a LP/P
variant using the exome hidden Markov model (XHMM; an algorithm to identify CNVs in targeted
NGS data) [35]. Subsequent cohort studies are required to further establish gene–disease relations
with certainty and to elucidate the role of small CNVs in PAH genes.

In conclusion, genetic testing in a Dutch cohort of 126 non-associated PAH/PVOD patients
revealed a LP/P variant in 32 patients (25%). BMPR2 was the main cause (88%) of the LP/P variants.
NGS identified a genetic cause in an additional six patients. TBX4 and GDF2 variants were found in
three and two patients with PAH, respectively. In addition, a homozygous variant in EIF2AK4 was
identified in one PVOD patient. A genetic cause was identified in 21% of sporadic cases, underscoring
the importance of genetic testing in PAH/PVOD. The identification of LP/P variants in patients allows
for screening of at-risk relatives; in this study, 41 out of 134 unaffected tested relatives (31%) were shown
to be a carrier. Predictive DNA testing allows for clinical screening of at-risk relatives, supporting the
early identification of PAH and the possibility of PGD.
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detected class 3 variants in unrelated PAH patients.
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Abstract: Although the invention of right heart catheterisation in the 1950s enabled accurate clinical
diagnosis of pulmonary arterial hypertension (PAH), it was not until 2000 when the landmark
discovery of the causative role of bone morphogenetic protein receptor type II (BMPR2) mutations
shed new light on the pathogenesis of PAH. Since then several genes have been discovered, which now
account for around 25% of cases with the clinical diagnosis of idiopathic PAH. Despite the ongoing
efforts, in the majority of patients the cause of the disease remains elusive, a phenomenon often
referred to as “missing heritability”. In this review, we discuss research approaches to uncover
the genetic architecture of PAH starting with forward phenotyping, which in a research setting
should focus on stable intermediate phenotypes, forward and reverse genetics, and finally reverse
phenotyping. We then discuss potential sources of “missing heritability” and how functional genomics
and multi-omics methods are employed to tackle this problem.

Keywords: forward phenotyping; forward genetics; reverse genetics; reverse phenotyping;
pulmonary arterial hypertension; intermediate phenotypes; whole-genome sequencing; epigenetic
inheritance; genetic heterogeneity; phenotypic heterogeneity

1. Introduction

Rare diseases, such as pulmonary arterial hypertension (PAH), are enriched with underlying
genetic causes and are defined as life-threatening or chronically debilitating disorders with a prevalence
of less than 1 in 2000 [1]. Although individually characterised by low prevalence, in total, rare diseases
pose a significant burden to health care systems and a diagnostic challenge. Over 6000 rare diseases
have been reported to date (ORPHANET [2]) and new genotype-phenotype associations are discovered
every month [3]. Despite the several-fold increase in genetic diagnoses in the area of rare diseases [4],
the cause of the disease remains elusive in a significant proportion of cases.

Since the 2008 World Symposium on Pulmonary Hypertension (WSPH), the term “heritable PAH”
(HPAH) has been used to describe both familial PAH and sporadic PAH with an identified underlying
pathogenic variant [5] (Table 1). Family history is a vital disease component directly linked to the
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proportion of variation attributable to genetic factors, known as heritability [6,7]. Familial studies have
been used historically as a tool for gene mapping, with the classical example of twin studies commonly
used to disentangle the relative contribution of genes and environment to complex human traits [2].

In statistical terms, heritability is defined as a proportion of the phenotypic variance that can be
attributed to the variance of genotypic values:

H2 (broad sense) = Var (G) ÷ Var (p) (1)

H2 estimates are specific to the population, disease and circumstances on which they are
estimated [8]. In theory, total genotypic variance (Var(G)) can be divided into multiple components:
Var(A)total additive variance (breeding values); Var(D) —dominance variance (interactions between
alleles at the same locus); Var(I) —epistatic variance (interactions between alleles at different loci);
Var(G× E)—variation arising from interactions between genes and the environment.

Var (G) = Var (A) + Var (D) + Var (I) + Var (G × E) (2)

In practice, total genotypic variation is difficult to measure, although estimates can be made,
and the components of genotypic variation are nearly unattainable. Hence genetic studies usually
refer to heritability in its narrow sense, which is the proportion of the phenotypic variance that can be
attributed to favourable or unfavourable alleles.

h2 (narrow sense) = Var (A) ÷ Var (p) (3)

Recently, genome-wide association studies (GWAS) have enabled the estimation of additive
heritability attributed to common genetic variation (single nucleotide polymorphisms—SNPs), albeit
with a typically small effect size [9]. This has led to the issue of “missing heritability” [10], whereby
SNP-based estimates were not sufficient to explain prior heritability predictions arising from twin or
familial recurrence studies. To that effect, several hypotheses have been proposed (Figures 1 and 2)
including the complex interplay between genes and environment and the often overlooked potential
contribution of structural variation [11].

To date, about 75% of patients with a clinical diagnosis of idiopathic pulmonary arterial
hypertension (IPAH) have no defined genetic cause of the disease. This review outlines the role of
forward and reverse genomic and phenomic approaches as well as other omic technologies in the
search for missing heritability of PAH (Figure 1). Understanding the genetic architecture of PAH and its
dynamic interplay with the environment is a prerequisite to predict personalized patient risk, decipher
interaction pathways underlying the disease and develop strategies for therapy and prevention.
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Figure 1. Graphical abstract. Schematic representation of the concepts of forward phenotyping (1) and
genetics (2) and reverse genetics (3) and phenotyping (4). Public databases include, but are not limited
to, Online Mendelian Inheritance in Man (OMIM), Human Phenotype Ontology (HPO), DatabasE
of genomiC varIation and Phenotype in Humans using Ensembl Resources (DECIPHER), ClinVar
databases. Forward genetics—‘genotype to phenotype’ approach; reverse genetics—analysis of the
impact of induced variation within a specific gene on gene function; reverse phenotyping—clinical
assessment directed by genetic results. Abbreviations: TS—targeted sequencing; WES—whole-exome
sequencing; WGS—whole-genome sequencing; siRNA—small interfering RNA; EHR—Electronic
Healthcare Records.

 

Figure 2. Potential factors contributing to missing heritability in PAH.
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Table 1. Definitions and changes to the classification of Group 1 PAH. Abbreviations:
WSPH—World Symposium on Pulmonary Hypertension; ERS/ESC—European Respiratory Society
and European Society of Cardiology; mPAP—mean pulmonary artery pressure; (R)—resting;
(E)—exercise; PAWP—pulmonary artery wedge pressure; PVR—pulmonary vascular resistance;
LV—left ventricle; PPH—primary pulmonary hypertension; BMPR2—Bone morphogenetic
protein receptor, type II; ACVRL1—Activin A receptor like type 1; SMAD9—SMAD Family
Member 9; CAV1—Caveolin 1; KCNK3—Potassium two pore domain channel subfamily
K member 3; PVOD/PCH—pulmonary veno-occlusive disease/pulmonary capillary haemangiomatosis;
PAH—pulmonary arterial hypertension; PH—pulmonary hypertension; PPHN—persistent pulmonary
hypertension of the newborn; RHC—right heart catheterization.

WSPH
Proceedings and

ERS/ESC
Guidelines

Definition of Group 1 Comments Changes to the Classification

1st WSPH, Geneva,
1973 [12]

No haemodynamic
definition mentioned

2nd WSPH, Evian,
1998 [13]

No haemodynamic
definition mentioned, but
RHC recommended for

diagnosis

Introduction of the terms primary
(PPH) and secondary (related to

other conditions) pulmonary
hypertension, recognition of familial

forms of PH

3rd WSPH, Venice,
2003 [14]

mPAP(R) > 25 mmHg;
mPAP(E) > 30 mmHg;

PAWP < 15 mmHg;
PVR > 3 WU

Abandonment of the term primary
pulmonary hypertension, the

introduction of terms idiopathic and
familial PAH as well as associated

PAH, BMPR2 and ACVRL1
implicated in the pathogenesis

of PAH

4th WSPH, Dana
Point, 2008 [5]

mPAP(R) ≥ 25 mmHg;
PAWP ≤ 15 mmHg

Exercise-induced PH removed
from the definition as

although (R) mPAP has been
shown to be stable across age
groups, (E) mPAP increases
with age hence based on the

available data it was not
possible to define a cutoff

Introduction of the terms idiopathic
(no family history, no precipitating

risk factor) and hereditary
(encompassing familial cases with

or without identified germline
mutations and PAH). Inclusion of

PH associated with Schistosomiasis
and PH associated with chronic
hemolytic anaemia to Group 1

ERS/ESC
Guidelines,

2009 [15]

mPAP(R) ≥ 25 mmHg;
PAWP ≤ 15 mmHg; CO

normal or reduced

No definition of PH on
exercise

5th WSPH, Nice,
2013 [16]

mPAP(R) ≥ 25 mmHg;
PAWP ≤ 15 mmHg;

PVR > 3 WU

Introduction of PVR to the
definition, a recommendation

to report PVR in WU; fluid
challenge may be helpful to
unmask occult LV diastolic

dysfunction

SMAD9, CAV1 and KCNK3 included
as risk genes for HPAH

ERS/ESC
Guidelines,

2015 [17]

mPAP(R) ≥ 25 mmHg;
PAWP ≤ 15 mmHg

The clinical significance of a
mPAP between 21 and 24

mmHg is unclear

Group 1′ PVOD/PCH has been
expanded and includes idiopathic,

heritable, drug-, toxin- and
radiation-induced and associated

forms; PPHN includes a
heterogeneous

group of conditions that may differ
from classical PAH. As a

consequence, PPHN has been
sub-categorised as group I′′.

6th WSPH, Nice,
2018 [18]

mPAP(R) ≥ 20 mmHg;
PAWP ≤ 15 mmHg;

PVR ≥ 3 WU

PVR ≥ 3 WU should be used
as a diagnostic criterion for all

forms of PH

PAH long-term responses to calcium
channel blockers established as a

subtype of Group 1; PAH with overt
features of venous/capillaries

(PVOD/PCH) involvement
established as a subtype of Group 1
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2. Genetic and Phenotypic Heterogeneity

Discoveries in the field of rare diseases have been hampered by genetic and phenotypic
heterogeneity of these entities. Genetic heterogeneity is a situation in which sequence variation
in two or more genes results in the same or very similar phenotype. The degree of genetic heterogeneity
varies between different diseases (Figure 3A). For instance, sickle cell anaemia has only been associated
with mutations in one gene [19], Haemoglobin subunit β (HBB) and tuberous sclerosis [20] in two
genes, retinitis pigmentosa [21] with over 60 and intellectual disability with over 800 [22]. PAH also
shows high genetic heterogeneity (Figure 3B), with so far around ~20 risk genes reported [23] and
more expected to be found.

Figure 3. (A). Genetic heterogeneity in various genetic disorders, (B). Genetic discoveries in PAH, (C).
Proportion of explained cases by cohort (Gräf et al., 2018—I/HPAH [24]; Zhu et al., 2019—Group 1
PAH [25]; Wang et al., 2019—IPAH [26]). ‘?’ denotes uncertainty around number of genes involved in
the pathogenesis of PAH.
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Genotypic heterogeneity is further complicated by phenotypic heterogeneity. Pulmonary hypertension
(PH) is a highly heterogeneous condition, defined as an elevation of mean pulmonary artery pressure
(mPAP) equal to or greater than 25 mmHg measured by right heart catheterisation (RHC) in the supine
position at rest [17]. This somewhat arbitrary threshold for defining PH was proposed at the 1st WSPH
in Geneva in 1973 and has now been challenged by a new body of evidence showing that normal mPAP
is 14 ± 3.3 mmHg, which suggests an upper limit of normal at 20 mmHg (14 mmHg + 2SD). This new
threshold has been endorsed by the 6th WSPH along with the inclusion of pulmonary vascular resistance
(PVR) and pulmonary artery wedge pressure (PAWP) cut-offs into the new haemodynamic definition.
This new definition categorises PH into three groups based on haemodynamic criteria: pre-capillary PH,
isolated post-capillary PH (IpcPH) and combined pre- and post-capillary PH (CpcPH) [18] (Table 1).

Haemodynamic definitions of PH encompass multiple cardiopulmonary entities that have been
classified into five groups: PAH, PH secondary to left heart disease, PH due to lung disease and/or
hypoxia, chronic thromboembolic pulmonary hypertension (CTEPH) or other pulmonary artery
obstructions, and PH with unclear and/or multifactorial mechanisms.

The clinical classification aims to categorise patients into groups according to pathophysiological
mechanisms, haemodynamics and therapeutic management. Despite this, there is persistent
heterogeneity within groups and subgroups, and not all patients fit easily into a single category,
which can be a reflection of genetic pleiotropy (Figure 4).

 

Figure 4. Genotype-phenotype associations in PAH. Abbreviations:
I/H/APAH—idiopathic/hereditary/associated pulmonary arterial hypertension;
PVOD/PCH—pulmonary veno-occlusive disease/pulmonary capillary haemangiomatosis; SPS—small
patella syndrome; BPD—bronchopulmonary dysplasia; HHT—hereditary hemorrhagic telangiectasia.

Based on the recent advances in mechanistic understanding of the disease, the 6th WSPH proposed
new changes to the classification of PH, including two previously recognised phenotypes as the
subgroups of Group 1, namely “PAH long-term responders to calcium channel blockers” (Group 1.5) and
“PAH with overt features of venous/capillaries (Pulmonary veno-occlusive disease(PVOD)/Pulmonary
capillary haemangiomatosis (PCH)) involvement” (Group 1.6) [18]. Other phenotypes previously
reported in the literature and summarised in An Official American Society Statement: Pulmonary
Hypertension Phenotypes [27] such as “severe” PH in respiratory disease, maladaptive right ventricular
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(RV) hypertrophy, PH in elderly individuals, PAH in children and PAH with metabolic syndrome [28]
are awaiting clinical validation and confirmation of utility both in clinical practice and research settings.

3. Forward Phenotyping for Genetic Studies

A precise definition of the phenotype of interest is a cornerstone of any genetic study (Figure 1,
process 1). As described above, clinical diagnosis relies on clustering patients based on observable and
measurable traits, signs and symptoms, which are the product of genetic, epigenetic and environmental
factors. As a consequence, clinical phenotypes can be dynamic and reactive, which is useful and
desirable in the clinical setting but unsuitable for genetic studies. A distinction must be made between
clinical and research diagnosis, particularly diagnosis for genetic analysis. The former is usually
spread over time and acquired in several stages: history taking, physical examination, differential
diagnosis and confirmation, the latter usually needs to be ascertained during a single encounter.
To make this feasible and reliable, standardised checklist and operating procedures need to be in
place, diagnostic criteria should follow simple inclusion/exclusion rules and phenotypes need to be
described using controlled vocabulary to avoid ambiguity. Additionally, the data must be in a format
amenable to computational analysis. Finally, the validity of phenotypes is confirmed in test cohorts,
through functional studies and ultimately via reverse phenotyping (see below). The accuracy and
precision of phenotype measurements are of paramount importance. In genetic studies, the diagnosis
misclassification or admixture of phenocopies can significantly affect power to detect an association [29].
Equally, categorising biologically continuous phenotypes (i.e., age, mPAP, diffusing capacity of the
lungs for carbon monoxide (DLCO)) is prone to errors due to flaws in quantification methods and
arbitrary thresholds.

Phenotype optimisation for genetic studies aims at finding homogenous groups of patients
that likely share the same genetic architecture. This can be approached through various strategies.
For example, an extreme phenotype strategy aims at identifying rare variants with large effect sizes
through recruitment of patients with traits at either end of the phenotypic spectrum. These phenotypes
can be based on family history, age of onset, outcome, severity scores, biomarker levels, disease
trajectory or response to treatment [30–32]. Such stratification was proven to increase the power
to detect novel disease risk genes [30,33,34] and to be cost-effective [35]. Other strategies include
covariate-based methods which jointly estimate the effect of multiple variables and data reduction
techniques. Alternatively, intermediate phenotypes can be used. Intermediate phenotypes are features
closer to underlying biology that are at least as heritable as the phenotype itself, stable over time, and
are associated with the disease of interest [36].

Although clinical phenotyping remains the most widely used method of patient stratification both
in clinical practice and research, it requires substantial domain knowledge and is time-consuming.
Computational phenotyping based on clinical and/or “omics” datasets using machine learning might
be an alternative due to unparalleled diagnostic precision, accuracy and speed. Two recent publications
exemplify the power of computational tools in identifying disease phenotypes. Based on blood
cytokine profiles, a prospective observational study of Group 1 PAH discovered and validated four
immune phenotypes; importantly, these phenotypes differed in clinical outcomes despite the fact
that demographics, PAH aetiologies, comorbidities, and treatments were similar across clusters [37].
Likewise, clinical data mining using the Comparative Prospective Registry of Newly Initiated Therapies
for Pulmonary Hypertension (COMPERA) again revealed four clusters with differing survival and
response to therapy [38]. A viable alternative approach for clinical data mining is utilising phenotype
ontologies, such as Human Phenotype Ontology (HPO), which allow standardised, highly granular
and precise phenotyping across different disease domains [39]. Use of ontologies to define phenotypes
has already proven useful in identifying novel candidate genes for rare disorders [40]. Ontology-based
analysis of phenotypes has been further facilitated by the implementation of methods for manipulation,
visualisation and computation of semantic similarity between ontological terms and sets of terms [41].
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4. Forward Genetics

4.1. Concepts

Forward genetics is a classic molecular genetics approach used to elucidate the genetic
underpinnings of a mutant phenotype of interest [42]. Forward genetics is typically considered a
‘phenotype to genotype’ approach as mutant phenotypes are first observed before their corresponding
genes are identified (Figure 1, process 2). In humans, forward genetics approaches most
commonly include family-based linkage studies and/or genome-wide association studies (GWAS) and,
more recently, rare variant association studies (RVAS).

4.2. Methodology

4.2.1. Study Design

The two main approaches for studying the underlying genetics of PAH are family-based studies and
case-control studies. The former is based on studying inheritance patterns of genetic polymorphisms,
the second involves comparing genotype frequencies between cases and controls. Family-based studies
are effective when parental samples along with phenotype information are available and the disease in
question has a high penetrance; they are particularly useful for studying dichotomous traits and are
robust to population stratification [43]. Case-control studies are a viable alternative if the above criteria
are not met, although they have their own challenges which need to be addressed. To name the most
important:

1. Selection of cases (recognition of selection bias, incident vs. prevalent cases recruitment)
2. Case definition (precise definition of the phenotype that can be ascertained in a research setting)
3. Selection of controls (healthy vs. disease controls, matched in respect to age, sex and ethnicity,

having a comparable evaluation of presence or absence of the phenotype in question)

Power calculations in genetic studies are an absolute necessity as ignoring this basic step can lead
to both underpowered (risking false rejection of null hypothesis and characterised by wide sampling
distributions for sample estimates) and overpowered (wasteful and often unethical) experiments.
Factors limiting power to detect new genotype-phenotype associations which need to be accounted for
are phenotypic variance, phenocopies, the effect size of risk alleles and minor allele frequency (MAF),
with the last two factors driving the difference of sample sizes between GWAS and RVAS.

4.2.2. Statistical Methods

Prior to the widespread use of GWAS, the most important tool in genetics were linkage studies in
families, these were particularly useful in single-gene disorders in which implicated genes have large
effect sizes. GWAS on the other hand compares the frequency of common SNPs between unrelated
cases and controls. The associated SNPs are then considered markers of relevant regions that influence
the risk of the phenotype. In fact, power calculations provided evidence that GWAS are better than
linkage studies at detecting variation with small effect sizes [44]. Multiple statistical methods can be
applied in GWAS, for example, Pearson X2 test, normal approximation to Fisher’s Exact Test, logistic
regression, categorical model tests, Cochran–Armitage Trend test, and allele tests. The best method
depends on the mode of inheritance and trait frequency. Importantly, the assumptions used in various
tests may differ; these assumptions directly impact the results, as tests that assume the same mode
of inheritance should yield the same results (i.e., Cochran–Armitage Trend Additive test, Logistic
Regression Additive test and Allele test). Due to a large number of comparisons, adjustment for
multiple testing is necessary; therefore, the p-value threshold is Bonferroni corrected (which encourages
high type II error). Additionally, genotype and phenotype misclassification errors impact on power in
GWAS. Epistatic scenarios and modelling gene–environment interactions require yet another set of
methods and are computationally challenging although feasible [45].
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GWAS is unsuitable for single-variant testing, due to the potentially low prevalence of mutation
carriers and small effect size, which would both require unfeasibly large sample sizes. Instead, gene
and region-based aggregation approaches have been developed which compare mutation frequencies
between cases and controls within the boundaries of the gene. These techniques are appropriate
when different variants exhibit an equal risk of disease and thus have the same phenotypic impact.
For instance, several variants may result in LoF (e.g., nonsense, frameshift, essential splice site),
and thus analysis would determine the association by counting the presence of LoF variants between
cases and controls. Prior to association testing, quality control and filtering methods are utilised,
namely sequencing quality scores, MAF filters [46] (usually MAF of 1:10,000 for autosomal dominant
disorders and MAF of 1:1000 for autosomal recessive disorders) and in silico predictions. Predictions
include deleteriousness scores for missense variants such as PolyPhen-2 [47], Sorting Intolerant From
Tolerant (SIFT) [47,48], and rare exome variant ensemble learner (REVEL) [49], conservation scores
such as Genomic Evolutionary Rate Profiling (GERP) [50], PhyloP [51] or PhastCons [52], or the
Combined Annotation Dependent Depletion (CADD) score [53], which combines several metrics in
one score. Analysis of the protein-coding region, consisting of ~20,000 genes, requires adjustment for
multiple-testing. This can be done using the Bonferroni correction, where α = (0.05/20,000) ≈ 2.5 × 10−6).
Where several models are applied, this adjustment must be made more stringent by dividing by the
number of models tested. Region-based collapsing approaches hinge on the notion that different
regions within genes may vary in their tolerance to missense variation. An alternative approach,
particularly useful in smaller studies, is collapsing variants that belong to the same gene set (i.e.,
genes that belong to the same pathway). Candidate gene testing is a powerful approach to avoid
overcorrection and, therefore, false-negative results. This proved useful when investigating members
of the transforming growth factor-β (TGF-β) pathway, such as SMAD9 [54], which did not reach
statistical significance in the exome-wide analysis [24]. More recently, the same approach revealed an
association between TET2 and PAH, which was further supported by experimental evidence [55] but
did not reach exome-wide significance [25].

Complex genetic models such as recessive inheritance pose additional challenges. In the recessive
mode of inheritance, the MAF threshold must be more lenient as heterozygotes are unaffected
(higher MAF in reference populations); also, variants in cis configuration (affecting the same allele)
might be wrongly counted (as a pose to trans variants, which are those present on opposing alleles).
Similarly, testing for digenic inheritance is particularly problematic due to the large number of possible
combinations requiring testing and adjusting for [56].

A number of statistical methods have been developed to test for rare variant associations. Burden
tests [57–59] aggregate the information found within a predefined genetic region into a summary dose
variable. In weighted burden tests [60], variants are weighted according to their frequency or functional
significance. Adaptive burden tests [61] aim to account for bidirectional effects by selecting appropriate
weights. Variance component (kernel) tests such as (Sequence) Kernel Association Test (SKAT) [62]
allow to test risk and protective variants simultaneously but are underpowered when most variants
are causal, and effects are unidirectional. Omnibus tests such as SKAT-O [63], which combines burden
tests with the variance-component test, might be particularly useful when there is little knowledge
of the underlying disease architecture. In addition to frequentist approaches, a Bayesian statistical
framework offers a robust alternative. Bayesian model comparison methods such as BeviMed [64]
allow for the testing of associations between rare Mendelian disease and a genomic locus by comparing
support for a model where disease risks depend on genotypes at rare variant sites in the locus and a
genotype-independent “null” model. The prior probability in such models can vary across variants
(reflective of external biological information, i.e., depending on MAF, conservation scores, gene
ontologies, expression in the tissue of interest) or be constant for all genes/variants reflecting the prior
belief of the overall proportion of variants that are associated with a given phenotype.

Last but not least, an essential step in rare variant discovery is to ascertain the pathogenicity of a
given variant and its causative role in the disease. Not all damaging variants are pathogenic and in
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silico approaches alone are not enough to predict if the variant is disease-causing [65]. Viability and
phenotyping inferred from knockout mice screens, as well as essentiality screens on human cell lines,
may further help predict variant impact [66]. To aid both research and clinical decision making, the
American College of Medical Genetics and the Association for Molecular Pathology (ACMG) issued
recommendations that combine and weigh the computational, functional, population and clinical
evidence to determine pathogenicity [67]. Other initiatives such as ClinGen and ClinVar aim to define
the clinical relevance of genes and variants reported in the literature for use in precision medicine
and research [68].

4.2.3. Molecular Genetic Techniques

Molecular genetics techniques used for genetic diagnosis, including the detection of specific
gene mutations and copy number variants, have been recently summarized [69]. Traditional methods
used to identify candidate genes involved in the pathogenesis of PAH include linkage analysis,
but more recently next-generation sequencing (NGS) has taken centre stage. The advent of NGS
technologies has opened a plethora of opportunities both for clinical diagnostics and research. Such
technologies that fall under the umbrella of NGS include targeted panel sequencing, whole-exome
sequencing (WES) and whole-genome sequencing (WGS). Nevertheless, the need for more conventional
methods such as Sanger sequencing and multiplex ligand-dependent probe amplification (MLPA)
remains. Disease-specific panels include a set of genes or regions of genes that are known to be
causative of a specific phenotype. This is particularly beneficial in the clinical context when assessing
highly heterogeneous traits, such as intellectual disability. Although these panels are not always
consistent across laboratories, efforts are being made to produce guidance around their design and
development [70]. Targeted panel testing has been introduced in PAH including known and candidate
disease genes [71].

WES includes < 2% of the genome i.e., the coding regions only. This method is clinically useful
given that 85% of all described disease-causing sequence variants are in this region [72]. For diseases
that are more genetically heterogeneous, WES has proven to be a fruitful method, especially when
incorporating segregation analysis, which increases the diagnostic yield from 23.6% in probands to 31%
in child–parent trios [73]. WES has been used for both the identification and discovery of candidate
genes in PAH and has been applied to family-based [74] and case-control studies [75]. Limitations
of WES include poor coverage of some exons such as GC rich regions and low confidence to identify
structural variation [76].

WGS is a high-throughput sequencing technology predominantly used in the research setting [77].
WGS is massively parallel, DNA fragments are aligned to form a contiguous sequence. The cost of this
technology is halving approximately every two years [78]; however, the $1000 genome often referred
to is still some way off unless sequencing is performed at scale [79]; as an example, WGS is currently
being introduced to the UK National Health Service in collaboration with Genomics England.

European Respiratory Society and European Society of Cardiology (ERS/ESC) guidelines published
in 2015 recommended sequential testing starting with bone morphogenetic protein receptor type-2
(BMPR2) sequencing and MLPA in patients with sporadic/familial PAH and EIF2AK4 sequencing in
sporadic/familial PVOD/PCH [17], and this approach has been successfully used in many clinical and
research settings across the world [80]. With the decreasing cost of WES/WGS, a common practice is
now that of virtual panel testing whereby a selected number of genes are chosen for bioinformatics
analysis based on the individual’s phenotype. This also allows for data reanalysis when a novel
disease-gene is identified and/or another condition is suspected (emerging phenotype over time).
In the UK, this is coordinated at a national level via the Genomics England PanelApp tool; virtual
disease gene panels applied to WGS data are continuously curated and include a PAH panel [81].
As more patients with PAH are being tested via NGS methods, a diagnostic benefit is starting to
emerge (Figure 3C).
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Despite the benefits of NGS technologies, there are some challenges that require attention
and systematic solutions, among these, storage and handling of big data remains a significant
consideration, also management of incidental findings as well as the reporting of variants of unknown
significance (VUS).

Along with the growing number of research projects using NGS to uncover the genetic basis of
various diseases, there has been an ongoing effort to aggregate and harmonise WES and WGS data from
large-scale disease and population projects and to make them publicly available as a reference variome.
This started in 2012 with a funder project called Exome Aggregation Consortium (ExAC) which
harvested WES data from over 60,000 individuals; this was followed by The Genome Aggregation
Database (gnomAD), of which three versions have been released so far, covering 71,702 genomes
from unrelated individuals aligned against GRCh38 (v3). Also, in 2012, came the announcement
of the 100,000 genomes project by the UK Government. The project sequenced the genomes of
100,000 NHS patients with particular focus on those with rare disease(s) and cancer. Another useful
resource is the Trans-Omics for Precision Medicine (TopMed) program, which aims to sequence
over 120,000 well-phenotyped individuals as well as collect other omics datasets. The assertion of
ethnic diversity is an important consideration, and several initiatives such as KoVariome [82], Genes
and Health [83] and BioBank Japan [84] are addressing this issue. Furthermore, new disease cohort
genomic databases are being established. Examples include: NIHR BioResource Rare Disease Study
(NBR) [77], Inflammatory Bowel Disease BioResource [85], Genetic Links to Anxiety and Depression
(GLAD) [86] and Eating Disorders Genetics Initiative (EDGI) [87]. The advantages of these datasets are
numerous; first, they provide allele frequencies for diverse populations, second, they help to address
the overestimation of disease penetrance arising from the historical focus on multiplex pedigrees [88],
and third, through acknowledging variable penetrance, they help to identify genetic and environmental
disease modifiers [89].

4.2.4. Reference Genome

The Human Genome Project was completed in 2003 [90,91] and since then, successive iterations
of the human reference genome have been published, updated, and refined by the Genome Reference
Consortium (GRC). Recent versions include GRCh37 (hg19) and GCRh38 (hg38) released in 2009
and 2013, respectively. These are both composite genomes, i.e., derived from the sequence of several
anonymous donors; the make-up of these two assemblies is largely similar, with approximately 93% of
the primary assembly composed of sequences from 11 genomic clone libraries.

To date, most large-scale PAH studies have aligned their data to the GRCh37 reference genome
(Table 2), with only a couple of recent studies aligning their data to GRCh38 [25,55]. Even though
GRCh38 was released seven years ago, the transition from GRCh37 to GRCh38 has been a long process
and recent analyses have sought to compare the two reference panels. Guo et al. [92] demonstrated
that GRCh38 provides a more accurate analysis of human sequencing data due to the improved
annotation of the exome and the additional reads aligned to GRCh38, findings which indicate better
structural and sequence representation. In addition, Pan et al. [93] noted that GRCh38 had better
genome coverage, with a 5% increase in the number of SNVs identified. In comparison to GRCh37,
GRCh38 altered 8000 nucleotides, corrected several misassembled regions, filled in gaps, and increased
the number of genes and protein-coding transcripts [92]; additionally, GRCh38 is the first human
reference genome to contain sequence-based representations for the centromeres [94]. Whilst GRCh37
is a single representation of multiple genomes, with only three regions containing alternative sequences
(UDP-glucuronosyltransferases 2B subfamily (UGT2B) on chromosome 4, the major histocompatibility
complex (MHC) region on chromosome 6, and the MAPT gene on chromosome 17) [95], GRCh38
includes 261 alternate loci across 178 genomic regions, providing a more robust representation of
human population variation [94]. The increased level of alternative sequence representation requires
new analysis methods to support their inclusion yet at present, most tools and pipelines do not make
use of these [95]. Despite the advantages, GRCh38 still contains gaps and errors at repetitive and
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structurally diverse regions [96]. Additionally, as it is a mosaic haploid representation of the human
genome [94], in which poor alignment can affect the detection of alleles in regions of high variation,
such as the MHC locus and KIR, it is unlikely to truly represent human diversity [96]. It does, however,
provide the starting point for a more inclusive population-based reference genome, or pan-genome [97]
and as such, will play an evolving role in the generation of individual diploid genome assemblies and
graph-based representations of genome-wide population variation [98–100], thereby providing unique
opportunities for data analysis.

Table 2. Landmark forward genetics studies in Group 1 PAH. Abbreviations: BMPR2—Bone
morphogenic protein receptor type 2; ENG—Endoglin; ACVRL1—Activin A Receptor Like Type
1; SMAD—SMAD Family Member; CAV1—Caveolin 1; KCNK3—Potassium Two Pore Domain Channel
Subfamily K Member 3; TBX4—T-Box Transcription Factor 4; EIF2AK4—Eukaryotic Translation
Initiation Factor 2 α Kinase 4; GDF2—Growth Differentiation Factor 2; SOX17—SRY-Box Transcription
Factor 17; ATP13A3—ATPase 13A3; AQP1—Aquaporin 1; ABCC8—ATP Binding Cassette Subfamily
C Member 8; BMP10—Bone Morphogenetic Protein 10; KLK1—Kallikrein 1; GCCX—γ-Glutamyl
Carboxylase; KDR—Kinase insert domain receptor; TET2—Tet Methylcytosine Dioxygenase 2;
FBLN2—Fibulin 2; PDGFD—Platelet-Derived Growth Factor D.

Study
(Reference)

Genes
Study

Design
Sample Ethnicity Method

Reference
Genome

Lane et al.
2000, [101] BMPR2 Case-level

data

Cases: n = 8 PPH
kindreds for candidate

gene mutational analysis
Not stated TS

H.sapiens
mRNA for
BMPR-II:

Genbank Z48923

Thomson
2000, [102] BMPR2 Case-level

data Cases: n = 50 PPH Not stated TS Not stated

Trembath et al.
2001, [103] ACVRL1 Case-level

data

Cases: 5 kindreds plus 1
individual patient with
HHT, including n = 10

cases with PH

Not stated TS Not stated

Chaouat
2004, [104] ENG Case-level

data

Case: n=1 HHT, PPH
with history of
anorexigen use

Not stated TS Not stated

Harrison et al.
2005, [105]

ACVRL1,
ENG

Case-level
data Cases: n = 18 I/APAH Not stated TS Not stated

Shintani et al.
2009, [106]

SMAD9
(SMAD8)

Case-level
data Cases: n = 23 IPAH Japanese TS Not stated

Nasim et al.
2011, [54]

SMAD1,
SMAD4,
SMAD9

Case-level
data

Cases: n = 324
IPAH/APAH/CTEPH;

Controls: n = 1584

European
& Japanese TS Not stated

Austin et al.
2012, [74] CAV1 Case-level

data

Cases: 3-generation
family, 6 with PAH;
Additional cohort:

n = 260 unrelated I/HPAH
cases; Controls: n = 1000

European WES GRCh37

Ma et al.
2013, [107] KCNK3 Case-level

data

Cases: Family in which
multiple members had

PAH
Not stated WES GRCh37

Kerstjens-
Frederikse et al.

2013, [108]
TBX4 Case-level

data

Cases: n = 20
childhood-onset I/HPAH;

n = 49 adult-onset
I/HPAH; n = 23 SPS

Not stated TS Not stated

Eyries et al.
2014, [109] EIF2AK4 Case-level

data
Cases: n = 13 PVOD

families Not stated WES GRCh37

Best et al.
2017, [110] EIF2AK4 Case-level

data Cases: n = 81 I/HPAH Not stated TS Not stated
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Table 2. Cont.

Study
(Reference)

Genes
Study

Design
Sample Ethnicity Method

Reference
Genome

Hadinnapola et al.
2017, [111] EIF2AK4 Case-control

data

Cases: n = 880 I/FPAH,
PVOD/PCH; Controls:

n = 7134 non-PAH
controls and their

relatives recruited to NBR

European:
84.6% WGS GRCh37

Gräf et al.
2018, [24]

GDF2,
SOX17,

ATP13A3,
AQP1

Case-control
data

Cases: n = 1048 I/F/PAH,
PVOD/PCH; Controls:

n = 7979 non-PAH
controls and their

relatives recruited to NBR

European:
84.6% WGS GRCh37

Zhu et al.
2018, [75] SOX17 Case-control

data

Cases: n = 256
I/FPAH-CHD; Additional

cohort: n = 413 I/FPAH
screened for rare variants

in SOX17; Controls:
n = 7509 gnomAD

Not stated WES GRCh37

Hiraide et al.
2018, [112] SOX17 Case-level

data

Cases: n = 12 IPAH and
12 family members;

Additional cohort: n =
128 I/HPAH screened for

SOX17 mutations

Japanese:
100% WES Not stated

Bohnen et al.
2018, [113] ABCC8 Case-control

data

Cases: n = 913; Controls:
n = 33,369 European
adults from ExAC &
n = 49,630 Europeans

from the
Regeneron-Geisinger

DiscovEHR study

Not stated WES,
WGS GRCh37

Wang et al.
2019, [26] GDF2 Case-control

data

Cases: n = 331 IPAH;
Controls: n = 10,508 from
available reference data

sets

East Asian:
100%

WES,
WGS GRCh37

Eyries et al.
2019, [114] BMP10 Case-level

data
Cases: n = 268 I/HPAH,

PVOD/PCH
European:
> 90% TS GRCh37

Hodgson et al.
2020, [115] BMP10 Case-level

data
Cases: n = 1048 I/FPAH,

PVOD/PCH
European:

84.6% WGS GRCh37

Zhu et al.
2019, [25] KLK1, GCCX Case-control

data
Cases: n = 2572 Group 1

PAH; Controls: n = 12,771
European:

72% WES GRCh38

Rhodes et al.
2019, [116]

HLA-DPA1/DPB1,
SOX17

enhancer

Case-control
data

Cases: n = 2085 cases;
Controls: n = 9659

European:
100% WGS GRCh37

Swietlik et al.
2019, [30] KDR Case-control

data

Cases: n = 1122 PAH;
Controls: n = 11,889

non-PAH NBR

European:
84% WGS GRCh37

Eyries et al.
2020, [117] KDR Case-level

data
Cases: n = 311 unrelated

PAH Not stated TS Not stated

Potus et al.
2020, [55] TET2 Case-control

data

Cases: n = 2572; Controls:
n = 7509 non-Finnish

European subjects from
gnomAD

European:
72% WES GRCh38

Zhu et al.
2020, [118]

FBLN2,
PDGFD

Case-control
data

Cases: n = 4175; Controls:
n = 18,819 from SPARK
and gnomAD cohorts

European:
54.5% WES GRCh38

4.3. Studies

4.3.1. Rare Genetic Variation

Over the last two decades, forward genetics approaches have associated PAH with numerous
genes (Table 2); the level of evidence supporting the causal role of these genes, however, is variable
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and depends on multiple factors (Table 3). PAH is considered to be a monogenic condition transmitted
in autosomal dominant fashion with incomplete penetrance. Heterozygous germline mutations in
BMPR2, a member of the TGF-β superfamily, are the most common genetic cause of PAH [101,119],
accounting for over 80% of familial PAH, and approximately 25% of idiopathic PAH [24]. Additional
mutations within the TGF-β/BMP signalling pathway, such as activin A like type 1 (ACVRL1), endoglin
(ENG), SMAD family members (SMAD1, SMAD4, SMAD9), caveolin 1 (CAV1), growth differentiation
factor 2 (GDF2), loss of function variants in channelopathy genes, potassium two pore domain channel
subfamily K member 3 (KCNK3), ATP binding cassette subfamily C member 8 (ABCC8), ATPase
type 13A3 (ATP13A3), variants within developmental transcription factors, SRY-box transcription
factor 17 (SOX17) and T-box transcription factor 4 (TBX4), and newly reported risk genes, γ-glutamyl
carboxylase (GGCX), kallikrein 1 (KLK1) [25], kinase insert domain receptor (KDR) [30], fibulin 2 (FBLN2)
and platelet-derived growth factor D (PDGFD) [118], have all been identified as individually rare
causes of PAH. Infrequent cases of autosomal recessive transmission in KCNK3 [120] and GDF2 [121]
have been associated with early disease onset and severe phenotype. A subtype of PAH, PVOD/PCH
is linked to biallelic mutations in EIF2AK4 [109].

Table 3. Supporting evidence for the role of risk genes in PAH pathogenesis. Abbreviations: (+)
indicates that the paper provides information in favour of the role of the given gene in the pathogenesis
of PAH, (−) indicates that the paper does not provide support for the role of the given gene in the
pathogenesis of PAH.

Forward Genetics Reverse Genetics

Gene
Case-Control

Data
Case-Level Data

Segregation
Data

Functional
Aberration

Disease Model Rescue

MOI: Autosomal Dominant

BMPR2 (+) [24,25] (+) [101,114] (+) [101,122] (+) [123–130]

Animal: (+)
[123,126,128–131] Cell

culture: (+)
[124,129,130]

(+) [128–131]
(+)

ACVRL1 (+) [24] (+)
[25,103,105,114] (+) [103]

ENG (−) [24,25] (+) [24,75,104] (+) [104] Animal: (−) [132]

SMAD9 (−) [24,25] (+)
[24,25,75,106,114] (+) [54,106,133]

Animal: (+) [134]
Cell culture: (+)

[54,106,133]
(+) [133,135]

SMAD1 (−) [24,25] (+) [54], (−) [24,25] (+) [54,136] Animal: (+) [136] Cell
culture: (+) [54]

SMAD4 (−) [24,25] (+) [25,54], (−) [24] (+) [54], (−) [54] Cell culture: (+) [54]

CAV1 (+) [74] (+) [25,75], (−) [24] (+) [137] Animal: (+) [138,139]
Cell culture: (+) [137] (+) [137]

TBX4 (+)
[24,140]

(+) [75,108,114,
141,142] (+) [143,144]

KCNK3 (+) [24,25,107] (+) [107] (+) [107,145] Animal: (+) [146] Cell
culture: (+) [107,145] (+) [107]

ATP13A3 (+) [24] (+) [147,148] Animal: (+) [147,148]

AQP1 (+) [24] (+) [149,150] (−)
[149]

Animal: (+) [149,151]
Cell culture: (+) [150] (+) [149]

GDF2 (+) [24–26] (+) [114] (+) [115] (+) [26,115] Animal: (−) [152] Cell
culture: (+) [26,115]

SOX17 (+) [24,75] (+) [112] (+) [153,154] Animal: (+) [153] Cell
culture: (+) [154]

ABCC8 (+) [113] (+) [113] (+) [113] Cell culture: (+) [113] (+) [113]

BMP10 (+) [114,115]

GGCX (+) [25]

74



Genes 2020, 11, 1408

Table 3. Cont.

Forward Genetics Reverse Genetics

Gene
Case-Control

Data
Case-Level Data

Segregation
Data

Functional
Aberration

Disease Model Rescue

KLK1 (+) [25]

KDR (+) [30] (+) [30,117] (+) [155] Animal: (+) [155]

FBLN2 (+) [118]

PDGFD (+) [118]

TET2 (+) [55] (+) [55] Animal: (+) [55] (+) [55]

BMPR1A (+) [25,75] (+) [156–159] Animal: (+)
[156,157,159] (+) [156]

BMPR1B (+) [24,25,75] (+) [160] Cell culture: (+) [160]

TOPBP1 (+) [24]

THBS1 (+) [161] Cell culture: (+) [161] (+) [161]

KCNA5 (+) [162] (+) [163] Cell culture: (+) [163] (+) [163]

MOI: Autosomal Recessive

EIF2AK4 (+) [111] (+) [114] (+) [109,110] (+) [109] Animal: (+) [164]

Common Variation

enhancer near
SOX17 (+) [116] (+) [116] (+) [116]

locus within
HLA-DPA1/DPB1 (+) [116]

CBLN2 (+) [165]
(−) [116]

SIRT3 (+) [166] (+) [166] (+) [166] Animal: (+) [166,167]

UCP2 (+) [168] Animal: (+) [167,169]

EDN1 (+) [170] (+) [171]

AGTR1 (+) [34]

TOPBP1 (+) [172] (+) [172] Cell culture: (+) [172]

Endostatin (+) [173]

TRPC6 (+) [174] Cell culture: (+) [174]

Autosomal Dominant Mode of Inheritance

TGF-ß Pathway

In 2000, the International Primary Pulmonary Hypertension (PPH) Consortium demonstrated that
familial PAH (FPAH) is caused by mutations in BMPR2, located on chromosome 2, encoding a TGF-β
type II receptor [101]. They established a panel of eight kindreds, in which at least two members had
the typical manifestations of PAH. Sequence variants were detected in seven probands; these variants,
including two frameshift, two nonsense and three missense mutations, were distributed across the gene
and each of the amino acid substitutions occurred at a highly conserved and functionally important
site of the BMPR2 protein. They observed segregation of the mutations with the disease phenotype
in seven of the eight families studied. As control subjects, they screened 150 normal chromosomes
from the same population and 64 normal chromosomes from ethnically diverse subjects and observed
no BMPR2 mutations [101]. The predicted functional impact of these mutations, their segregation
with the phenotype, and the absence of these variants in healthy controls provided strong support
for the role of BMPR2 and the TGF-β signalling pathway in the pathobiology of PAH. The role of
BMPR2 mutations has been subsequently reported in IPAH. Thomson et al. [102] investigated BMPR2
gene mutations in 50 unrelated IPAH patients with no family history of the disease. In 13 patients
(26%), 11 novel heterozygous mutations in BMPR2 were identified, these included three missense,
three nonsense and five frameshift. They also sequenced both parents for five of the 13 probands;
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paternal transmission was observed for three families, whereas the remaining two mutations arose
spontaneously. BMPR2 mutations were not observed in 150 normal chromosomes [102]. Screening
of other disease subtypes revealed BMPR2 mutations among patients with PAH associated with
congenital heart disease (PAH-CHD) [175] and PVOD [176].

Large cohort studies have proved useful in defining the relative contribution of BMPR2 mutations
in various PAH subtypes. Gräf et al. [24] reported rare heterozygous BMPR2 mutations in 160 of
1048 PAH cases (15.3%); the frequency of BMPR2 mutations in FPAH, IPAH and anorexigen-exposed
PAH were 75.9%, 12.2% and 8.3%, respectively. Fourteen percent of BMPR2 mutations resulted in the
deletion of larger protein-coding regions, ranging from 5 kb to 3.8 Mb in size. Additionally, 52% of
the observed BMPR2 mutations were newly identified in their study [24], suggesting that nearly two
decades after the first BMPR2 mutation was identified, the use of WGS has allowed for closer study
of BMPR2, including large deletions around the BMPR2 locus, and the TGF-β pathway. Another
large-scale study in a more heterogeneous group of patients (Group 1 PAH) [25] reported BMPR2
mutations in 180 of 2572 cases (7%); the frequency of BMPR2 mutations in FPAH and IPAH patients
were 62.4% and 9.3%, respectively. Taken together, over 600 distinct mutations in BMPR2 have been
identified in PAH patients [24,25,177–179] of which around 70–80% are identified in FPAH and 10–20%
in IPAH [180].

Importantly, impaired BMPR2 signalling was shown to be a universal feature of PAH and pointed
towards other key members of the canonical BMPR2 signalling pathway as potential culprits for
the disease [181–183].

Mutations in ACVRL1 and ENG have been reported in PAH patients and in patients with PH in
association with hereditary hemorrhagic telangiectasia (HHT). HHT is a rare autosomal dominant
genetic disorder characterised by arteriovenous malformations and multiple telangiectasias [184]; it is
frequently linked to defects in ACVRL1 and ENG and as HHT and PAH may co-present in families,
suggests a common molecular aetiology [103–105]. Of note, PH secondary to high cardiac output
from arteriovenous fistulas is much more common in HHT, and such phenocopies, if unrecognised,
may introduce significant bias to the studies [185]. Conversely, I/HPAH associated with ACVRL1
and ENG can occur without clinical features of HHT [105,185,186], as the latter shows age-related
penetrance. In a large case-control study, which employed deep phenotyping prior to association
analysis, ACVRL1 was associated with HPAH [30] but fell just below the cut-off for significance when
studied in unselected patients with Group 1 PAH [25].

Two studies using targeted sequencing of BMPR2 signalling intermediates provided further
evidence supporting the role of this pathway in the pathogenesis of PAH. Shintani et al. [106] screened
23 patients with IPAH for mutations in ENG, SMAD1, SMAD2, SMAD3, SMAD4, SMAD5, SMAD6 and
SMAD9 (SMAD8) and identified a nonsense mutation in SMAD9 in a child who was diagnosed at eight
years of age and his unaffected father. The results of immunoblotting and co-immunoprecipitation
assays indicated that the SMAD9 mutant disturbs the downstream signalling of TGF-β/BMP. In a
later study, SMAD1, SMAD4, SMAD5 and SMAD9 were screened by direct sequencing in a cohort of
324 PAH cases (188 IPAH and 136 anorexigen-induced PAH) [54]. Four gene defects in three genes
were observed. A novel missense variant in SMAD1 was observed in an IPAH patient, a predicted
splice-site mutation and a missense variant in SMAD4 were observed in two IPAH patients and a novel
missense variant in SMAD9 was observed in a patient of Japanese origin. These four variants were
absent in the 960 European and 284 French control samples and the SMAD9 variant was excluded from
the panel of 340 Japanese controls. A case-control study using WGS detected two cases harbouring
protein-truncating variants in SMAD1, of which one co-existed with a protein-truncating variant in
BMPR2, and eight SMAD9 variants, two of which co-occurred with protein-truncating variants in
BMPR2 and GDF2; statistical analysis did not reveal significant association with studied phenotypes [30].
In another large cohort study (n = 2572 cases, 72% European), deleterious variants were observed in
SMAD1 (two cases), SMAD4 (two cases) and SMAD9 (13 cases) but were not statistically significant [25].
Taken together, these findings demonstrate that variations within the SMAD family have a small
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effect size, suggesting that a second genetic or environmental hit is needed, or that they perturb other
non-investigated pathways.

Besides BMPR2 mutations, CAV1 mutations are a rare cause of PAH. Variants in CAV1 were
initially implicated in PAH pathogenesis by exome sequencing of a three-generation family with
autosomal dominant HPAH who were negative for established variants in the TGF-β family [74].
They identified a frameshift mutation in CAV1; all PAH patients and several unaffected family members
carried the CAV1 mutation, suggesting incomplete penetrance. Subsequent evaluation of an additional
62 unrelated HPAH and 198 IPAH patients identified an independent de novo CAV1 mutation in a
child with IPAH. Two separate studies have since identified CAV1 mutations in PAH patients; the first
identified a novel heterozygous frameshift mutation in an adult PAH patient with a paediatric-onset
daughter who died at nine years old [140], and the second identified deleterious variants in 10 patients
with I/F/APAH, with three related cases carrying the same likely gene damaging mutation [25]. WGS
in an I/HPAH cohort did not detect deleterious variants in CAV1 [24]. Whilst these findings highlight
the importance of caveolae in the homeostasis of the pulmonary vasculature, the link between CAV1
mutations and PAH requires further study.

Bone morphogenetic protein (BMP)-9 (encoded by GDF2) and BMP10 are ligands involved in
TGF-β signalling pathway. Wang et al. [121] identified a novel homozygous nonsense mutation in
the GDF2 gene in a five-year-old Hispanic child with severe PAH. Genetic testing revealed that both
parents were heterozygous for the same mutation, indicating that the child inherited the GDF2 mutant
allele from each parent. This study was the first to report a novel homozygous nonsense mutation
in GDF2 in an IPAH patient, suggestive of the causative role of GDF2 mutations in PAH. Further
evidence came from the NBR study which identified associations between rare heterozygous missense
(n = 7) and frameshift variants (n = 1) in adult-onset IPAH (88% European) [24]; additionally, Hodgson
et al. [115] identified two patients with large deletions encompassing the GDF2 locus and several
neighbouring genes.

The identification of GDF2 mutations has since been independently replicated in a Chinese
cohort [26]. Wang et al. [26] performed an exome-wide gene-based burden analysis on two independent
case-control studies. The discovery analysis, containing 251 IPAH patients, identified rare heterozygous
mutations in BMPR2 (49 cases), ACVRL1 (15 cases), TBX4 (10 cases), SMAD1 (two cases), BMPR1B
(one case), KCNK3 (one case) and SMAD9 (one case). In a gene-based burden analysis (cases: n = 251;
controls: n = 1884), only three genes (BMPR2, GDF2 and ACVRL1) had an exome-wide significant
enrichment of mutations in IPAH cases when compared to healthy controls. GDF2 mutations were
identified in 17 cases (6.8%) and ranked second to BMPR2 (56 cases, 22.3%). To validate the risk
effects of GDF2, they performed WES in an independent replication cohort of 80 IPAH cases and in a
second gene-based burden analysis (cases: n = 80; controls: n = 8624), BMPR2, GDF2 and ACVRL1
were again identified as the top three disease-associated genes. Within this analysis, five additional
GDF2 heterozygous mutations were identified. Among the 331 IPAH patients, they identified 22 cases
carrying 21 distinct rare heterozygous mutations in GDF2, only two of which had been reported
previously [24], accounting for 6.7% of IPAH cases. An independent cohort confirmed the genome-wide
association of GDF2 among 1832 PAH and 812 IPAH cases of European ancestry [25]; twenty-four
GDF2 variants were observed in 28 cases, only two of which had been reported previously, and 75% of
these occurred in IPAH cases.

Additionally, gene panel sequencing of 263 PAH patients (180 IPAH, 11 FPAH, 13 drug and
toxin-induced PAH and 59 sporadic PVOD) revealed two (1.2%) BMP9 mutations in adult PAH
cases [114]; due to the close similarity of BMP9 and BMP10 (a close paralogue of BMP9 that encodes
an activating ligand for ACVRL1), the BMP10 gene was also included in the capture design. Two
mutations were identified in BMP10, a truncating mutation and a predicted loss of function variant
were identified in two severely affected IPAH patients. Two rare missense variants in BMP10 were
identified in patients with IPAH in an independent cohort [115]. These results emphasise the role of
GDF2 in the pathobiology of PAH and suggest BMP10 might act as a predisposing risk factor.
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Channelopathies

Channelopathies are a group of diseases caused by dysfunction of ion channels localised in
cellular membranes and organelles. These diseases include, but are not limited to, cardiac, respiratory,
neurological and endocrine disorders. LoF variants in channelopathy genes have also been reported
in PAH.

The first channelopathy described in PAH was caused by a genetic defect in KCNK3 in patients
with familial and sporadic PAH [107]. KCNK3 belongs to a family of mammalian potassium channels
and encodes for a two-pore potassium channel which is expressed in pulmonary artery smooth
muscle cells (PASMCs); this channel plays a role in the regulation of resting membrane potential and
pulmonary vascular tone and vascular remodelling [120]. In studying a family in which multiple
members had PAH, Ma et al. [107] identified a novel heterozygous missense variant in KCNK3 as a
disease-causing candidate gene within the family. WES was used to study an additional 10 probands
with FPAH and two novel heterozygous KCNK3 variants were identified and segregated with the
disease. In addition, three novel KCNK3 variants were identified in 230 patients with IPAH. These five
variants were predicted to be damaging. In summary, KCNK3 mutations were identified in three of
93 unrelated patients (3.2%) with FPAH and in three of 230 patients (1.3%) with IPAH [107].

In another study using targeted sequencing, two KCNK3 mutations were observed in three patients
from two families. One of these mutations, a homozygous missense variant in KCNK3, was identified
in a patient belonging to a consanguineous Romani family; his affected mother and asymptomatic
father were carriers of the same KCNK3 mutation. This is the first report of a young patient with severe
PAH carrying a homozygous mutation in KCNK3 [120]. Of note, in the Ma et al. [107] study, as the
pedigree suggested an autosomal dominant mode of inheritance, homozygous variants were excluded
from the analysis. The two biggest case-control studies, reported by Gräf et al. [24] and Zhu et al. [25],
identified heterozygous KCNK3 mutations in only four (0.4%) and three (0.1%) cases, respectively, and
did not show statistically significant associations.

Conversely, Gräf et al. [24] detected statistically significant enrichment of rare deleterious variants
in two new channel genes: ATP13A3 and AQP1. Utilising a rigorous case-control comparison
using a tiered search for variants, they searched for high-impact protein-truncating variants (PTVs)
overrepresented in cases and identified a higher frequency of PTVs in ATP13A3 (six cases). ATP13A3
is a poorly characterised member of the P-type ATPase family of proteins that transport a variety of
cations across membranes [187]; ATP13A3 is thought to play a role in polyamine transport [188]. Within
PAH cases, Gräf et al. [24] identified three heterozygous frameshift variants, two stop gain, two splice
region variants and four heterozygous likely pathogenic missense variants in ATP13A3. These variants
were predicted to lead to loss of ATPase catalytic activity, and to destabilise the conformation of
the catalytic domain; six variants were predicted to cause protein truncation, suggesting that loss of
function of ATP13A3 contributes to PAH pathogenesis.

Within the same study, SKAT-O analyses revealed a significant association with rare variants in
AQP1 [24]; AQP1 ranked second in their combined rare PTV and missense variant case-control analysis.
Along with statistical evidence, familial segregation of AQP1 variants with the phenotype was shown
in three families [24]. AQP1 belongs to the aquaporins family, a family of water-specific membrane
channel proteins that facilitate water transport in response to osmotic gradients [189]. Zhu et al. [25]
identified seven cases with ATP13A3 rare deleterious variants. However, ATP13A3 and AQP1 failed to
reach genome-wide significance in their study and additionally, AQP1 was not among the expanded
list of genes with p≤ 0.001 for either the whole cohort or the IPAH subset.

Interestingly, a mutation in ATPase Na+/K+ transporting subunit α 2 (ATP1A2), previously
associated with familial hemiplegic migraine (FHM), was reported in a 24-year old male with IPAH
and history of FHM [190]. Genetic analysis of the proband and two siblings (one with FHM) revealed
a nucleotide substitution in the coding sequence of the ATP1A2 gene for both the proband and the
affected sibling [190]. A co-occurrence of PAH and FHM supports the hypothesis of a potential common
pathophysiological link; several studies have reported the presence and activity of the α2-subunit of the
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Na+/K+-ATPase in pulmonary vascular smooth muscle cells [191,192], and the decrease in expression
and/or activity of different types of K+ channels in PASMCs of IPAH patients [193,194], and Montani
et al. [190] suggested that mutations in ATP1A2 may contribute to pulmonary arterial remodelling
through the disturbance of intracellular Ca2+ and K+ concentrations.

Mutations in ABCC8 have recently been identified as a potential second potassium channelopathy
in PAH [113]. ABCC8 encodes SUR1 (sulfonylurea receptor 1), a regulatory subunit of the ATP-sensitive
potassium channel; ABCC8 is highly expressed in the human brain and endocrine pancreas and
moderately expressed in human lungs [195]. Mutations in ABCC8 have previously been related to
type II diabetes mellitus and congenital hyperinsulinism [196]. In exome-sequencing a cohort of
99 paediatric- and 134 adult-onset Group 1 PAH patients (182 IPAH and 52 HPAH), Bohnen et al. [113]
identified a de novo heterozygous predicted deleterious missense variant in ABCC8 in a child with IPAH.
All individuals within this cohort and the second cohort of 680 adult-onset PAH patients (NBR study)
were screened for rare or novel variants in ABCC8. Eleven heterozygous predicted damaging ABCC8
variants were identified, seven of these were observed in the original cohort, including one familial case.
In a study of 2572 PAH cases, Zhu et al. [25] identified rare deleterious variants in newly reported risk
genes and nearly two-thirds of these variants were in ABCC8 (26 variants in 29 IPAH/APAH patients).
In a more recent study, utilising a custom NGS targeted sequencing panel of 21 genes, Lago-Docampo
et al. [197] identified 11 rare variants in ABCC8 within a cohort of 624 paediatric and adult patients
from the Spanish PAH registry. To date, ABCC8 variants have been identified in patients with IPAH,
FPAH, PAH-CHD and APAH and account for ~0.5–1.7% of cases.

Transcription Factors

An emerging category of HPAH is the one that can be labelled as a disorder of transcriptional
regulation. Interestingly, variants within developmental transcription factors are enriched in
paediatric patients.

The first transcription factor implicated in the pathogenesis of PAH was TBX4. TBX4, expressed
in the atrium of the heart, limbs, and the mesenchyme of the lung and trachea, encodes a transcription
factor in the T-box gene family [198]. Deletions and LoF mutations in TBX4 cause a variety of
developmental lung disorders [199] and have been identified as a prominent risk factor in small
patella syndrome (SPS) [200], childhood-onset PAH [108] and more recently, persistent pulmonary
hypertension in neonates [201]. In a 2013 study incorporating array-comparative hybridisation and
direct sequencing, three TBX4 mutations and three novel TBX4 microdeletions were detected in six out
of 20 children with I/HPAH and interestingly, features of SPS were detected in all living TBX4 mutation
carriers [108].

Zhu et al. [140] performed exome sequencing on a cohort of 155 paediatric- and 257 adult-onset
PAH patients. Within 13 probands (12 paediatric- and one adult-onset), they identified 13 likely
pathogenic/predicted highly deleterious TBX4 variants; eight of these variants were inherited from
an unaffected parent, whereas one was de novo. This pattern is consistent with the incomplete
penetrance observed for BMPR2 mutation carriers [122]. Similar frequencies of rare, deleterious
BMPR2 mutations were observed in paediatric- and adult-onset I/FPAH patients; however, there was
significant enrichment of rare, predicted deleterious TBX4 mutations in paediatric- (10 of 130 patients)
compared with adult-onset (0 of 178 patients) IPAH patients. In comparison to BMPR2 mutation
carriers, TBX4 carriers had a 20-year younger age of onset, with a mean age of onset of 28.2 ± 15.4 years
and 7.9 ± 9.0, respectively. After BMPR2 mutations (10%), variants in TBX4 (7.7%) conferred the
highest degree of genetic risk of paediatric-onset IPAH [140]. Similar estimates of BMPR2 (12.5% of
I/FPAH patients) and TBX4 mutation carriers (7.5% of I/FPAH patients) were observed in a study
of 66 paediatric patients [141]. Additionally, in a 2019 study, examining 263 PAH and PVOD/PCH
patients (paediatric and adult cases), TBX4 mutations were the second most frequent mutations after
BMPR2 in both paediatric and adult cases [114].
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Indicative of bimodal age distribution, pathogenic TBX4 variants have also been reported in
adult-onset PAH. Gräf et al. [24] identified deleterious heterozygous rare variants in 14 cases, Navas
Tejedor et al. [120], in a Spanish cohort of 136 adult-onset PAH patients, identified three pathogenic
mutations, and Kerstjens-Frederikse et al. [108], in a much smaller adult cohort (n = 49), detected a
rare TBX4 mutation. In a more recent study, 448 index patients were screened for PAH predisposing
genes; 20 patients (nine childhood-onset) from 17 unrelated families carried heterozygous mutations in
the TBX4 gene, bringing the frequency of TBX4 mutations in France to 6% and 3% in childhood- and
adult-onset PAH, respectively [142]. Within this cohort, SPS was present in 80% of cases [142] and
interestingly, all patients showed decreased DLCO and 87% had parenchymal abnormalities. These
findings suggest that TBX4 mutations may occur with or without skeletal abnormalities and whilst
such mutations are mainly associated with childhood-onset PAH, the prevalence of PAH in adult TBX4
mutation carriers could be up to 3%, depending on the population studied.

A recent study of 1038 PAH patients observed that rare heterozygous variants in SOX17 were
significantly overrepresented in the I/HPAH cohort [24]. SOX17 is a member of the conserved
SOX family of transcription factors. These transcription factors play a pivotal role in cardiovascular
development and figure prominently in the aetiology of human vascular disease; they are involved in the
regulation of embryonic development, the determination of cell fate and participate in vasculogenesis
and remodelling [202]. In the NBR study [24], deleterious variants in SOX17 were detected in less than
1% of the studied population and were characterised by younger age at diagnosis; familial segregation
was shown in one patient.

To identify novel genetic causes of PAH-CHD, Zhu et al. [75] performed WES in 256 PAH-CHD
patients; the cohort included 15 familial and 241 sporadic cases. Fifty-six percent of the cohort were of
European ancestry and 26% were Hispanic; most cases (56%) had an age of onset < 18 years and so
were categorised as paediatric-onset. The cohort was screened for 11 known risk genes for PAH and
253 candidate risk genes for CHD; PAH risk variants were identified in only 6.4% of sporadic PAH-CHD
cases and four of the 15 familial cases. They performed a case-control gene-based association test of
rare deleterious variants comparing European cases and controls (gnomAD: n = 7509 non-Finnish
Europeans) and identified SOX17 as a novel PAH-CHD candidate risk gene [75]. They estimated that
rare deleterious variants in SOX17 contributed to approximately 3% of European PAH-CHD patients.
Following this discovery, they screened for SOX17 variants in non-European cases and an additional
cohort of PAH patients without CHD (n = 413) and identified five additional rare variants in the
PAH-CHD cohort and three additional rare variants in the I/HPAH cohort [75]. In this second cohort,
rare deleterious variants in SOX17 were observed in 0.7% of cases. In total, 13 patients across the two
cohorts were observed to have rare deleterious SOX17 variants; nine of these had paediatric-onset
PAH, suggesting these variants may be enriched in paediatric patients.

A Japanese study also demonstrated familial segregation of SOX17 variants [112]. This study
whole-exome sequenced 12 patients with PAH, 12 asymptomatic family members and 128 index cases
and identified SOX17 mutations in four PAH patients (three of these had congenital heart defects, i.e.,
atrial septal defect or patent ductus arteriosus) and one asymptomatic family member. Interestingly,
the same heterozygous missense mutation in SOX17 (c.397C) was observed in a Japanese patient [112]
and in a patient with PAH from the NBR study [24], suggesting that this base position may be a
pan-ethnic mutational hot spot. Taken together, these data strongly implicate SOX17 as a new risk
gene for PAH-CHD and suggest that this gene has a pleiotropic effect. Replication analyses in other
PAH cohorts, with specific PAH subclasses, are needed to confirm the precise role of SOX17.

New Genes

In recent years, new risk genes for PAH have emerged from large WES and WGS studies. Zhu
et al. [25] performed targeted gene sequencing alongside WES in a large cohort from the National
Biological Sample and Data Repository for PAH (US PAH Biobank: n = 2572). Despite screening
for 11 established PAH risk genes and seven recently reported risk genes, they failed to identify
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rare deleterious variants in known risk genes for 86% of the PAH Biobank cases (Group 1 PAH).
They performed gene-based case-control association analysis and to prevent confounding by genetic
ancestry, only participants of European ancestry (cases: n = 1832; controls: n = 7509 gnomAD
WGS subjects and n = 5262 unaffected parents from the Pediatric Cardiac Genomics Consortium)
were included. Using a variable threshold method, they identified two genes that exceeded the
Bonferroni-corrected cut-off for significance: BMPR2 and KLK1. KLK1, which encodes kallikrein 1,
also known as tissue kallikrein, has not previously been associated with pulmonary hypertension.

The analysis was then repeated using 812 European IPAH cases and significant associations were
observed for BMPR2, KLK1 and GGCX. GGCX encodes γ-glutamyl carboxylase and has previously
been implicated in coagulation factor deficiencies and vascular calcification [203], but again, never in
PAH. In a final analysis, the entire PAH Biobank cohort was screened for rare deleterious variants in
KLK1 and GGCX; twelve cases carried KLK1 variants (all European), whereas 28 cases carried GGCX
variants (19 European, six African, three Hispanic), accounting for ~0.4% and ~0.9% of PAH Biobank
cases, respectively. Carriers of KLK1 and GGCX had a later mean age of onset and relatively moderate
disease phenotype compared to BMPR2 carriers. Both KLK1 and GGCX, expressed in the lung and
vascular tissues, play an important role in vascular haemodynamics and inflammation. Whilst Zhu et
al. [25] identified KLK1 and GGCX as new candidate risk genes for IPAH, suggesting new pathogenic
mechanisms outside of the TGF-β/BMP signalling pathway, further research needs to be conducted to
better understand these findings, especially in larger cohorts of similar phenotypic characteristics.

In a recent large-scale analysis utilising the 13,037 participants enrolled in the NBR study, of
which 1148 patients were recruited to the PAH domain, we discovered KDR as a novel PAH candidate
gene [24,30] utilising the Bayesian model comparison method, BeviMed [64], and deep phenotype data.
Under an autosomal dominant mode of inheritance, high impact variants in KDR were associated with
a significantly reduced KCO (transfer coefficient for carbon monoxide) and older age at diagnosis [30].
Six ultra-rare high impact variants in KDR were identified in the study cohort; four of these were in
unrelated PAH cases, one in a relative and one nonsense variant was identified in a non-PAH control
subject. The latter variant appeared late in the protein sequence and hence might not impair protein
structure. To seek further evidence for KDR as a new candidate gene for PAH, we analysed subjects
recruited to two cohorts with similar phenotypic characteristics (US PAH Biobank: n = 2572; Columbia
University Medical Center: n = 440); four additional individuals harbouring rare high impact KDR
variants were identified, with one variant identified in both cohorts. A combined analysis of both
cohorts confirmed the association of KDR with PAH. Further evidence came from a French cohort of
311 PAH patients prospectively analysed by targeted panel sequencing (which included KDR) [117].
Two index cases with severe PAH, from two different families, were found to carry LoF mutations in
KDR, providing further genetic evidence for considering KDR as a newly identified PAH-causing gene.
Across both studies [30,117], there are now three reported familial cases with a distinct phenotype in
which LoF variants in KDR segregate with PAH and significantly reduced KCO.

Power to detect novel genotype–phenotype associations can be increased by merging existing
datasets, aligning sequences to the most recent genome assembly, using the most up to date reference
variome, and improved variant classification tools, as well as updated clinical phenotypes. Such an
approach was recently taken by a large international consortium of 4241 PAH cases from three cohorts
(US PAH Biobank: n = 2572; Columbia University Medical Center: n = 469; NBR: n = 1134). Of the
available 4175 sequenced exomes, most cases (92.6%) were adult-onset, with 54.6% IPAH, 34.8% APAH,
5.9% FPAH and 4.6% other; 74.5% of the cohort was European [118]. Gene-based case-control
association analysis in unrelated participants of European ancestry was performed, using 2789 cases
and 18,819 controls taken from the Simons Foundation Powering Autism Research for Knowledge
(SPARK) cohort and gnomAD, before screening the whole cohort, including non-Europeans, for rare
deleterious variants in associated genes. Statistical analyses revealed that rare predicted deleterious
variants in seven genes were significantly associated with IPAH, including three established PAH risk
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genes (BMPR2, GDF2, and TBX4), two recently identified candidate genes (SOX17 and KDR) and two
new candidate genes (FBLN2 and PDGFD).

Both new candidate genes have known functions in vasculogenesis and remodelling but have
not previously been implicated in PAH. In total, they identified seven cases with FBLN2 variants and
ten cases with PDGFD variants, accounting for 0.26% and 0.35% of IPAH cases, respectively; most of
these were of European ancestry and all were adult-onset, except for one paediatric PDGFD variant
carrier. Analysis of single-cell RNAseq data showed that FBLN2 and PDGFD have similar expression
patterns to well-known PAH risk genes [118]. Whilst this provides additional support and mechanistic
insight for the new genes, as with the discovery of KLK1 and GGCX, variants within FBLN2 and PDGFD
require independent validation.

Autosomal Recessive Mode of Inheritance

PVOD/PCH has recently been reclassified as an ultra-rare form of Group 1 PAH [18]. PVOD
and PCH often show significant phenotypic overlap. Indeed, 73% of patients diagnosed with PVOD
are found to have capillary proliferation and 80% of patients with PCH demonstrate typical venous
and arterial changes [204], and are, therefore, referred to as PVOD/PCH. Clinically, PVOD/PCH is
characterised by early-onset, significantly reduced DLCO and patchy centrilobular ground-glass
opacities, septal lines and lymph node enlargement seen on high-resolution computed tomography.
The disease outcome is dismal, with rapid progression and frequent pulmonary oedema in response
to PAH medication. Similarly to PAH, PVOD/PCH can present as either a sporadic or familial
disease [205,206]. It was the latter that triggered a family-based study into the genetic basis of this
condition. Familial linkage mapping, WES, and Sanger sequencing were employed and identified
biallelic EIF2AK4 mutations in affected siblings. Subsequently, biallelic EIF2AK4 mutations were
also identified in 25% of sporadic PVOD cases [109], 11.1% of HPAH cases (one of nine cases) [110]
and 1.04% of I/HPAH cases (nine of 864 cases) [111]. Harbouring EIF2AK4 mutations confer a poor
prognosis irrespective of clinical diagnosis and importantly, radiological assessments were unable to
distinguish reliably between PVOD/PCH patients and patients with IPAH [111].

4.3.2. Common Genetic Variation

Complex pathobiology, low penetrance, heterogeneous phenotype and variable disease trajectory
allow for common sequence variation that contributes to PAH risk and natural history. In HPAH,
several common genetic variants were shown to impact the disease. Firstly, BMPR2 mutations are
a significant source of sex-related bias in disease penetrance (42% in females vs 14% in males) [122];
one explanation for this could be gene polymorphisms involved in estrogen metabolism [207]. Females
harbouring deleterious variants in BMPR2 show a significant reduction in CYP1B1 gene expression
and as a consequence, a lower 2-hydroxyestrone to 16α-hydroxyestrone ratio leading to activation of
mitogenic pathways [207]. Moreover, direct estrogen receptor α binding to BMPR2 promoter results
in reduced BMPR2 gene expression in females and may contribute to the increased prevalence of
PAH [208]. Secondly, variation in BMPR2 expression in HPAH, caused by nonsense-mediated decay
positive (NMD+) BMPR2 mutations, is conditional upon individual polymorphisms of the wild type
(WT) allele [209]. Thirdly, a SNP in TGFβ1 modulates age at disease onset in patients harbouring
BMPR2 mutations [210].

In IPAH, a SNP (rs11246020) in the Sirtuin3 (SIRT3), mitochondrial deacetylase, in either
homozygote or heterozygote fashion, was associated with increased acetylation of mitochondrial
proteins compared to the IPAH patients or disease comparator group with the WT genotype [166].
SIRT3, by deacetylating and thus activating multiple enzymes and electron transport chain complexes,
plays a significant role in cell bioenergetics, and its polymorphism has been associated with
susceptibility to metabolic syndrome [211] and IPAH, but not APAH [166]. Similarly, uncoupling
protein 2 (UCP2), shown to conduct calcium from the endoplasmic reticulum (ER) to mitochondria
and suppressing mitochondrial function, has been implicated in the pathogenesis of PAH [168].
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These findings have important therapeutic implications as common variants in SIRT3 and UCP2
predicted response to dichloroacetate, pyruvate dehydrogenase kinase inhibitor, in a PAH phase
2 clinical trial [167]. Renin–angiotensin–aldosterone (RAA) system has been implicated in the
pathogenesis of both systemic and pulmonary hypertension. For example, polymorphisms in the
gene encoding angiotensin-converting enzyme (ACE) have been associated with IPAH [212] and with
diaphragmatic hernia with persistent pulmonary hypertension [213]. Likewise, common variation in
angiotensin II type 1 receptor (AGTR1) was associated with age at diagnosis in PAH. These findings
indicate that RAA might be a therapeutic target [34].

Considering the important role of vasoactive, angiogenic and angiostatic substances in the
pathogenesis and therapy of PAH, studies investigating the impact of common variation on gene
expression of these substances are warranted. Recently, Villar et al. [170] found a recurrent SNP
(rs397751713) in the promoter region of the endothelin-1 (END1) gene that had important regulatory
consequences in both IPAH and APAH patients; rs397751713, which consists of an adenine deletion,
allows transcription factors (Peroxisome proliferator-activated receptor γ (PPARG) and Kruppel Like
Factor 4 (KLF4)) to bind to the promoter. Both of these transcription factors are linked to PAH
pathogenesis and have been suggested as potential therapeutic targets [214–217]. In a similar fashion,
a polymorphism in a potent angiostatic factor, endostatin, Collagen Type XVIII α 1 Chain (Col18a1),
was studied. A SNP (rs12483377) in Col18a1 was observed at an increased frequency in PAH patients
(MAF 21.6) relative to published controls (MAF 7.5), or patients with scleroderma without PAH
(MAF 12.5). Rs12483377 encodes uncharged amino acid asparagine (N) at residue 104 in place of
negatively charged aspartic acid (D); carriers of single minor allele A (genotype AG), had lower serum
endostatin levels than those who carried WT (genotype GG) and showed better survival even after
adjusting for confounders [173].

Along with studies looking at polymorphisms in a particular gene or its promoter region, two
GWAS have been carried out in PAH. The first consisted of a discovery and validation cohort totalling
625 patients (sans BMPR2 mutations) and 1525 healthy individuals. A genome-wide significant
association was found at Cerebellin 2 Precursor (CBLN2) locus; rs2217560-G allele was more frequent
in cases than in controls in both the discovery and validation cohorts with a combined odds ratio (OR)
for I/HPAH of 1.97 [95% CI 1.59;2.45] (p-value 7.47 × 10−7). Although the rs2217560 genotype did
not correlate with CBLN2 mRNA expression in monocytes, higher CBLN2 mRNA levels were seen in
lung tissue explanted from PAH patients than in control lung samples. Further analysis showed that
increasing concentrations of CBLN2 lead to inhibition of proliferation of PASMCs [165].

To date, the largest PAH GWAS of multiple international I/HPAH cohorts, totalling 2085 cases and
9659 controls, identified two novel loci associated with PAH: an enhancer near SOX17 (rs10103692,
OR 1.80 (95% CI 1.55;2.08), p = 5.13 × 10–15), and a locus within HLA-DPA1/DPB1 (rs2856830, OR 1.56
(95% CI 1.42;1.71), p = 7.65 × 10–20) [116]. CRISPR-mediated inhibition of the enhancer reduced SOX17
expression; this finding corroborates and extends the previous discovery of the association of rare
variants in SOX17 with PAH [24]. The HLA-DPA1/DPB1 rs2856830 genotype was not only associated
with I/HPAH but also with a beneficial effect on survival (CC genotype 13.5 vs TT genotype 6.97 years)
irrespective of baseline disease severity, age and sex [116]. The latter study did not replicate previous
results at genome-wide significance.

4.4. Limitations, Challenges and Future Directions

The major limitations in PAH genetic studies originate from either their study design or the genetic
methods used. The former is mostly limited by sample size and population structure and features in
GWAS and RVAS alike, the latter is impacted by sequencing technology, genome assembly and analysis
pipelines. Additionally, the variable quality of reporting may obscure the validity of the results. Several
approaches may accelerate causal variant discovery. Firstly, international efforts to set up platforms
and governance, thereby reducing the barriers to genotype and phenotype data harmonisation, across
studies and countries, along with regulatory standards, compatible with the international legislative
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landscape, aid variant discovery. Secondly, the application of computational and/or intermediate
phenotypes may further increase power to detect new risk genes. Likewise, researching isolated
populations resulting from recent bottlenecks (i.e., Icelanders, Ashkenazi Jews) have shown promising
results in other rare diseases. As for genetic methods, long-read technologies will improve significantly
and with improvements to the error rate, long-read alignment to a pan-genome graph may identify
additional genetic variants. Expansion of resources for allele frequency estimation (i.e., gnomAD),
encompassing diverse ethnicities and variant classes, including structural variants, will improve
variant interpretation. Studying gene sets that are likely to be enriched for disease-associated loci (i.e.,
implicated by GWAS, or expressed in disease relevant tissues) and extending RVAS to non-coding
regions (a natural step given GWAS findings) is likely to further increase discovery yield.

5. Reverse Genetics

5.1. Concepts

Reverse genetic techniques have been used extensively in the context of PAH. These experimental
approaches involve targeted modifications to specific genes in order to analyse phenotypic impact
(Figure 1, process 3) and are critical in validating in silico predictions. Most deleterious mutations
found in PAH patients are LoF, suggesting a knockout or knockdown approach to analysing the
phenotypic effect of a mutation. The main benefit of direct gene mutagenesis is the permanence and
potentially ubiquitous effect of that alteration. In comparison, gene knockdown is a transient change
that can be created after the developmental stage in the animal life cycle. This is particularly useful for
understanding LoF in genes that are embryonically lethal [123]. Conditional and inducible systems
are also excellent means of circumventing this issue, permitting temporally and spatially controlled
gene disruption [55,125,128,218]. Inducible systems display higher efficiency and limited side effects
compared to stably-expressed mutations and have the added benefit of reversibility [219].

5.2. Methodology

Techniques for genetic modification have permitted targeted genetic analysis using in vitro and
in vivo models of PAH. Modification of a specific gene, through mutagenesis or knockout, can be carried
out using a wide range of tools, including Zinc-finger nucleases (ZFNs) [220], transcription activator-like
effector nucleases (TALENs) [221], and CRISPR/Cas9 [222]. Similarly, transient genetic changes can be
achieved through gene expression knockdown, such as RNAi [223], or using conditional/inducible
expression systems, such as Cre/LoxP and Flp/FRT sites or the Tet inducible system [224]. Generating
models with specific mutations is also critical for the identification of therapeutic targets and drug
testing. Specific techniques and their utility in animal models have been extensively reviewed [224–226].

5.2.1. In Vitro

As PAH is a disease of the pulmonary circulation, most studies seek to model genetic changes
in physiologically relevant cell lines. This includes pulmonary artery endothelial cells (PAECs),
PASMCs, blood outgrowth endothelial cells (BOECs) [227] and human umbilical vein endothelial
cells (HUVECs). PAH is characterised by molecular and cellular deviations in pulmonary vascular
function [228,229], including hyperproliferation [124,129,130,149], impaired migration [127,130,150]
and aberrant apoptosis [124,230]. Traditionally, research has focused on using 2D cellular monolayers
for analysis of these features; however, with rapidly evolving technologies, future analysis may utilise
multi-layer, 3D models such as organoids [231] and hydrogels [232] to better replicate the pathobiology
of PAH.
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5.2.2. In Vivo

Understanding the pathobiology of PAH is dependent upon robust animal models for functional
analysis and exploration of potential therapeutics. To achieve this aim, a wide range of animal models
have been developed across species, including pig, sheep, dog and most commonly rodents [233].

The most widely accepted rat models for PAH are pharmacologically induced, namely
monocrotaline (MCT) and Sugen 5416-hypoxia (SuHx) models [234]. MCT is a toxin that induces
damage to PAECs, causes RV and pulmonary arterial medial hypertrophy, and alters pulmonary
artery pressures [235,236]. In the SuHx rat model, SU5416, a Vascular Endothelial Growth Factor
Receptor (VEGFR) antagonist that promotes endothelial cell apoptosis and smooth muscle cell (SMC)
proliferation [237], is administered followed by a period of hypoxia [234]. SU5416 requires hypoxia
to induce severe PAH, causing vascular changes that model human IPAH [237]. Both models induce
non-PAH related symptoms, including alveolar oedema, pulmonary vein occlusion, acute lung injury,
liver toxicity and emphysema [238,239].

The chronic hypoxia mouse model is also widely used in PAH research, with mice housed at
10% oxygen for a variable length of time [234,240,241]. While mice display changes in pulmonary
artery pressure, they display limited vascular remodelling, which consists of muscularization of
vessels and medial hypertrophy of muscular resistance vessels [242]. Alternatively, pulmonary artery
banding (PAB) has been used in various species to increase pulmonary artery pressures and induce
RV hypertrophy. The main benefit of this technique is the lack of pharmacologic or environmental
modification of the animal [243]. In practicality, the popularity of each model varies across PAH
research groups; a recent poll showed that two-thirds of groups used two or more models [244],
suggesting that no one model truly replicates the disease.

In comparison, genetic models tend to be more favourable as they are free from the systemic effects
of pharmacological models. Several heterozygous BMPR2 mutant models have been developed. While
some models have shown elevated mPAP and PVR compared to WT littermates [123], others did not
replicate these findings [245,246]. Alternate studies have shown the development of pulmonary vascular
lesions [126] and often, an environment hit may be required for development of PAH [131,245,246].
More pronounced phenotypes are seen in homozygous deletions; as BMPR2 is critical for embryogenesis,
conditional deletion in pulmonary endothelial cells has been used and showed incomplete penetrance of
the mutation, with a subset of mice displaying elevated RVSP, RV hypertrophy and inflammation [125].

The following genetic models have also been developed: KDR (cell-specific conditional deletion
of Kdr in mice) [155], AQP1 (Aqp1 null mice [151] and Aqp1 with a COOH-terminal tail deletion [149]),
TET2 (conditional, haematopoietic heterozygous and homozygous deletion in mice, generated using
the Vav1-Cre system) [55], BMPR1a (several conditional knockout mice models) [156,157,159], SOX17
(conditional deletion in mice, using Demo1-Cre in descendants of the splanchnic mesenchyme) [153],
UCP2 (knockout mouse model created using a plasmid vector carrying modified Ucp2) [169],
CAV1 (modified mouse cav-1 targeting construct) [138], EIF2AK4 (modified mouse Gcn2 targeting
construct) [164], SIRT3 (heterozygous and homozygous mice, generated using targeted embryonic
stem cell clones harbouring a mutated SIRT3) [166], ATP13A3 (generation of a protein truncating
mutation in mouse Atp13a3 using CRISPR/Cas9) [147], SMAD9 (Disrupted Smad8 allele generated
in mice using LoxP/cre and Frt sites) [134], KCNK3 (heterozygous and homozygous rats harbouring
a CRISPR/Cas9-generated exonic, inframe deletion) [146] and SMAD1 (mice with Smad1 deletion in
endothelial cells or SMCs, generated using L1Cre or Tagln-Cre, respectively) [136].

In humans, the severity of disease corresponds to the extent of pulmonary vascular changes and
impairment of RV function. However, rodent models may display milder and isolated symptoms of
PAH and, thus, require thorough characterisation to validate the model. Echocardiography is useful for
the assessment of RV function but estimates of pulmonary pressures are inferior to direct measurements
obtained through RHC [234]. Alternatively, cardiac magnetic resonance imaging is another noninvasive
tool for assessment of RV function; it supersedes echocardiography in its ability to produce high quality,
three-dimensional images from which the RV can be directly measured. However, it also has limited
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availability and bears higher running costs [247]. Close-chested RHC is preferred over open-chested
RHC, as it is less invasive and preserves the negative intrathoracic pressure associated with breathing.
Open-chested RHC is usually a terminal procedure, thus preventing longitudinal assessment of rodents;
however, it also permits a more comprehensive assessment of haemodynamic characteristics and
analysis using pressure–volume loops. Tissue harvesting permits further characterisation of the heart
and lungs, including evaluation of RV hypertrophy [234].

It is important that measures are taken to recognise and limit bias in experimentation and
phenotyping. This includes ensuring randomisation of groups when carrying out tests that require
a control and treatment group, such as selecting mice to be pharmacological models or therapeutic
treatment. Additionally, mice should be matched for all possible qualities, including strain, age and
sex. During phenotype assessment, researchers should aim to avoid implicit bias by using blinded
observers during all procedures. Furthermore, the data collected must be comprehensive and relevant
for PAH, including RHC data and histological analysis [248].

5.3. Studies

5.3.1. Rare Genetic Variation

Autosomal Dominant Mode of Inheritance

TGF-β Family

BMPR2, a receptor in the TGF-β pathway, is the most commonly mutated gene in PAH. BMP
ligands induce signalling through binding with BMPR2 and ALK 1, 2, 3 or 6 to induce downstream
SMAD-mediated transcription [249]. This pathway plays important roles in cell proliferation,
differentiation, migration, apoptosis and inflammation, which are often dysregulated in PAH. Alongside
BMPR2, several pathway components have been implicated in disease; this includes the ALK and
SMAD proteins, as well as coreceptors, such as endoglin [250]. Reverse genetics techniques have
been used extensively on these genes to understand their role in PAH and their interaction with other
members of the pathway. BMPR2 has been extensively analysed using the methods described; under
normal conditions it is highly expressed in vascular ECs, with lower levels of expression in SMC;
however, reduced levels have been reported in the lungs of PAH patients [181]. In the endothelium,
BMP9 and BMP10 induce binding of BMPR2 and ALK1, along with co-receptor endoglin, to induce
downstream signalling. Such signalling is often disrupted in HPAH patients that harbour mutations in
BMPR2 [251]. However, disruption of BMP-mediated signalling is also apparent in IPAH patients,
despite the absence of BMPR2 mutation [252].

Gene disruption and knockout techniques have been key to elucidating the role of BMPR2 in
pathogenesis. Such techniques have revealed dysregulation of endothelial nitric oxide synthase (eNOS)
in cell culture models of PAH; siRNA-mediated knockdown of BMPR2 induced endothelial dysfunction
in human PAECs, caused by a reduction in BMP2/4-mediated production of the vasodilator nitric oxide
by eNOS [127]. In addition, reduced BMPR2 has been associated with overactive glycolysis [130] and
hyperproliferation [124].

Furthermore, a key feature of PAH is incomplete penetrance in BMPR2 mutation carriers. This has
been replicated in mice carrying conditional knockout mutations of Bmpr2 in pulmonary endothelial
cells, with only a proportion of mice developing haemodynamic symptoms of PAH [125]. In addition,
it has been shown that BMPR2 mutations disrupt RV function, with heterozygous mice displaying
impaired hypertrophy and lipid accumulation in the RV [128]. Moreover, EndoMT has been suggested
to be a characteristic of PAH in both animal models and patients [253,254]. This includes a heterozygous
BMPR2 mutant rat model, which displayed overexpression of two molecular markers of EndoMT.
Such changes were also seen in PAH patients when analysing mRNA and protein level changes in
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lung and artery tissue [129]. These in vivo models have therapeutic utility, having been used to test
treatments that include rapamycin [129] and metformin [128] to alleviate symptoms.

The experimental techniques discussed have been highly important in identifying other members
of the TGF-β pathway that are implicated in PAH pathogenesis. This includes the Smad proteins, for
which functional evidence is limited. Functional analysis of variants detected in SMAD1, SMAD4
and SMAD9, have shown impaired signalling in Smad4 and Smad9. However, variants only have a
moderate impact on phenotype, suggesting further genetic or environmental hits may be required to
induce PAH [54]. Furthermore, analysis of CAV1 mutations have revealed impaired protein trafficking
in mouse embryonic fibroblasts carrying a disrupted copy of CAV1. Furthermore, patient fibroblast
cells displayed reductions in both CAV1 and associated accessory proteins [137]. Thrombospondin 1
(THBS1) mutants, which regulate TGFβ function, have been found to have impaired ability to activate
TGFβ, and permit proliferation of PASMCs. Additionally, an electrophoretic mobility shift assay
(EMSA) was used to analyse the binding of biotin labelled oligonucleotides with two transcription
factors, MAZ and SP1, showing a reduction in efficiency [174].

As previously discussed, GDF2, encoding the ligand BMP9, is critical in BMPR2-mediated
signalling in endothelial cells. Functional studies are particularly important in validating in silico
predictions regarding the pathogenicity of certain variants. Hodgson et al. [115] analysed seven missense
mutations in GDF2, which had been previously associated with PAH and predicted pathogenic in silico.
When analysed in vitro, all variants displayed dysfunctional processing, secretion or protein stability. In
addition, functional studies found a predicted benign mutation to be deleterious. Similarly, association
analysis in IPAH patients of Chinese Han ethnicity identified GDF2 mutations [26]. Six mutations were
selected for functional studies, using mutant GDF2 plasmids transfected into HEK293E cells/PAECs.
Mutants displayed reduced BMP9 levels, reduced BMP activity and increased apoptosis [26].

There is some evidence implicating BMPR1A, which encodes the type I receptor ALK3, in PAH.
A hypoxia mouse model harbouring a mosaic deletion of Bmpr1a, generated through conditional
deletion of the gene in SMCs using the TRE-Cre system, displayed proximal artery stiffening caused by
excess collagen. This may lead to constricted vessels and impairment of right ventricular function [255].
Furthermore, two independent studies have implicated reduced Bmpr1a expression with EndoMT
and shown that the phenotype may be rescued by attenuating expression of TGFBR2, which is
upregulated in the mice models [156,157]. Additionally, functional analysis of BMPR1B mutations
found in PAH patients found changes in transcriptional activity, which resulted in increased SMAD8
phosphorylation [160].

Channelopathies

Alongside TGFβ-family members, various channel proteins have been linked to pathogenesis.
Functional analysis was conducted on six mutations reported in KCNK3, all of which resulted in LoF.
Patch clamp variants showed a reduction in current, with rescue of channel function, in a subset
of variants by administration of a phospholipase inhibitor, ONO-RS-082 [107]. In addition, Bohnen
et al. [145] introduced a heterozygous, single amino acid variant into KCNK3 using site-directed
mutagenesis and transfected hPASMCs with this mutant via a pcDNA3.1 plasmid. The physiological
impact of this mutation was assessed using whole-patch clamp tests to observe changes to membrane
potential and current, with experiments demonstrating loss of channel function in mutant cells
compared to WT KCNK3. More limited evidence is available for the role of ATP13A3, a P-type ATPase,
in PAH; siRNA-mediated knockdown of expression resulted in a reduction in cell proliferation and
increased apoptosis, as well as the loss of endothelial integrity in hPAECs [230]. Furthermore, mutant
ATP13A3 mice, carrying a protein-truncating variant introduced using CRISPR/Cas9, demonstrated
haemodynamic measurements indicative of PAH. This included reduced pulmonary artery acceleration
time (PAAT) and increased RVSP, with rats also exhibiting reduced polyamine levels in their lungs [147].

AQP1 has been associated with cell migration and vascularity. AQP1 is highly expressed in
microvascular endothelial cells, vascular smooth muscle cells and non-vascular endothelium [256],
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and has recently been proposed as a novel promoter of tumour angiogenesis [257]. A recent study
demonstrated that depletion of AQP1 reduced proliferation, migratory potential, and increased
apoptosis of PASMCs [258]. Saadoun et al. [150] produced an AQP1 knockout mouse model using
targeted gene disruption; when implanted with melanoma cells, the developing tumours displayed
impaired angiogenesis. In-depth analysis of APQ1 function in endothelial cells, produced from mouse
aortic cells, using cell migration, wound healing, proliferation and cord development assays, revealed
critical roles of AQP1 in cell migration. AQP1 null cells showed reduced ability in all four assays.
This was corroborated by the plasmid expression of AQP1 and another water channel protein, AQP4,
in non-endothelial cells, resulting in increased migration. Functional analysis has confirmed the role of
AQP1 in cell migration under hypoxic conditions. Yun et al. [149] used rat pulmonary-artery-derived
PASMCs, infected with adenovirus vectors carrying either WT AQP1 or AQP1 with a 37 amino acid
terminal deletion removing the COOH tail. Overexpression of AQP1 increased levels of β-catenin and
its downstream targets, including c-Myc and cyclin D1. However, loss of the COOH tail produced
no such results, suggesting COOH-mediated upregulation of β-catenin. Both AQP1 and β-catenin
displayed elevated levels under hypoxic conditions. This was further corroborated by siRNA-mediated
silencing of β-catenin, in cells subject to hypoxia, and consequent infection with adenoviral constructs.
Cells were rescued from the migration and proliferation associated with hypoxic conditions.

Additionally, functional analysis has been conducted on ABCC8. Eight mutations were analysed
in COS cells using patch-clamp tests and rubidium flux assays, as a measure of ion efflux. Loss of
channel function was seen in all variants, with the rescue of function by the administration of the SUR1
activator drug, diazoxide [113]. Additionally, functional analysis of KCNA5, by overexpressing the
gene in PASMCs, showed an increase in channel current that was rescued by administering either
nicotine, bepridil, correolide or endothelin-1 [163]. Additional genes have been reported, but have
limited functional evidence confirming their role in PAH. One such gene is UCP2, encoding uncoupling
protein 2, which functions as a calcium channel in vascular mitochondria that mediates ion influx from
the ER. Fluorescence resonance energy transfer imaging of mitochondria from resistance pulmonary
arteries of mice harbouring a Ucp2 knockout showed a reduced calcium concentration, impairing their
function, and mimicking the effects of hypoxia. Impaired mitochondrial function has been associated
with the hyperproliferative and anti-apoptotic symptoms seen in PH [168]. Another channel protein is
TRPC6. Using Western blot analysis, TRPC6 was found to be upregulated in PASMCs obtained from
IPAH patients, compared to control cells. The endothelin receptor antagonist, Bosentan, was found
to act by downregulating TRPC6 and had a more pronounced anti-proliferative effect on IPAH cells
than on WT cells [259]. Alternatively, potassium channel function has been rescued using adenoviral
infection of human Kv1.5, into mice exposed to chronic hypoxia for three to four weeks. Mice were
alleviated of hypoxia-induced vasoconstriction, displaying reduced right ventricle and pulmonary
artery medial hypertrophy, when compared to control mice subject to hypoxia [260].

Transcription Factors

TBX4 is an evolutionarily conserved transcription factor, which plays a critical role in limb
development during embryogenesis [261]. Detection of a lung-specific Tbx4 enhancer, specific
to the lung mesenchyme and trachea during embryogenesis, suggest an important role in lung
development [262]. It has been shown to induce myofibroblast proliferation and drive invasion of
the matrix by fibroblasts, promoting the development of pulmonary fibrosis, and deletion of Tbx4 has
led to a reduction in fibrosis [262]. TBX4 plays a role in lung development and has been linked to
pulmonary fibrosis, suggesting a possible role in PAH; nonetheless, experimental evidence is required
to confirm this. Similarly, SOX17 has been shown to be critical for the development of pulmonary
vasculature. A mouse model, harbouring a conditional deletion of Sox17 in splanchnic mesenchyme
descendants, displayed impaired pulmonary vascular development leading to death by three weeks of
age [153]. Shih et al. [154] assessed the role of SOX17 using siRNA-mediated knockdown of expression
in PAECs, followed by angiogenesis assays that showed impaired vessel formation. Concurrently,
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a mutant SOX17 cell line, generated through CRISPR/Cas9 mutagenesis of human iPSC, showed a
reduction in expression of arterial genes compared to WT cells.

New Genes

More recently, a plethora of new genes have been found to harbour mutations in PAH patients;
however, functional evidence for their involvement remains limited. TET2, involved in DNA
demethylation, is a key epigenetic regulator and has been found dysregulated in PAH. Potus et al. [55]
developed heterozygous and homozygous Tet2 knockout mice models, by crossing floxed Tet2 parents
and Vav1-cre to excise the gene. Their phenotype was ascertained through echocardiography and RHC.
Patients carrying TET2 mutations were found to have a later age of onset compared to other PAH
patients; this finding was replicated in mice. Genetic evidence has also implicated KDR in PAH; Winter
et al. [155] developed a mouse model with a conditional deletion of the KDR gene, encoding VEGFR2,
in endothelial cells. The mice developed mild PAH symptoms under normoxic conditions; however,
these were exacerbated under hypoxia with mice displaying pulmonary vascular remodelling.

Other genes which have been associated with PAH through sequencing analysis have no
functional evidence with respect to PAH; however, physiological functions reveal possible mechanistic
roles in the disease. GGCX has also been associated with PAH using forward genetics studies but
lacks any functional evidence to corroborate this. This gene encodes a protein that carboxylates
glutamate residues on Vitamin-K-dependent proteins; these are vital for the activation of coagulation
proteins [263], inhibiting vascular calcification and inflammation [25]. Mutations in GGCX have been
associated with Vitamin-K-dependent clotting factors deficiency, a congenital bleeding disorder [264]
and Pseudoxanthoma elasticum [265].

Additionally, KLK1 plays a key role in cardiac and renal function, notably regulating blood
pressure. Kinins are known to affect endothelial cells, especially playing a role in vasodilation,
increasing vascular permeability, nitric oxide production and inflammation. Tissue kallikrein is
highly expressed in the kidney, pancreas, central nervous system and blood vessels [266]. Kinins,
which include bradykinin, are regulated by inactivating enzymes known as kininases, of which the
ACE is the most well known [267]; ACE-inhibitors are effectively used to reduce blood pressure [268].
Indeed, hypertension has been associated with polymorphisms and deficiencies in KLK1 expression in
rat models [269,270]. While genetic variation in KLK1 has been associated with essential hypertension
in a Chinese Han cohort [271], other studies have reported conflicting evidence on its role in the
condition [268]. Nonetheless, this gene and pathway offer potential therapeutic targets, having major
functions in areas of dysfunction seen in PAH, demonstrated by the evidence showing that KLK1 can
be used for its vasodilative properties in the treatment of acute ischemic stroke [272].

Autosomal Recessive Mode of Inheritance

Anthony et al. [273] demonstrated that homozygous Eif2ak4 knockout mice displayed increased
levels of protein carbonylation, a symptom of oxidative damage that was induced by dietary leucine
deprivation. Additionally, these mice exhibited reduced viability compared to controls, with some
dying shortly after birth. Their findings suggest that the gene may elicit protective effects against
oxidative damage.

5.3.2. Common Genetic Variation

Another interesting PH animal model is the Sirt3 knockout mice, which displays higher mPAP,
PVR, RV hypertrophy and reduced exercise tolerance, compared with controls. This gene has been
implicated in IPAH, with reduced expression in hPASMCs obtained from patients. The severity of
symptoms in the model occur in a dose dependent manner, with Sirt3 heterozygous mice displaying
milder symptoms than homozygous knockout mice. This includes the extent of muscularisation
and medial wall thickness of resistance PAs, which is more severe in homozygotes [166]. However,
another Sirt3KO mouse model, against a C57BL/6 background [274] failed to develop PH, which may
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be attributed to differences between the mouse strains used. The 129/Sv strain used by Paulin et
al. [166] possess a slower metabolism compared to C57BL/6 mice, which may mean loss of Sirt3 is more
damaging than in the latter strain.

Mutations in vasodilatory and vasoconstrictive proteins have been implicated in PAH, including
END-1. In situ hybridisation has shown END-1 upregulation in the lungs of patients with PAH, with
greatest abundance in vessels subject to disease-associated remodelling [171]. Furthermore, analysis of
a SNP found in the reporter region of END-1 using a luciferase assay has shown upregulated activity.
Homozygous mutants display a 30% increase in promoter activity and loss of binding of KLF4 and
PPAR γ, which have both been linked to PAH [170].

Common variation in the DNA Topoisomerase II Binding Protein 1 (TopBP1) has been found in
IPAH patients. Immunohistochemical analysis of vascular lesions demonstrated a reduction in TopBP1
protein. Analysis of cultured pulmonary microvascular endothelial cells from IPAH lungs, using
q-PCR and Western blotting, showed a reduction in TopBP1 mRNA and protein. Further analysis of
cells for increased susceptibility to DNA damage, by administering hydroxyurea and staining nuclei
for phosphorylated histone foci, revealed an excess of DNA strand breaks and apoptosis. However,
patient cells could be rescued by transfection with a plasmid containing wild-type human TopBP1,
displaying a reduction in DNA damage-induced apoptosis [172].

In addition, functional analysis has been completed in SOX17. A luciferase reporter construct was
generated for each haplotype of four heterozygous SOX17 mutations and transfected into hPAECs to
assess transcriptional activity [116,275]. Comparison of each haplotype revealed a haplotype-specific
difference in promoter activity in a subset of variants. Two variants showed a statistically significant
decrease in promoter activity in the risk allele, compared to the non-risk allele. Evidence exists for the
intricate function of the various genes implicated in PAH, including regulatory roles of SOX17. VEGF
has been shown to upregulate SOX17, while the Notch pathway plays critical roles in downregulating
Sox17 in the endothelium. Additionally, there is a positive feedback loop between VEGR and
SOX17 [275]. These findings support the evidence that a wide range of mutations across genes are
capable of eliciting similar phenotypic impacts through large-scale changes to pathway regulation.

5.4. Limitations, Challenges and Future Directions

To conclude, reverse genetics techniques are vital components of PAH research, without which
forward genetics’ discoveries cannot be validated. Nonetheless, it is important that such studies are
interrogated for any limitations that may affect their results. As previously mentioned, it is important
to have a robust experimental design and protocol, which includes power calculations for animal
studies, minimising bias and reporting all measurements in publications. Cellular models are powerful
in vitro tools for understanding specific processes in PAH; however, focusing on certain cell types may
produce more pronounced effects than those seen in vivo. Understanding the widespread impact of
PAH mutations are best captured using animal models. However, it is important to remember that
all fail to fully recapitulate the disease and that any toxic side effects of pharmacological models may
confound results. Studies must choose models which are most appropriate for the hypothesis, or use
multiple where necessary. Furthermore, focusing specifically on rodent models, these often capture
longitudinal data through the use of terminal procedures for haemodynamic measurements. The
experimental techniques discussed here are well established in the field; however, several new tools
have been developed which may increase the speed and depth of information derived using reverse
genetics; these include high-throughput technologies for mutagenesis and spatial gene expression
analysis [276,277]. Such developments offer exciting prospects for future research in PAH.
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6. Reverse Phenotyping

6.1. Concepts

The concept of reverse phenotyping (Figure 1, process 4) refers to the use of genetic marker
data to refine the disease subgroup definitions [36]. The method was first used in phenotyping
patients with sarcoidosis [278] and has proven successful in many other diseases characterised by
high heterogeneity [279].

6.2. Theoretical Basis

Heterogeneity provides a unique challenge in the diagnosis and treatment of rare diseases, and
is further complicated by the accuracy of reporting. Knowledge about the genetic makeup of the
individual allows targeted treatments, thereby enhancing efficacy and decreasing the risk of potential
side effects [280]. Conversely, knowledge about the phenotypic characteristics of mutation carriers is
indispensable to match study design and methodological approaches to disease attributes [281].

6.3. Methodology

Studying the complexity of genotype–phenotype associations is of particular interest to medical
genetics. Evidence for such studies can be retrieved from published peer-review literature and
publicly available databases, and facilitated by computational tools such as the R package VarformPDB
(Disease-Gene-Variant Relations Mining from the Public Databases and Literature), which captures
and compiles the genes and variants related to a disease, a phenotype or a clinical feature from
public databases including HPO (Human Phenotype Ontology), Orphanet, OMIM (Online Mendelian
Inheritance in Man), ClinVar, and UniProt (Universal Protein Resource) and PubMed abstracts.
Alternatively, the development of large biobanks that link rich electronic health record (EHR) data
and dense genetic information have made it possible to enhance clinical characterisation of mutation
carriers in a cost-effective fashion. Besides deep clinical, often longitudinal phenotyping, multi-omic
approaches can be employed thanks to the concurrent collection of patients’ biological samples.
A number of efforts have been made to facilitate EHR-based genetic and genomic research, such as the
establishment of the UK Biobank [282], the Electronic Medical Record and Genomics Network [283]
or the Precision Medicine Initiative Cohort Program [284], which allow both forward genetics and
reverse phenotyping applications. Mining EHRs for genetic research purposes possesses a number
of advantages over classical population or family-based genetic association studies, large samples
can be collected over a short period of time in a cost-effective fashion. Moreover, the robustness of
EHRs allows for the investigation of a spectrum of phenotypes in a hypothesis-free manner. Familial
relationships reported in EHRs have also been used for the estimation of disease heritability shown to
be consistent with the literature [285].

Multiple tools are being used by the Clinical Genetics community to address the issue of reverse
phenotyping when interpreting NGS data. This includes DECIPHER [286], a publicly-available
database that houses a collection of case-level evidence for 36,801 individuals with genetic diseases, for
comparison of phenotypic and genotypic data. Projects affiliated to DECIPHER can deposit and share
patients, variants and phenotypes to invite collaboration and increase diagnostic yield. Another example
(also accessible via DECIPHER) is that of Matchmaker Exchange [287] or Genematcher [288], for mining
other databases based on matching genotype and phenotype data. VarSome is a data aggregator that
encompasses platforms and bioinformatic tools with the aim of consolidating information required
for variant analysis. VarSome draws information from 30 databases [289] and is also embedded
into another web-based tool, VariantValidator, which enables validation, mapping and formatting of
sequence variants using HGVS nomenclature [290].

Knowledge of age-dependent and/or reduced penetrance is vital in reverse-phenotyping as new
clinical features may emerge in an individual over time. This is applicable to relatives of PAH patients
found to carry presumed pathogenic variants in known disease-associated genes. A detailed evaluation
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of multiple family members alongside longitudinal follow-up of these individuals is vital to study the
disease trajectory which has often higher definition than snapshot phenotyping at diagnosis.

Apart from mining existing databases and health records, recall by genotype (RbG) studies
will be a relevant and valuable source of information regarding the biological mechanics of
genotype–phenotype associations. By making use of the random allocation of alleles at conception
(mendelian randomization—MR) these studies enhance the ability to draw causal inferences in
population-based studies and minimise the problems related to confounders; additionally, the focus on
phenotypic assessment of a specific carrier subgroup can enhance the understanding of pathobiology
in a cost-effective manner. RbG studies can focus on a single variant or multiple variants. The former
considers rare and large effect loci to understand the biological pathways of interest, and as a result,
the groups are relatively small so the phenotype can be studied in detail, in the latter, genetic variation
is used as a proxy of relevant exposure (proviso there is a credible association between genetic markers
and exposure). To increase power for studies in which a single variant has a small effect size deployment
of aggregate genetic risk scores can be beneficial [291].

6.4. Studies

The reversal of the usual hypothesis-driven paradigm for the refined diagnosis was first used by
Grunewald and Eklund [278] who by deep clinical phenotyping of patients with Lofgren’s syndrome,
showed that erythema nodosum predominantly occurs in women and bilateral periarticular arthritis
in men, and that the acute sarcoidosis subgroup can be further characterized according to the presence
of HLA-DRB1*0301/DQB1*0201. The reverse phenotyping method has been subsequently adopted in
other disease domains (Table 4) and has led to new disease discovery, such as the Koolen–DeVries
syndrome, due to a 17q21.31 microdeletion involving the KANSL1 gene [292], and the Potocki–Lupski
Syndrome, due to a 17p11.2 microduplication [293,294]. Recently, a retrospective study of 111 patients
with nephrotic syndrome, who underwent WES, showed that reverse phenotyping increased the
diagnostic accuracy in patients referred with the diagnosis of steroid-resistant nephrotic syndrome [279].

The reverse phenotyping of BMPR2 mutation carriers has been studied in PH patients. A large
individual participant data meta-analysis found that patients with BMPR2 mutations have earlier
disease onset, worse haemodynamics, are less likely to respond to nitric oxide challenge and have lower
survival when compared to those without BMPR2 mutations [180]. The histological analysis of lungs
explanted from those patients also revealed a higher degree of bronchial artery hypertrophy/dilatation,
which correlated with the frequency of haemoptysis at presentation [295]. Patients with missense
mutations in BMPR2 that escape nonsense-mediated decay have more severe disease than those with
truncating mutations, suggestive of a dominant-negative impact of mutated protein on downstream
signalling [296]. However, missense variants in the cytoplasmic tail appear to confer less severe
phenotype than other BMPR2 variants with a later age of onset, milder haemodynamics, and more
vasoreactivity [297].

Other good candidates for reverse phenotyping are patients with a mutation in transcription
factors, i.e., TBX4, which by virtue of gene function would be associated with a more complex and
heterogeneous phenotype. Patients with mutations in TBX4 present with severe PAH associated
with bronchial and parenchymal changes, low DLCO, with or without skeletal abnormalities [142],
and bimodal age of onset [25]. Interestingly, the penetrance of TBX4 mutations for skeletal abnormalities
is much higher than for PAH [108]. Descriptions of paediatric subjects with mutations in TBX4, and likely
loci nearby including TBX2, characterised by skeletal dysplasias, developmental delay and hearing
loss have been reported in CHD and PH patients [298,299]. Interestingly, the US PAH Biobank study
confirmed a causative role of TBX4 not only across various age groups (12/266; 4.6%—paediatric-onset;
11/2345; 0.47%—adult-onset) but also across different PH phenotypes: 2 (one adult; one paediatric)/23;
8.7% PAH-CTD, 3 (two paediatric and one adult-onset)/23; 13% PAH-CHD [25]. Not all patients
harbouring deleterious variants in TBX4 fit neatly into Group 1 PH, some individuals with heterozygous
mutations in TBX4 or large deletions encompassing TBX4 were characterised by death in infancy
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secondary to acinar dysplasia [300], congenital alveolar dysplasia and pulmonary hypoplasia [301].
The studies dissecting phenotype by mutation type or looking for subtle features (i.e., SPS) among
patients harbouring deleterious variants in TBX4 who were initially diagnosed with PAH are lacking.

Reverse phenotyping of patients with PTVs in KDR revealed mild interstitial lung disease
in all index cases and one affected relative [30], which was further confirmed in an independent
case report [117].

Table 4. Examples of successful studies that used reverse phenotyping. Abbreviations: BMPR2—Bone
morphogenic protein receptor type 2; PAH—pulmonary arterial hypertension; WES—whole-exome
sequencing, * denotes allele number.

Gene Condition Study Design Data Sources Results References

HLA-DRB1*
0301/DQB1*0201 Sarcoidosis

Mix of retrospective and
prospective cases with
acute onset sarcoidosis

Health records

Patients with acute onset
sarcoidosis carrying

HLA-DRB1*0301/DQB1*0201
genotype have good prognosis,

manifestations of Lofgren’s
syndrome differ between man and

woman.

[278,302]

BMPR2 PAH Retrospective analysis of
169 PAH patients

WES & Health
records

Patients with missense mutations
that escape nonsense-mediated
decay have more severe disease

than those with truncating
mutations.

[296]

BMPR2 PAH Retrospective analysis of
171 patients

Missense variants in the
cytoplasmic tail appear to confer
less severe phenotype than other
BMPR2 variants with a later age
of onset, milder haemodynamics,

and more vasoreactivity.

[297]

BMPR2 PAH
A large individual

participant data
meta-analysis

Literature
review

Patients harbouring deleterious
BMPR2 mutations have earlier

disease onset, worse
haemodynamics, are less likely to

respond to NO challenge and
have lower survival when
compared to those without

BMPR2 mutations.

[180]

BMPR2 PAH

Retrospective analysis of
44 PAH patients who

underwent lung
transplantation between

2005 and 2014

Histology,
immunohisto

chemistry,
morphometry
of explanted
lungs; French

registry
database

BMPR2 mutation carriers are
more prone to haemoptysis;

haemoptysis is closely correlated
to bronchial arterial remodelling
and angiogenesis; pronounced

changes in the systemic
vasculature correlate with

increased pulmonary venous
remodelling, creating a distinctive

profile in PAH patients
harbouring a BMPR2 mutation.

[295]

multiple genes Nephrotic
syndrome

A retrospective analysis
of all patients diagnosed
with nephrotic syndrome
between 2000 and 2018

WES &
personalised

diagnostic
workflow

Reverse phenotyping after WES
increased the diagnostic accuracy

in patients referred with the
diagnosis of steroid-resistant

nephrotic syndrome.

[279]

6.5. Limitations, Challenges and Future Directions

Reverse phenotyping has the potential to shed light on genotype–phenotype associations and
accelerate the recruitment of homogenous, well-defined groups to clinical trials, thereby increasing the
chances of effective treatment and decreasing the risk of side effects. Its success depends on the quality
of forward phenotyping, and forward and reverse genetic studies accurately reporting the phenotype
of interest (use of standardised vocabulary to describe phenotypic abnormalities (i.e., HPO terms),
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clinical measurements (i.e., Logical Observation Identifiers (LOINC) [303]) and systematic approaches
to data sharing.

In the future, national and international efforts should be directed at optimising recruitment of
large homogeneous cohorts for forward genetics studies and, simultaneously, preempting any potential
ethical issues related to subsequent recall by genotype studies. Similarly, recall by genotype studies
will face challenges related to specific study design, i.e., when recruiting newborns or children who
might not express the full phenotype by the time of diagnosis/inclusion.

7. Missing Heritability in the Postgenomic Era

As already alluded to in the introduction, missing heritability is the proportion of phenotypic
variance not explained by the additive effects of known variants. There are multiple sources of missing
heritability beyond the rare and common sequence variation described above (Figure 2). In the
following paragraphs, we will discuss studies which contribute to a better understanding of the genetic
landscape in PAH, beyond germline, rare, and common sequence variation.

7.1. Unknown Genetic Variation

Recently, large case-control studies have allowed us to discover new genes involved in the
pathogenesis of PAH; all these studies, however, assumed that PAH is a monogenic condition and
examined only protein-coding space. Although this permitted the discovery of more than 16 genes
associated with PAH (Table 3), and increased the diagnostic yield, most PAH cases remain unexplained,
suggesting additional variation in non-coding regions. It is now known that the remaining 98% of
non-coding space plays a crucial role in the regulation of gene expression and requires interpretation
using its 3D structure that allows regulatory elements to function across long distances [304]. Regulatory
elements such as enhancers, promoters and actively transcribed genes are located in open-chromatin
regions so they can be accessed by transcriptional machinery. A number of methods for the identification
of non-coding regulatory elements (NCRE) have been developed over the last 20 years [305]. A recent
study investigated variation in non-coding regions by researching differences in chromatin marks
and gene expression in PAECs from patients with I/HPAH and controls. Using ChiP-Seq profiling
of the active histone marks (H3K27ac, H3K4me1, H3K4me3) and RNA-Seq, it was shown that while
PAECs from PAH patients and healthy controls are similar in terms of gene expression, they undergo
large-scale remodelling of the active chromatin regions, which leads to differential gene expression
in response to external stimuli. Overall, this study not only validated and expanded our knowledge
regarding the genes involved in the pathogenesis of PAH, but also highlighted that steady-state
expression analyses are of limited value in systems where the mechanism involves an aberrant response
to stimuli [306].

So far, mostly germline mutations have been implicated in the pathogenesis of PAH but the
ever-increasing age of onset may suggest a role of acquired somatic mutations in disease development.
While rare somatic mutations of the BMPR2 gene within pulmonary vasculature cells could cause or
aggravate BMPR2 haploinsufficiency, previous work has failed to find this to be true among those
with a germline BMPR2 mutation [307]. Conversely, a study by Aldred et al. [308] showed a high
frequency of genetically abnormal subclones of PAEC from patients with PAH including one patient
harbouring a deleterious BMPR2 variant. Similarly, Drake et al. [309] demonstrated that a somatic
deletion on chromosome 13, encompassing SMAD9, in PAECs from a patient with PAH associated
with CHD could have contributed to the pathogenesis of PAH, and potentially also to CHD [309].
Likewise, postzygotic mutations have been implicated in the pathogenesis of HHT [310] and HHT
with concomitant PAH [311,312]. Somatic mutations in TET2 have recently been reported in PAH cases,
and the phenotype was replicated in the mouse model [55].

Impaired bioenergetics is an established feature of PAH [313,314] whether its origins can be
traced back to mitochondrial DNA (mtDNA) remains an open question, but a recent study revealed
that mitochondrial haplogroups influence the risk of PAH and that susceptibility to PAH emerged
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as a result of selective enrichment of specific haplogroups upon the migration of populations out of
Africa [315]. Studies into the role of mtDNA in PAH will require novel bioinformatics tools and variant
prioritisation approaches to account for differences between nuclear and mitochondrial genomes [316].

7.2. Epigenetic Inheritance

Epigenetics are heritable changes in gene function that occur without a change in the sequence of
DNA and include DNA methylation, histone modification and RNA interference. All three of these
modifications have been shown to be involved in the development of PAH. Epigenetic changes can
be heritable [317,318], de novo and may be modified by environmental factors such as diet, smoking,
and drugs.

7.2.1. DNA Methylation

DNA methylation is a well-described form of epigenetic modification which involves the transfer
of a methyl group to cytosine residues in dinucleotide CpG sequences of DNA resulting in gene
silencing. In PAH, the best described is hypermethylation of the gene encoding superoxide dismutase
2 (SOD2), an enzyme involved in H2O2 regulation which also acts as a tumour suppressor gene.
Hypermethylation of SOD2 leads to uncontrolled cell proliferation in multiple cancers; similarly
reduced expression of SOD2 has been shown in the rat model of PH [319] and in IPAH [320]. Further
evidence comes from a recent study which found rare germline and somatic mutations in the key
regulator of DNA demethylation, TET2, in 0.39% of PAH cases [55]. The phenotype was replicated in
the Tet-/- mouse and reversed with IL-1β blockade.

7.2.2. Histone Acetylation

Histone acetylation is the most common form of histone modification [321], with a proven impact
on PAH development. In rat and human PH histone deacetylases, HDAC1 and HDAC5 concentrations
are elevated and histone deacetylase inhibitor can reverse hyperproliferation of PASMCs and decrease
mPAP and RV hypertrophy [322].

7.2.3. RNA Interference

A large number of non-coding RNAs (ncRNAs), including long non-coding RNAs (lncRNAs),
miRNAs, circular RNAs (circRNAs), and piwi-interacting RNAs (piRNAs) are involved in the regulation
of a variety of cellular processes. For example, so far, almost 27,000 lncRNAs have been identified in the
human genome [323] and reported regulating gene expression via diverse mechanisms [324]. In PAH,
both miRNA and lncRNAs have been studied and reported to impact cells relevant to PAH pathogenesis,
including PASMCs, PAECs and fibroblasts. Regulatory effects of lncRNA in PAH range from enhanced
proliferation of PASMCs (H19 [325], PAXIP-AS1 [326], MALAT1 [327], Inc-Ang362 [328], Tug1 [329],
HOXA-AS3 [330], MEG3 [331], TCONS_00034812 [148], and UCA1 [332]), over suppressed proliferation
and/or migration of PASMCs (MEG3 [333,334], CASC2 [335], and LnPRT [336]) to induction of EndoMT
in PAECs (MALT1 [337] and GATA6-AS [338]). Significant causative links exist between multiple
miRNAs and BMPR2 expression and signalling [339–341], as well as hypoxia [342]. Importantly,
although attractive as a therapeutic target, miRNAs have not been shown to have the potential to
reverse the disease, which is most likely due to the high degree of redundancy and “fine-tuning” rather
than “switch on/off” mode of action of these molecules.

Although still limited, our knowledge of ncRNA in the pathobiology of cardiovascular
diseases [343,344] including PAH, is rapidly growing. The major limitation of studies so far is
that the focus has been mostly on identifying the role of preselected ncRNA with very limited effort to
investigate ncRNA in a global manner accounting for multiple interactions.
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7.3. Interactions

Although difficult to estimate, gene and environment covariation and gene-environment
interactions may play a significant role in heritability, expressivity and penetration of the disease.
The most commonly studied factors are drugs, diet, toxins, radiation and stress, and some of these
factors have been implicated in the development of PAH. Definitive associations between PAH
and drugs and toxins based on outbreaks, epidemiological case-control studies or large multicentre
series have been confirmed for aminorexigenes, methamphetamines, dasatinib and toxic rapeseed oil,
yet some others require further validation [18]. Interestingly, several studies reported that BMPR2
expression and degradation can be affected by viral proteins and cocaine [345–347]. Similarly, a number
of volatile organic compounds (VOCs) identified in exhaled breath condensate in association with PAH,
are exogenous [348] and may be considered pollutants due to exposure to cigarette smoke, air pollution
and radiation [349]. Contribution of volatile compounds was also reported in the pathogenesis
of PVOD [350].

A specific example of the environmental effects on phenotype is the foetal origins of adult diseases
(FOAD) hypothesis. This hypothesis was based on the studies which reported that intrauterine exposure
increased the risk of specific cardiovascular and metabolic diseases [351–353] as well as impacted
on lung function [354–356] in adult life. In the area of PH, prenatal exposure to antidepressants and
persistent pulmonary hypertension of the newborn (PPHN) has been a subject of multiple studies.
A meta-analysis revealed that the risk for PPHN in infants exposed to SSRIs during late pregnancy
is small, although significantly increased [357]. In systemic hypertension, the transmission of gut
microbiota from parent to offspring was shown to influence the disease risk in adulthood [358] and
similarly, bacterial translocation may contribute to PAH development [359]. Air pollution was also
shown to correlate with PAH severity and outcomes [360].

With the advent of NGS, the notion of digenic or oligogenic inheritance has gained traction. HPAH
has been historically considered a monogenic condition but incomplete penetrance may indicate that
other germline or somatic variants are required for the disease to develop. Therefore, at least in a
proportion of cases, the inheritance may be digenic or even oligogenic. In the true digenic model, both
genes are required to develop the disease. Conversely, in the composite class model, a variant in one
gene is sufficient to produce the phenotype, but an additional variant in a second gene impacts the
disease phenotype or alters the age of onset [361]. The latter model seems to be plausible in PAH,
where co-occurrence of the variants in different PAH risk genes has been reported to impact on disease
onset and penetrance [362]. Patients harbouring deleterious variants in more than one PAH risk gene
have been reported in case reports [162], small [363] and large cohorts of HPAH patients [24,26,113].
Finally, the phenomenon of synergistic heterozygosity, whereby the effect of susceptibility genes is
enhanced by modifier genes, in which common variants may influence the disease onset and severity,
has been described in PAH [210].

7.4. Population Dependent Heterogeneity

It is well recognised that although rare diseases can occur in any population, some ethnic
groups are characterised by their higher incidence, i.e., sickle cell disease is more common in African,
African-Americans and Mediterranean populations and similarly, Tay-Sachs disease occurs mostly in
people of Ashkenazi Jewish or French Canadian ancestry. National and international PAH registries
have shown differences in demographic characteristics between European and East Asian patients.
East Asian IPAH cohorts resemble those of European cohorts from 40 years ago; additionally, they show
more pronounced female predominance, a younger age of onset and lower comorbidity burden, and
importantly, they demonstrate that significantly more cases can be explained by variation in known
PAH risk genes (24% [24,25] vs. 39% [26]).
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8. Summary

In this review, we have summarised how four theoretical and methodological approaches
impact genetic discoveries in rare diseases, with a particular focus on PAH. These steps include:
(1) forward phenotyping, which refers to clustering patients into homogenous groups likely to share
genetic architecture, (2) forward genetics, which aims to identify the candidate genes responsible for
the phenotype, (3) reverse genetics, which consists of experimental in vivo and in vitro targeted
modifications to candidate genes in order to analyse their phenotypic impact, and (4) reverse
phenotyping, which uses genetic marker data to refine phenotype definitions. Whilst these approaches
have been employed in PAH research, it is important to mention that at present, the majority of patients
diagnosed with PAH do not have a genetic diagnosis, a finding that indicates “missing heritability”.
To date, some progress has been made in addressing this issue; however, there is still a way to go and
only through the use of large-scale international cohorts will studies have the power to detect novel
genetic risk loci underlying PAH pathobiology and to elucidate this missing heritability.
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Abstract: Pathogenic variants have been identified in 85% of heritable pulmonary arterial hypertension
(PAH) patients. These variants were mainly located in the bone morphogenetic protein receptor
2 (BMPR2) gene. However, the penetrance of BMPR2 variants was reduced leading to a disease
manifestation in only 30% of carriers. In these PAH patients, further modifiers such as additional
pathogenic BMPR2 promoter variants could contribute to disease manifestation. Therefore, the aim of
this study was to identify BMPR2 promoter variants in PAH patients and to analyze their transcriptional
effect on gene expression and disease manifestation. BMPR2 promoter variants were identified in
PAH patients and cloned into plasmids. These were transfected into human pulmonary artery smooth
muscle cells to determine their respective transcriptional activity. Nine different BMPR2 promoter
variants were identified in seven PAH families and three idiopathic PAH patients. Seven of the variants
(c.-575A>T, c.-586dupT, c.-910C>T, c.-930_-928dupGGC, c.-933_-928dupGGCGGC, c.-930_-928delGGC
and c.-1141C>T) led to a significantly decreased transcriptional activity. This study identified novel
BMPR2 promoter variants which may affect BMPR2 gene expression in PAH patients. They could
contribute to disease manifestations at least in some families. Further studies are needed to investigate
the frequency of BMPR2 promoter variants and their impact on penetrance and disease manifestation.

Keywords: BMPR2 promoter; pathogenic variant; heritable pulmonary arterial hypertension

1. Introduction

Pulmonary arterial hypertension (PAH) is a rare disease characterized by remodeling of the
small pulmonary vessels. This results in an increase of pulmonary artery pressure and resistance,
eventually progressing to right heart failure [1]. In many forms of PAH, such as heritable (HPAH) or
idiopathic PAH (IPAH), genetic defects have been identified [2]. In most cases of HPAH pathogenic
variants (mutations) have been identified in the bone morphogenetic protein receptor 2 (BMPR2) gene
leading to a loss of gene function [3]. The BMPR2 gene encodes a cell membrane type II receptor of the
transforming growth factor-β signaling pathway, which regulates expression of many target genes [4].
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More than 600 pathogenic variants in the BMPR2 gene have been identified so far, accounting for
the disease development in about 85% of HPAH and 5–35% of IPAH patients [3]. These patients
usually show an earlier onset of disease manifestation, more impaired hemodynamics [2] and reduced
survival, compared to PAH patients without a genetic predisposition [5]. Apart from pathogenic
variants in the BMPR2 gene, genetic changes have also been described in recent years in the genes of
its coreceptors ACVRL1 and ENG, in the gene responsible for pulmonary venous occlusive disease
EIF2AK4, and further BMPRII pathway genes [3]. So far, 17 genes have been classified as PAH-causing
genes by the international task force for genetics and genomics in PAH [6].

While pathogenic variants in the BMPR2 gene can lead to PAH, an incomplete penetrance of
around 30% has been observed in family members with the same BMPR2 variant [7]. In some families,
up to 50% of BMPR2 variant carriers can develop PAH [8]. It remains unclear why some variant carriers
develop PAH while other carriers remain healthy for their entire life. It has been suggested that PAH
patients could carry additional pathogenic variants in contrast to their healthy family members [9,10].
These so called “second hits” could serve as modifiers for disease penetrance leading to the disease
manifestation together with the familial BMPR2 variant [9]. Such second hits were also shown to be
present in the noncoding or regulatory regions of the BMPR2 gene [11]. However, in the normal routine
genetic diagnostics setting, deep intronic regions and promoters are rarely investigated. Nevertheless,
they can also contain pathogenic variants leading to PAH manifestation [12,13]. In previous studies,
single substitution variants [14,15], a double substitution variant [13] and deleted or inserted tandem
repeats [14,16] downstream of the transcription start site of the BMPR2 gene were identified and led to
reduced gene expression in a functional assessment. The contribution of BMPR2 promoter variants to
PAH manifestation, however, still remains unclear.

In this study we investigated whether BMPR2 promoter variants in H/IPAH serve as second
hits, by firstly identifying BMPR2 promoter variants in H/IPAH patients and secondly, functionally
characterizing the effect of the variants on BMPR2 gene expression.

2. Materials and Methods

2.1. Study Population

PAH patients were clinically diagnosed by right heart catheterization following the guidelines
of the European Society of Cardiology and the European Respiratory Society [1,17]. Further
clinical examinations included medical history, physical examination, 12-lead electrocardiogram,
chest radiograph, lung function testing and echocardiography at rest and during exercise. All patients
of this study were either idiopathic or heritable PAH patients. In addition, healthy family members of
H/IPAH patients performed echocardiography during exercise on a bicycle ergometer in the supine
position. Pulmonary arterial systolic pressure (PASP) was measured with an increasing workload
until maximum physical exhaustion was reached. A PASP value of >40 mmHg was used to define a
hypertensive exercise response or a normal exercise response (PASP ≤ 40 mmHg) [18,19]. All subjects
gave their informed consent for inclusion before they participated in the study. The study was conducted
in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee
of the Medical Faculty of Heidelberg University (Project identification codes 065/2001 and S-426/2017).

2.2. Genetic Analysis

Genomic DNA was extracted from peripheral blood by an automated procedure (Autopure,
Gentra Puregene Technology, Qiagen, Hilden, Germany). Variants in the BMPR2 gene and the promoter
region were identified either by direct Sanger sequencing (ABI 3130 genetic analyzer, ThermoFisher
Scientific, Waltham, MA, USA) or by a PAH specific gene panel approach based on next-generation
sequencing (Miseq, Illumina, San Diego, CA, USA) followed by Sanger sequencing confirmation [20].
Patients with no pathogenic variants in the BMPR2 gene (RefSeq ID: NM_001204) were further
evaluated by multiplex ligand-dependent probe amplification (MLPA) to search for large deletions or
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duplications (P093-C1, MRC-Holland, Amsterdam, the Netherlands). The PAH-specific gene panel
of this study included 12 PAH genes (ACVRL1, BMPR1B, BMPR2 including the BMPR2 promoter
region, CAV1, EIF2AK4, ENG, KCNA5, KCNK3, SMAD1, SMAD4, SMAD9 and TOPBP1) and 17 further
candidate genes as described previously [20]. Apart from coding exons, exon-intron boundaries
reaching 20 bp into the introns were also analyzed. Each variant with a minor allele frequency in the
database Ensembl < 1% was sought in the Human Gene Mutation Database and variants of BMPR2,
ENG, ACVRL1 and SMAD4 also in the ARUP database. Putative transcription factor-binding sites
containing promoter variants were assessed using the software MatInspector (version 3.9, Genomatix
GmbH, München, Germany).

2.3. Plasmid Construction

Nine mutant 1520 base pair (bp) fragments plus the wild-type BMPR2 promoter region (c.-1502
to c.18) were amplified from genomic DNA of PAH patients using a forward primer with a KpnI
restriction site at the 5′ end (5′-GAGGGTACCTCCCAAGCCATGCACATTTG-3′) and a reverse primer
with a HindIII restriction site at the 3′ end (5′- CGCAAGCTTCTGCAGCGAGGAAGTCATC-3′) for
cloning. The pGL4.10 (Promega GmbH, Walldorf, Germany) vector was cleaved by the KpnI and HindIII
restriction endonucleases and ligated with the ten amplified BMPR2 promoter regions. The pGL4.10
vector included the firefly luciferase reporter gene sequence downstream of the inserted promoter
region. The correct insertion of the recombinant gene constructs was confirmed by Sanger sequencing.
The wild-type sequence contained no variants and corresponded to the human reference sequence
(hg19). The pGL4.10 basic vector without any promoter element served as a negative control.

2.4. Cell Culture and Luciferase Assay

Commercial human pulmonary artery smooth muscle cells (PASMCs, Life Technologies GmbH,
Darmstadt, Germany) were cultured in Medium 231 (Gibco, Thermo Fisher Scientific, Schwerte,
Germany), supplemented with smooth muscle growth supplement (Gibco, Thermo Fisher Scientific,
Schwerte, Germany) in a 37 ◦C, 5% carbon dioxide and 95% humidified cell culture incubator.
Cells of passage 3 to 6 were plated onto 24-well plates at 5000 cells per well. After 24 h of incubation
pGL4.10-BMPR2-variant constructs or pGL4.10-BMPR2-wild-type plasmids were added to the cells
together with a transfection reagent (Lipofectamine 3000, Thermo Fisher Scientific, Schwerte, Germany).
After 48 h of further incubation cells were lysed. Cleared cell lysates were aliquoted into 96-well plates.
The activities of the firefly luciferase and the internal standard renilla luciferase were assayed with a
Dual-Luciferase Reporter assay kit (Promega GmbH, Walldorf, Germany) using the auto-injector system
Lucy2 Microplate Luminometer (Anthos Mikrosysteme GmbH, Krefeld, Germany). Each transfection
was carried out five times and measured in triplicate by luciferase assay.

2.5. Statistical Analysis

Data were shown as mean ± standard deviation. Analysis of variance was performed by SPSS
(version 21.0.0, IBM, Amonk, NY, USA), considering a p-value < 0.05 as statistically significant.
Gene expression was normalized to the wild-type (corresponding to 1.0). Relative gene expression was
calculated by: wild-type = value of every mutant plasmid/value of wild-type plasmid.

3. Results

3.1. Clinical Characteristics

Seven HPAH families with 53 family members and three IPAH patients were included in this
study. The clinical characteristics of seven index patients were summarized in Table 1. The mean age of
HPAH index patients was 34 years, 43% were female. The hemodynamic parameters measured by right
heart catheterization revealed a mean pulmonary arterial pressure of 60.3 ± 9.4 mmHg, a pulmonary
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vascular resistance of 20.2 ± 5.7 Wood Units and a reduced cardiac index of 2.1 ± 0.9 mL/min/m2.
Of 53 sequenced family members, PASP during exercise was measured in 39 individuals.

Table 1. Clinical characteristics of the index patients from the seven HPAH families at initial diagnosis.

Characteristic * Mean ± SD Min Max

Women [%] 43
Age at diagnosis [years] 34.0 ± 14.2 13 56

Heart rate [min−1] 88.6 ± 12.2 68 99
Oxygen saturation [%] 94.0 ± 5.0 87 98

Mean pulmonary artery pressure [mmHg] 60.3 ± 9.4 46 70
Pulmonary arterial wedge pressure [mmHg] 5.0 ± 1.6 3 7
Pulmonary vascular resistance [Wood Units] 20.2 ± 5.7 13 26

Cardiac index [ml/min/m2] 2.1 ± 0.9 1.3 3.6

* Not all measurements were obtained from each patient. SD: standard deviation.

3.2. Genetic Analysis

To detect promoter variants that may have an impact on gene expression and disease penetrance,
a segment of 1520 bp of the 5′ untranslated region (UTR) upstream region of the BMPR2 gene was
analyzed. All subjects were included regardless of whether they carried any other pathogenic variant
or variant of uncertain significance (VUS) in the coding area of BMPR2 or any other analyzed PAH gene.
In total, nine variants were discovered in the promoter region (Figure 1) of which four had not been
described before in PAH patients (Table 2). Four heterozygous nucleotide substitutions (c.-301G>A,
c.-575A>T, c.-910C>T and c.-1141C>T) and one heterozygous duplication (c.-933_-928dupGGCGGC)
were detected in four HPAH families (see Table 2). Additionally, the previously described c.-669G>A
variant was identified in three HPAH families. Among these three families, only two index patients
carried the c.-669G>A variant, while in the third family, this variant was only present in healthy
family members.

In two further IPAH patients, a duplication or a deletion of a three base pair repeat out of a twelve
repeat GGC region was identified (c.-930_-928dupGGC and c.-930_-928delGGC). This resulted in 11
and 13 GGC repeats in contrast to 12 GGC repeats in the wild-type sequence. The last variant in the
BMPR2 promoter region was a homozygous duplication (c.-586dupT) present in a third IPAH patient.
The locations of the nine identified variants are depicted in Figure 1.

Figure 1. Distribution of variants in the promoter region of BMPR2. Nine variants were identified
including five heterozygous substitutions, three heterozygous duplications/deletions at a single site,
and one homozygous substitution (c.-586dupT). The 5′ untranslated region starts left of the nucleotide
position c.1.
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3.3. Effect of Promoter Variants on Gene Expression

The effect of the nine different BMPR2 promoter variants on the transcriptional activity of BMPR2
was analyzed using a luciferase reporter gene assay after transient transfection of human PASMCs.
The transcriptional activity of the variants was compared to the BMPR2 wild-type promoter. The results
revealed that apart from the two variants c.-669G>A and c.-301G>A, all plasmids with BMPR2 promoter
variants led to a statistically significant decrease of transcriptional activity compared to the plasmid
carrying BMPR2 wild-type promoter (Figure 2).

Figure 2. Transcriptional activity analysis of BMPR2 promoter variants. The transcriptional activity of
nine BMPR2 promoter variants was compared with the wild-type BMPR2 promoter by dual-luciferase
assay. Seven of the nine variants showed significantly reduced gene expression in comparison
to the wild-type. Basic: pGL4.10 plasmid (without promoter, negative control), WT: wild-type,
c.-930_-928delGGC: 11GGC repeats, c.-930_-928dupGGC: 13GGC repeats, c.-933_-928dupGGCGGC:
14GGC repeats. Data are presented as mean ± standard error of the mean, normalized to the wild-type;
p-value refers to the comparison between each mutant to wild-type; *: p < 0.05.

3.4. Association of Promoter Variants with an Abnormal Pulmonary Artery Pressure during Exercise or
PAH Manifestation

One family (Family 1) was identified with two promoter variants in the index patient (Figure 3).
The index patient (II: 2) was a 42-year-old woman, who was diagnosed with PAH 6 years prior to
study inclusion. At diagnosis she presented with exertional dyspnea and limited exercise capacity.
The echocardiogram revealed an enlarged right ventricle and right atrium. Right heart catheterization
showed a mean pulmonary arterial pressure of 67 mmHg, pulmonary arterial wedge pressure of
5 mmHg, and pulmonary vascular resistance of 26 Wood Units. The patient carried the two variants
c.-910C>T and c.-933_-928dupGGCGGC in the BMPR2 promoter region. Each variant was inherited
from one parent, thus being biallelic and compound heterozygous in the index patient (Figure 3).
Both variants were shown to lead to a reduced gene expression in the functional analysis (Figure 2).
Apart from the index patient, her brother (II: 5) also carried both promoter variants but did not develop
PAH. The c.-910C>T variant was also found in her mother (I: 2) and in four other family members
(II: 4, II: 5, III: 4, III: 5) without manifest PAH. In four of the five family members with the c.-910C>T
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variant an elevated PASP during exercise was measured by echocardiography, while only one variant
carrier showed a normal pressure response (Figure 3, Family 1 in Table 3). This observation fits to the
hypothesis of cosegregation of the variant with an elevated PASP assuming an autosomal dominant
model of inheritance with reduced penetrance.

In contrast, the second BMPR2 promoter variant (c.-933_-928dupGGCGGC) showed no
cosegregation with abnormal PASP (Figure 3). Thus, while the first variant may be associated with a
hypertensive exercise response the second variant does not seem to contribute to disease manifestation.

Figure 3. Pedigree of Family 1 with c.-910C>T and c.-933_-928dupGGCGGC in the 5′UTR of
BMPR2 gene: (a) the pedigree with BMPR2 5′UTR variants c.-910C>T and c.-933_-928dupGGCGGC.
Only the c.-910C>T variant is present in all family members with an elevated pulmonary arterial
systolic pressure (PASP) during exercise. The horizontal line separates the two loci in BMPR2 5′UTR
c.-910C>T and c.-933_-928dupGGCGGC variants; c.-910C>T: BMPR2 c.-910C>T; c.-933_-928dup:
BMPR2 c.-933_-928dupGGCGGC; WT: wild-type; -: not sequenced. Italic numbers represent the
age of individuals; (b) sequencing analysis of the c.-933_-928dupGGCGGC shows the heterozygous
G>A changes on the right side within the grey shaded area indicating a duplication of a 3 bp repeat;
(c) c.-933_-928 wild-type sequence; (d) sequencing analysis of the heterozygous c.-910C>T variant
within the grey shaded area; (e) c.-910 wild-type sequence.
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In the other HPAH families no cosegregation of the respective promoter variant with an abnormal
PASP was apparent (Table 3). In one family (Family 3, Table 3) the promoter variant (c.-575A>T)
was not present in the second HPAH patient of the family. In another family (Family 2, Table 3)
a single, different promoter variant was identified in the two HPAH patients of the family. However,
one of the two variants (c.-301G>A) revealed no effect on gene expression in the functional analysis.
Promoter variants, which reduced gene expression were identified in six of the ten I/HPAH index
patients (Table 3). Out of these six patients only three patients had a known pathogenic variant in
the coding region of a PAH gene. Thus, in these patients the promoter variant could be considered a
possible second hit adding to a known pathogenic variant.

Table 3. BMPR2 promoter and further gene variants in I/HPAH patients.

Family−/−
Index

Other Pathogenic
Variants/VUS

BMPR2
Promoter
Variants

Gene
Expression

Compared to
Wild-Type

Variant in FM
with ↑ Exercise

PASP/all FM
with ↑ Exercise

PASP

Variant in FM
with Normal

Exercise
PASP/All FM
with Normal

Exercise PASP

Family 1 none c.-910C>T 0.73 x 4/4 1/2
c.-933_-928

dupGGCGGC 0.70 x 1/4 1/2

Family 2 EIF2AK4 c.641delA
p.(Lys214Argfs*21)

c.-1141C>T 0.79 x in index patient NA

c.-301G>A 1.01 x in 2nd PAH
patient NA

Family 3 none c.-575A>T 0.60 x NA not in 2nd PAH
patient

Family 4 none c.-301G>A 1.01 x 1/2 1/1

Family 5 1 BMPR2 c.244C>T
p.(Gln82*) c.-669G>A 0.99 x 3/6 0/2

Family 6 BMPR2 exon 2–3 deletion c.-669G>A 0.99 x 4/6 0/2

Family 7 ENG c.1633G>A
p.(Gly545Ser) c.-669G>A 0.99 x 1/1 2/5

IPAH 1 none c.-586dupT 0.80 x NA NA

IPAH 2 BMPR2 c.1453G>A
p.(Asp485Asn) c.-930_-928delGGC 0.83 x NA NA

IPAH 3 BMPR2 c.2695C>T
p.(Arg899*) c.-930_-928dupGGC 0.82 x NA NA

1 in Family 5, BMPR2 c.-669G>A was identified in healthy family members but not in the index patient. In other
families, variants listed were identified in the index patients. Exercise PASP was measured in 39 of 53 sequenced
family members.↑: hypertensive; FM: family member; NA: no PASP measured in family members during exercise;
PASP: pulmonary arterial systolic pressure; VUS: variants of uncertain significance. Reference sequence IDs: BMPR2:
NM_001204, EIF2AK4: NM_001013703, ENG: NM_001114753.

Two of the three IPAH patients, four HPAH patients and one HPAH family member were
sequenced with a PAH-specific panel for 12 PAH genes and 17 candidate genes [20]. This identified a
novel homozygous pathogenic EIF2AK4 variant c.641delA p.(Lys214Argfs*21) in one family with two
affected sisters clinically characterized as HPAH, albeit pulmonary veno-occlusive disease could not
be excluded retrospectively. Further variants in the study cohort were reported previously (BMPR2
c.224C>T p.Gln82*; BMPR2 c.1453G>A p.Asp485Asn; BMPR2 c.2695C>T p.Arg899*; BMPR2 exon
2–3 deletion; ENG c.1633G>A p.Gly545Ser) [2,11,20].

4. Discussion

This study identified four novel and five further variants in the BMPR2 promoter of I/HPAH
patients. The transcriptional impact of these variants revealed a reduced transcriptional activity for
seven out of nine variants (78%).

4.1. Impact of Promoter Variants on Transcription Factor Binding Sites

The variant c.-910C>T was identified for the first time in this study. This patient harbored not only
the c.-910C>T but additionally the c.-933_-928dupGGCGGC variant in the BMPR2 promoter region.
These two variants were both shown to decrease transcriptional activity of BMPR2. The c.-910C>T
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variant was predicted to create a new binding site for the transcription factor Gli-similar 3 (GLIS3).
Glis3 is a Krüppel-like transcription factor as a member of Gli and Zinc finger families which shows a
tissue specific expression mainly in the endocrinal system such as the thyroid gland and in low levels also
in the lung [22]. So far, no study reported the relation of Glis3 and the BMPR2 gene or any PAH pathway
related gene. However, the new PAH gene Krüppel-like transcription factor 2 (KLF2) could indicate
a possible relation to this Zinc finger family member and PAH pathogenesis [23,24]. The promoter
variant c.-910C>T did not cosegregate with PAH in the family but with a hypertensive PASP during
exercise. In contrast, the second variant of the index patient in Family 1 (c.-933_-928dupGGCGGC)
showed no cosegregation with an abnormal PASP response in family members and was less likely to
have contributed to PAH manifestation.

The variant c.-1141C>T of BMPR2 promoter was also newly identified in a HPAH patient and a
significant reduction in the BMPR2 promoter transcriptional activity expression was shown. In addition,
in silico a loss of a pleomorphic adenoma gene 1 (PLAG1) transcription factor binding site was predicted.
It was reported that PLAG1 could act as an activator for a gene promoter by upregulating the insulin-like
growth factor gene IGF1 [25]. However, no study has so far elucidated the relation between the
transcription factor PLAG1 and the BMPR2 gene. If it served as an activator of the BMPR2 promoter,
the loss of the PLAG1 binding site predicted in this study would be consistent with the measured
reduced transcriptional activity. However, the variant showed no cosegregation with the disease or
an abnormal PASP response in the family, possibly only attributing a weak functional impact on the
BMPR2 gene and PAH manifestation. Reduced transcriptional activity without cosegregation in the
family was also identified for the heterozygous variant c.-575A>T.

Moreover, this study identified three different types of GGC repeats in the c.-963_-928 upstream
sequence of BMPR2. All of these variants led to a reduced transcriptional activity. The wild-type
sequence at position c.-963_-928 upstream of transcription start site is made up of 12 tandem GGC
repeats. Limsuwan and colleagues first discovered an abnormal number of GGC repeats within these
sequences in congenital heart disease-associated PAH children [16]. The transcriptional assessment of
the altered number of GGC tandem repeats in our functional analysis (11, 13 and 14 GGC repeats) in
Family 1 and two IPAH patients were in line with another study showing a decrease in gene expression
with a promoter containing 13 or 10 GGC repeats [21] in comparison to the 12-GGC repeat. A further
study identified a GC>AT change within this repeat sequence cosegregating with the disease in an
HPAH family [13]. The authors could establish that the variant led to a preferred cryptic translational
start site, followed by a premature stop codon and nonsense mediated decay. This variant could not be
identified within the GGC-repeat region in our study.

The “GGCG” sequence is a possible early growth response-1 (EGR1) transcription factor binding
site. EGR1 binds to the promoter region of many target genes, thereby participating in various
pathways such as those relevant for cardiovascular homeostasis [26]. This factor can serve as an
activator or repressor and it can be activated by hypoxia in vitro [26]. Gaddipati et al. demonstrated
an increase of EGR1 can lead to a decreased expression of BMPR2 [27]. However, in another study,
knockdown of the EGR1 gene by short interfering RNA treatment resulted in a reduction of BMPR2
promoter transcription activity [21]. Thus, the complex molecular mechanisms between the EGR1 and
BMPR2 promoter remain to be further investigated.

4.2. Contradictions to Previous Studies

The two variants c.-301G>A and c.-669G>A neither indicated a cosegregation with the disease
nor showed any influence on gene transcription. This suggests that both variants may be benign.
This is supported by the presence of both alleles in non-PAH controls in the gnomAD database
(c.-301G>A: 0.69% in 217 out of 31,336 individuals; c.-669G>A: 0.95% in 297 out of 31,142 individuals).
The functional study results contradicted a previous study, which had shown a reduced transcriptional
activity of the c.-669G>A variant [14]. The variant was present in only two index patients of three
HPAH families in our study. In one family it co-occurred with a pathogenic BMPR2 exon 2–3 deletion
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and in the second family with a VUS in the ENG gene. Therefore, both the pedigree and functional
results suggest a benign nature of the variant, also contradicting our own previous assumptions,
which suggested the c.-669G>A variant contributed to disease manifestation [11].

For c.-301G>A, the segregation data and functional analysis showed opposing results to Pousada
and colleagues, who reported a decreased gene expression in plasmids harboring the c.-301G>A
variant [15]. A predicted loss of an Msh Homeobox 2 (MSX2) transcription factor binding site may
result in a reduced BMPR2 expression. So far, no study reported any relation between the MSH2 and
BMPR2 expression. A previous study demonstrated in Msx2−/− mice an upregulation of BMPR2 in
smooth muscle cells in peripheral arteries [28]. Hence, the contradictory results above require further
clarification to determine the effects of the promoter variants on BMPR2 expression levels.

In contrast to the former studies, this study used a longer 5′UTR of the BMPR2 gene as promoter
sequence (1520 bp) in order to incorporate all detected variants and be able to compare them with
each other in the same experimental set-up. In previous studies shorter 5′UTR fragments of 300 bp
containing the region c.-770_c.-471 [14] and 539 bp including the base pairs c.-539_c.-1 [15] were used.
A 5′UTR length-dependent up- or down-regulation of BMPR2 has previously been described due to
the inclusion of additional transcriptional modulators [27] and could have led to the different results.
The origin of the cell culture cells used in functional analyses could also have influenced the results.
In this study, PASMCs were used, which are at the heart of vascular remodeling in PAH, while in one
of the two other studies the kidney cell line COS-1 was analyzed [15]. Expression data from different
organs furthermore suggest the BMPR2 gene expression in the lungs to be around three times higher
than in the kidneys [29]. Thus, the different length of the promoter region encompassing different
stretches and transcription factor binding sites of the BMPR2 promotor, the different cell types and
organ-specific gene expression may explain the different expression levels of the same variants between
published works and this study. In future studies, expression levels should be compared in constructs
with similar length of the inserted sequences and the same cell lines to have clearly comparable results
to resolve the discrepancies.

4.3. Limitations and Future Directions

In this study, we only assessed one defined length of the promoter region in one specific cell line.
Analyzing the effect of the promotor variants on BMPR2-gene expression using sequence fragments
of different lengths in various cell lines side by side could help to elucidate the interaction of the
transcription regulation domains within the promoter. Moreover, two promoter variants were identified
in the same patient (Figure 3) but their effect was only analyzed separately. It would be interesting to
evaluate their joint effect in the same plasmid and experimental setting to find out whether they are
additive, lead to an even greater effect or cancel each other out.

In addition, the DNA-methylation of the promoter region should be measured in future studies to
obtain a full picture of transcriptional activity. Equally, the evaluation of the subcellular localization of
the respective BMPRII proteins could provide further functional evidence and valuable information
regarding genetic variants in the BMPR2 promoter region in future studies.

5. Conclusions

New variants in the BMPR2 promoter region were discovered and investigated in this study.
A down-regulated gene expression facilitated by variants in the BMPR2 promoter suggested a
possible impact on disease manifestation. However, the majority of variants showed no cosegregation
with the disease or an elevated PASP during exercise in families, despite a statistically significant
transcriptional impact. Thus, the promoter variants cannot fully explain the causality between the
clinical manifestation and genotypes. There is still a lack of frequency data for promoter variants in a
large PAH dataset. Predicted transcriptional factor binding sites remain to be validated and the complex
mechanisms of altering these sites and the influence on gene transcription require further detailed
investigations to determine the consequences on BMPR2 expression levels. Thus, further studies are
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needed to investigate the frequency of BMPR2 promoter variants and their impact on penetrance and
disease manifestation.
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Abstract: Expression quantitative trait loci (eQTL) can provide a link between disease susceptibility
variants discovered by genetic association studies and biology. To date, eQTL mapping studies have
been primarily conducted in healthy individuals from population-based cohorts. Genetic effects have
been known to be context-specific and vary with changing environmental stimuli. We conducted a
transcriptome- and genome-wide eQTL mapping study in a cohort of patients with idiopathic or
heritable pulmonary arterial hypertension (PAH) using RNA sequencing (RNAseq) data from whole
blood. We sought confirmation from three published population-based eQTL studies, including the
GTEx Project, and followed up potentially novel eQTL not observed in the general population.
In total, we identified 2314 eQTL of which 90% were cis-acting and 75% were confirmed by at least
one of the published studies. While we observed a higher GWAS trait colocalization rate among
confirmed eQTL, colocalisation rate of novel eQTL reported for lung-related phenotypes was twice as
high as that of confirmed eQTL. Functional enrichment analysis of genes with novel eQTL in PAH
highlighted immune-related processes, a suspected contributor to PAH. These potentially novel eQTL
specific to or active in PAH could be useful in understanding genetic risk factors for other diseases
that share common mechanisms with PAH.
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1. Introduction

The relationship between genomic variability, disease risk and endophenotypes has been a focus
of many research groups with access to suitable disease cohorts. This has been aided by the increasing
affordability of genotyping and sequencing methodologies. Interpretation of the mechanisms behind
the effects of genetic variants discovered to associate with phenotypes poses a challenge as many
are located in the non-coding space of the genome [1]. Non-coding variants exert no direct effect on
protein structure, making the biological link to the disease or phenotype more difficult to discern.
Variants in the non-coding space may instead exert their effect by influencing gene expression [1].
Characterising the genomic control of gene expression can offer a handle on understanding the role of
disease-associated variants by linking them to disrupted pathways [2]. Variants associated with the
expression of a gene, commonly called expression quantitative trait loci (eQTL), have been described,
primarily in population-based studies [3–5].

Differential gene expression analyses comparing cases and controls may be useful for diagnostic
and/or prognostic purposes or in identifying genes, which may have a causal role in developing the
disease [6–8]. In the case of the latter, distinguishing between differentially expressed genes that are
secondary to the disease and those that contribute to disease development is a significant challenge.
If the frequency of one or several eQTL for a differentially expressed gene is also different between cases
and controls, a causal association may be established, given the assumptions of causal inference [9] are
met. In brief, for a causal relationship to be established between a gene product proxied by an eQTL
and a disease, the eQTL has to be independent of the confounders of the association between the gene
and the disease, and it has to have no direct effect on the disease via a pathway that does not involve
the gene being instrumented.

Currently, one of the main limiting factors for causal inference analysis using genomic data is the
number of known eQTL. Certain eQTL effects, which go undetected in healthy cohorts commonly
used for eQTL mapping, may be unmasked by disease and development. The diagnostic value of gene
expression profiles, i.e., that they can be used to distinguish affected individuals from non-affected
ones, underlines the uniqueness of the set of genes expressed in a disease state [6,7]. Differential gene
expression in diverse states (carcinogenesis, inflammation, etc.) or at diverse stages (such as stages of
embryonic development) becomes evident when comparing the gene correlation matrices of a biological
system under multiple different conditions. Such techniques are called ‘differential co-expression
networks’ [10] and have been used successfully to identify genes and gene sets that are important in
the state or stage under investigation in a network of genes [11,12]. By principle, functionally involved
nodes or modules rewire more frequently than uninvolved ones in states they create and/or maintain
and, therefore, can be identified [13].

With the exception of housekeeping genes, the majority of genes in the human transcriptome
are tissue-specific. Therefore, tissue selection for gene expression studies of disease is of importance.
The lung is the most relevant tissue in the pathogenesis of pulmonary arterial hypertension (PAH),
a disease in which pulmonary vascular remodelling drives right ventricular failure. Whole blood also
has relevance to PAH and might capture more than just systemic effects given the immune component of
this disease. The role of inflammation in PAH has been extensively studied, based on the observation that
inflammatory cells infiltrate the remodeled vascular wall [14]. Since PAH can be a complication of many
inflammatory diseases, including connective tissue disease, thyroiditis, scleroderma, systemic lupus
erythematosus, human immunodeficiency virus infection and schistosomiasis, it might be reasonable
to suspect that inflammatory processes, even in the absence of a diagnosed comorbidity, contribute to
disease development and maintenance. Another advantage of using whole blood instead of lung tissue
is the non-invasiveness of sampling and availability. Lung samples are often only obtainable from the
explanted organ after lung transplantation or from post-mortem tissues. Appropriate control samples
for differential gene expression analyses are equally hard to come by.

This study aimed to characterise the genetic variability of transcriptome-wide gene expression in
whole blood from 276 consecutively sampled patients with PAH and defined potentially novel eQTL

130



Genes 2020, 11, 1247

active in this disease state. These potentially disease-specific eQTL could be useful in elucidating
known genotype-phenotype associations or causal analyses.

2. Materials and Methods

2.1. Study Participants and Sample Processing

A total of 276 patients with idiopathic, heritable or drug-induced PAH diagnosed following
international guidelines [15] were recruited from expert centres across the UK with whole-genome
sequence conducted as part of the UK National Institute for Health Research BioResource (NIHRBR)
study [16,17]. Transcriptome profiling through RNAseq was completed as part of the PAH cohort
study [18]. Demographic characteristics and white blood cell counts of the individuals in this study
are shown in Supplementary Table S1.

2.2. Gene Expression Data

RNA sequencing and transcript abundance estimation procedures are described in the
Supplementary Material. White blood cell composition was quantified using quanTIseq, a novel
deconvolution algorithm [19]. Predicted white blood cell fractions from quanTIseq correlated with
clinical white cell fractions available in a subset of PAH patients (Spearman correlation = 0.44–0.73).
Well-detected transcripts with a minimum of two reads in at least 95% of samples (n = 26,050) were
taken forward to the eQTL analyses.

2.3. Genetic Data

Whole-genome sequence Hg19-aligned data were available from the NIHRBR study described in
detail elsewhere [16]. Genetic variants with a minimum minor allele frequency of 5% were extracted
from the NIHRBR variant call format (VCF) files and further filtered for variants called in at least
95% of the samples and had a p-value greater than 10−5 for Hardy Weinberg equilibrium, leaving a
total of 7,362,566 variants for eQTL mapping. Software tools used in the eQTL mapping pipeline
included PLINKv1.90 [20] for data extraction and computing multidimensional scaling components,
QCTOOLv2.0 [21], for variant filtering, and QUICKTESTv1.1 [22] for association testing.

2.4. eQTL Effect Estimation

Raw gene count data were first variance stabilised to achieve homoskedasticity and then quantile
normalised to the median distribution. The sample means were then centered to zero, and the sample
variance was linearly scaled, such that each sample had a standard deviation of one. A total of 7,362,566
markers were tested for their effects on the expression of 26,050 well-detected genes. Variants within
1 megabase (Mb) on either side of the gene’s transcription start site (TSS) were regarded cis-acting or
cis-eQTL while all other markers farther on the same chromosome or on different chromosomes were
regarded trans-eQTL. Each well-detected transcript was modelled as a function of genotype (coded 0, 1
or 2 reflecting the number of alternate alleles) in a linear regression framework while adjusting for the
following covariates: Sex, first four components from multidimensional scaling and white blood cell
fractions (Supplementary Table S1). The genome-wide results were subsequently pruned using the
‘clump’ command in PLINK 1.90 (parameters: —clump-p1 1.9 × 10−12; —clump-r2 0.01; —clump-kb
1000) to pick the lead variant with the lowest p-value in a block of variants in linkage disequilibrium,
and thus obtain independent effects. Genetic variants that reached the Bonferroni-adjusted significance
threshold of 1.9 × 10−12 given by dividing the genome-wide significance threshold (p ≤ 5 × 10−8) by
the number of transcripts tested (n = 26,050) were considered eQTL in this study.

2.5. Confirmation Rate

The confirmation rate of eQTL in this study was calculated in the 2 largest published eQTL studies
to date and the Genotype-Tissue Expression (GTEx) Project [3,4,23] (Table 1) to assess the extent to which
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eQTL in PAH overlapped with eQTL described in healthy populations. These studies were selected for
having measured gene expression in the same tissue as our study, in addition to being the largest eQTL
mapping studies to date. No eQTL study other than the GTEx Project with available genome-wide
results applied RNAseq in whole blood at the time this study was conducted. Confirmation rate
was defined as the number of PAH eQTL confirmed by the published study, divided by the total
number of PAH eQTL tested by the published study and multiplied by 100 to give a percent value.
The matching of gene transcripts and genetic variants between our study and the published studies as
well as similarities and differences between the designs of this study and the 3 published studies are
described in Table 1 and in the Supplementary Appendix.

Table 1. Characteristics of the PAH Cohort eQTL mapping study and published eQTL studies used
for confirmation.

Westra et al. Joehanes et al. GTEx This Study

Gene expression array Illumina HumanHT-12 v4.0 Affymetrix HuEx 1.0 ST RNAseq RNAseq

Genotyping panel HapMap2 1000-Genomes WGS WGS

MAF threshold ≥5% ≥1% ≥1% ≥5%

n variants in analysis not reported 8,510,936 10,008,325 7,362,566

cis-eQTL ≤250 kb from PMP ≤1 Mb from the TSS ≤1 Mb from the TSS ≤1 Mb from the TSS

trans-eQTL ≥5 Mb from PMP >1 Mb from the TSS >1 Mb from the TSS >1 Mb from the TSS

Comparison of gene expression- and genetic data and expression quantitative trait locus (eQTL) definitions. MAF =
minor allele frequency; PMP = probe midpoint; TSS = transcription start site; RNAseq = RNA sequencing; WGS =
whole-genome sequencing.

2.6. Overlap with Variants from the GWAS Catalog

An important aim of this study was to identify eQTL in PAH with effects that had not been
observed in population-based studies and to assess the relevance of these PAH-specific eQTL to related
phenotypes and diseases. The NHGRI-EBI GWAS Catalog of published genome-wide association
studies (GWAS) [24] provided a curated database of genetic markers associated with a wide range of
traits and diseases. All variant-phenotype pairs below an association p-value threshold of 9 × 10−6

were downloaded from the GWAS Catalog website on 5 March 2020. The GWAS Catalog at the time
contained 113,510 unique variants (including variants in linkage disequilibrium [LD]) reported as
lead variants for 4314 phenotypes. The list of GWAS variants were intersected with each PAH eQTL
(including the lead eQTL and variants in LD with the lead eQTL [r2 ≥40%]). The difference between the
proportions of novel eQTL and previously reported eQTL overlapping lung-related phenotypes and
diseases curated from the full GWAS Catalog phenotype list was tested using the 2-sample equality of
proportions test.

2.7. Functional Enrichment Analysis of Genes with Novel eQTL

Functional enrichment analysis of genes with novel eQTL in PAH using the WEB-based GEne
SeT AnaLysis Toolkit (WebGestalt) [25] was conducted to determine if genes with novel eQTL were
predominantly from pathways with relevance to the pathobiology of PAH. A form of pathway analysis
called over-representation analysis (ORA) [26] was run using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways [27] database to group these genes into a smaller number of gene-sets
relating to biological processes. We queried the list of genes with novel eQTL whilst all the tested
genes also present on the expression array of at least one of the published eQTL studies used for the
confirmation process constituted the list of background genes. Pathways below a false-discovery rate
(FDR)-corrected significance threshold of 0.05 were considered significant.

3. Results

We observed 2354 eQTL in total with the majority (90%) acting in cis (Figure 1A), accounting for 9%
of all genes tested in this transcriptome- and genome-wide eQTL mapping analysis in PAH whole blood
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samples. Of these eQTL, 146 were associated with unmapped transcripts not yet annotated in the Ensembl
database (Figure 1B). Lead eQTL ranked by the percent of variance explained (R2) in gene expression are
presented in the Supplementary Table S2. The proportion of variation explained (R2) in gene expression
levels was generally lower for trans-eQTL than for cis-eQTL (mediancis-eQTL = 23.1%, IQRcis-eQTL = 12.5%;
mediantrans-eQTL = 21.5%, IQRtrans-eQTL = 11.5%; t(df=1332) = 4.5, p-value = 8.3 × 10−6).

(A) 

(B) 

Figure 1. (A) Results of the pulmonary arterial hypertension (PAH) Cohort eQTL mapping. Genomic
eQTL location (x-axis) plotted against the transcription start site of the gene associated with the eQTL.
Bubble size and color are proportional to the effect size of the eQTL-gene association. (B) Pie chart
showing the proportions of cis-, trans- and unmapped eQTL identified in the PAH Cohort eQTL
mapping. Counts of eQTL within each category are shown next to the category name. An eQTL was
considered ‘novel’ if it was eligible to be confirmed in at least one of the previously published studies
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and was not reported as an eQTL previously. Those eQTL that reached the study-specific significance
threshold in at least one of the published studies were considered ‘confirmed’. Unmapped transcripts
not yet annotated in the Ensembl database could not be confirmed. Ineligible eQTL were not tested by
any of the three studies used for confirmation.

3.1. Confirmation Rate

Out of the 1986 unique genes with cis-eQTL, 1509 (76%) could be mapped to the Illumina HT12v3
array used by Westra et al. and 2134 (95%) to the Affymetrix Human Exon chip used by Joehanes et al.,
respectively. Results from the GTEx Portal were obtained for 73% of eQTL in this study. Twenty-eight
percent of cis-eQTL were confirmed by Westra et al., 31% by Joehanes et al. and 90% of tested cis-eQTL
confirmed in GTEx. Overall, 75% of cis-eQTL were confirmed in at least one of the published studies
(Figure 1). The overall confirmation rate for trans-eQTL reached 16%, with all but one being confirmed
by GTEx alone. Joehanes et al. confirmed only one trans-eQTL for JAM3 (chr1:248039451 [C/T]).

3.2. Overlap with Variants from the GWAS Catalog

In order to assess the relevance of eQTL identified in this study to a wide range of phenotypes and
diseases, the 2173 unique eQTL were intersected with the database of published genotype-phenotype
associations from the GWAS Catalog. In total, 929 eQTL were reported for at least one trait previously
(medianN GWAS traits/eQTL = 2; IQRN GWAS traits/eQTL = 3). Ninety-eight (11%) of the 929 eQTL had at
least 10 or more unique GWAS phenotypes associated with them. Figure 2 shows the number of
overlapping GWAS phenotypes per eQTL in the confirmed and novel eQTL categories. The proportion
of cis-acting eQTL overlapping with at least one published GWAS association in the confirmed subset
was 47%, while in the novel subset, it was 37%. Among trans-eQTL, the proportion of loci overlapping
at least one GWAS trait was 50% in the confirmed and 27% in the novel group. The higher proportion
of overlapping loci in the confirmed eQTL groups was significant for both cis- and trans-acting eQTL
(two-sample equality of proportions test cis-eQTL: χ2

(df=1) = 13.9; 95% CI = 0.05–0.15; p-value =
0.0002. trans-eQTL: χ2

(df=1) = 4.2; 95% CI = −0.003–0.45; p-value = 0.04). Interestingly, the proportion
of novel eQTL previously reported for lung-related phenotypes (11%) was twice as high as the
proportion of confirmed eQTL associated with lung-related phenotypes (5.5%) (χ2

(df=1) = 6.9; 95% CI =
0.006–0.1; p-value = 0.009). Lung-related phenotypes reported for the novel eQTL included chronic
obstructive pulmonary disease (COPD), lung function (forced vital capacity, forced expiratory volume),
low versus high forced expiratory volume, interstitial lung disease, emphysema, lung cancer and lung
adenocarcinoma. The full list of 63 QTL overlapping lung-related phenotypes in the GWAS Catalog
can be found in Supplementary Table S3.

Figure 2. GWAS trait-associations reported for eQTL in the PAH Cohort. Percentage of binned
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numbers of overlapping GWAS traits (y-axis) per eQTL in each eQTL category (x-axis). Reported
genotype-trait associations were downloaded from the NHGRI-EBI Catalog of published genome-wide
association studies.

3.3. Functional Enrichment Analysis of Genes with Novel eQTL

We assessed the list of 606 genes with novel eQTL in the PAH Cohort for their involvement in
certain biological processes or pathways in the KEGG knowledgebase. Five pathways were found to
be significantly (FDR <0.05) enriched, with the pathways taste transduction, graft-versus-host disease
and autoimmune thyroid disease being the three most significant (Table 2). Supplementary Table S4
lists the overlapping genes driving the association of these five pathways and our results with the
corresponding eQTL in PAH, including several human leukocyte antigen (HLA) genes. Furthermore,
all genes overlapping with type I diabetes and allograft rejection pathways come from the HLA class.
Genes encoded by the more than 200 HLA genes in the highly polymorphic HLA region play an
important role in antigen processing and presentation. In total, 20 genes with eQTL in this study
came from the HLA classes I and II (n = 18) and from the HLA class IB (n = 2) genes. Half of these
eQTL-HLA gene associations were found to be novel. Out of the 5 trans- and 17 cis-eQTL, 3 trans- and
8 cis-eQTL were confirmed by published studies [3,4,23].

Table 2. Pathways enriched for genes with novel eQTL in the PAH Cohort.

Gene Set Description Size Overlap Expectation Enrichment Ratio p-Value FDR

hsa04742 Taste transduction 48 8 0.87 9.24 1.78 × 10−6 5.72 × 10−4

hsa05332 Graft-versus-host disease 32 6 0.58 10.40 1.85 × 10−5 2.86 × 10−3

hsa05320 Autoimmune thyroid disease 34 6 0.61 9.79 2.66 × 10−5 2.86 × 10−3

hsa05330 Allograft rejection 33 5 0.59 8.40 2.75 × 10−4 0.02
hsa04940 Type I diabetes mellitus 36 5 0.65 7.70 4.19 × 10−4 0.03

Results of the over-representation analysis using the Kyoto Encyclopedia of Genes and (KEGG) pathway database.
Column names: Gene set = searchable identifier of the gene set in KEGG; Size = number of genes participating in the
gene set and overlap gives the number of genes in the gene set that overlap with the queried gene list; Expectation =
number of genes that are expected to be shared between the queried gene list and the gene set if the queried list was a
random sample of the background gene list; Enrichment ratio = fold enrichment of the gene set for the queried gene
list; p-value = enrichment significance of the Fisher‘s exact test; FDR = false discovery rate adjusted significance.

4. Discussion

Gene expression serves as an intermediate phenotype between genetic variants and associated
phenotypes, such as clinical diagnoses, accepted biomarkers and anthropometric and behavioural
traits. Previous eQTL studies provided support for the idea that genetic effects on gene expression
have phenotypic consequences and that eQTL aid in the biological interpretation of associated genetic
markers in disease [3–5]. However, eQTL effects are not only dependent on the tissue or cell type
under investigation [23,28] but also on the environment or context [5,29–31] in which gene expression
is measured. This implies that a more comprehensive eQTL map could be constructed by extending
mapping efforts beyond population-based studies. We ran a transcriptome-wide eQTL analysis in a
cohort of 276 PAH patients to characterise the genetic control of gene expression variability in this
condition, uncovering potentially novel eQTL not detected in healthy populations. The resulting 2354
significant eQTL were intersected with the results of two previously published population-based eQTL
studies and the results of the GTEx Project. In this study, 25% of cis-eQTL and 84% of trans-eQTL were not
found in any of the three studies used for confirmation. Novel and confirmed eQTL were investigated
for their relevance to a wide range of diseases, and results focused on lung-related phenotypes from
the NHGRI-EBI Catalog of published genome-wide association studies (GWAS Catalog).

Nearly half (43%) of all eQTL identified in this study colocalised with at least one trait or disease
in the GWAS Catalog. Even though the proportion of colocalising eQTL was higher for confirmed cis-
and trans-eQTL than for novel eQTL, the proportion of eQTL associated with lung-related phenotypes
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was twice as high among novel eQTL than confirmed eQTL previously detected in population-based
studies. This indicates that these novel eQTL identified in blood samples of PAH patients might be
highly informative for pulmonary diseases such as COPD, interstitial lung disease and emphysema.
The higher proportion of GWAS-trait associated eQTL in the confirmed subset might be explained by
the lack of replication of novel eQTL by an independent PAH cohort; therefore, it is expected that a
proportion of these novel association signals is spurious.

As an example for the overlap between lung-related GWAS traits and eQTL in PAH, the novel
GTF2IRD2B cis-eQTL rs13238996 (Supplementary Table S3) overlaps with multiple phenotypes
including COPD [32], lung function [33], cardiovascular disease [33] and diastolic blood pressure [34].
The Deletion of GTF2IRD2B leads to a rare congenital disease called Williams-Beuren syndrome,
which frequently presents with supravalvular aortic stenosis (SVAS; OMIM 185500), a congenital heart
defect characterised by the narrowing of the aorta, pulmonary and coronary arteries and other blood
vessels [35].

Pathway analysis of genes associated with novel eQTL identified five biological processes,
including four immune-related phenotypes enriched for this list of genes from the KEGG database.
Six genes from the graft-versus-host disease and allograft rejection pathways overlap with the list
of genes with novel eQTL, five of which belong to the Human Leukocyte Antigen (HLA) class.
The immune-related pathways enriched for genes with novel eQTL in this study demonstrate that
novel eQTL could be identified in disease populations since their gene expression profiles differ from
the profiles of healthy individuals. The complex pathophysiological mechanisms behind PAH involve
multiple driving factors of which immune dysfunction and inflammation are suspected to be among
the major contributors (Rabinovitch et al., 2014). The importance of antigen-presenting and recognition
in PAH is underlined by the most significant genetic variant discovered in the PAH GWAS in the
HLA-DPA1/DPB1 locus encoding class II major histocompatibility complex (MHC) molecules [16],
which associated with three HLA-DPB1 alleles, all containing a glutamic acid at amino acid residue 69
(Glu69). The HLA-DPA1/DPB1 PAH susceptibility locus emphasises the role of immune dysregulation
in PAH development [36,37] and warrants further investigation.

Overall, the confirmation rate of eQTL in this study was comparable to that seen in published
studies [3,4]. A third of cis-eQTL confirmed in the two population-based studies by Westra et al.
and Joehanes et al., while 90% of cis-eQTL were confirmed by the GTEx Project. Fifteen percent of
trans-eQTL confirmed in either the GTEx project or the study of Joehanes et al. Trans-eQTL validation
rates are generally much lower (under 10%) than validation rates of cis-eQTL [3,4], reflecting the higher
average effect size of cis-eQTL and a stronger tissue-specificity of trans-eQTL effects compared to
cis-eQTL, which may render trans-eQTL more susceptible to confounding by differing experimental
conditions and environmental factors. However, the confirmation rate reported by this study and
other studies possibly underestimate the true extent of eQTL overlap between studies since the list
of variants and genes that passed quality control and were tested by any one study are usually not
made available. We observed a higher confirmation rate with the GTEx Project that also used RNAseq
for assaying gene expression. Similarly, Joehanes et al. reported higher validation rates between two
array-based studies than between array-based and RNAseq-based studies. This may be related to
platform differences, for example, hybridisation in arrays is less sensitive than high-depth sequencing
and potentially affected by differing background signals in various tissues. Differences between
the study populations being compared can also give rise to imperfect validation and also to novel
discoveries, as all genetic effects depend on both the genetic (epistasis) and environmental context of
the population they were estimated in and, therefore, do not necessarily apply to another population or
the same population at a different time. A more accurate way of identifying novel eQTL in this study
would have been to contrast PAH eQTL effects with eQTL effects estimated in a control population
assayed on the same platforms and in one batch with the PAH samples to reduce the variability due to
technical factors. In addition, novel eQTL are yet to be replicated in an independent population of
PAH patients to identify true positives.
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The effects of eQTL can vary by the tissue and even cell type under investigation [28,38] and
may be modified by external and environmental factors [29,30]. Previous studies have successfully
identified ‘response’ eQTL that are associated with gene expression levels in cells under one of
two experimental conditions, but not both. For example, in the study of Barreiro, nearly 200 eQTL
were identified in primary dendritic cells from 65 individuals with effects specific to either the
Mycobacterium tuberculosis-infected cells or the uninfected ones [29]. These response eQTL were
argued to constitute natural regulatory variation that likely affect host-Mycobacterium tuberculosis
interaction and account for interindividual variation in the immune response and susceptibility of
tuberculosis. The authors of the study found when integrating their data with genome-wide genetic
susceptibility of pulmonary tuberculosis that these response eQTL were more likely to be associated
with the disease, uncovering potential susceptibility genes in pulmonary tuberculosis. Another study
by Fairfax et al. [30] investigated the effect of innate immune stimuli on eQTL effects by exposing
primary CD14+ cells from 432 European volunteers to the inflammatory cytokine interferon-γ or
the endotoxin lipopolysaccharide. Inflammatory stimulation revealed hundreds of eQTL specific to
either stimulus, which were enriched for disease-risk loci. In this study, the proportion of eQTL also
associated with lung diseases or lung function was twice as high in the novel eQTL subset than in the
confirmed subset, highlighting the importance of genotype-environment interaction in understanding
the genetic variation of disease susceptibility characterised by genome-wide association studies.

To date, large-scale eQTL-mapping has been done in healthy individuals from population-based
studies (Joehanes et al., 2017, Westra et al., 2013, Zhernakova et al., 2017), providing a valuable
knowledge base for understanding associations between genetic variation and various phenotypes.
It has been shown that by recapitulating the environmental context relevant to disease, it is possible
to decipher the genetic variation of disease susceptibility more extensively (Fairfax et al., 2014,
Barreiro et al., 2012, Çalışkan et al., 2015). Genome- and transcriptome-wide eQTL-mapping in
this cohort of idiopathic and heritable PAH patients identified hundreds of potentially novel eQTL
with twice the proportion of lung disease associated with genetic variants than eQTL confirmed by
population-based studies. Apart from pulmonary conditions, these novel eQTL specific to, or active
in, PAH could be useful in understanding genetic risk factors for other diseases that share common
mechanisms with PAH, such as those with immune dysregulation.
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Abstract: Pulmonary arterial hypertension (PAH) is a complex multifactorial disease with both
genetic and environmental dynamics contributing to disease progression. Over the last decade,
several studies have demonstrated the presence of genomic instability and increased levels of DNA
damage in PAH lung vascular cells, which contribute to their pathogenic apoptosis-resistant and
proliferating characteristics. In addition, the dysregulated DNA damage response pathways have been
indicated as causal factors for the presence of persistent DNA damage. To understand the significant
implications of DNA damage and repair in PAH pathogenesis, the current review summarizes the
recent advances made in this field. This includes an overview of the observed DNA damage in the
nuclear and mitochondrial genome of PAH patients. Next, the irregularities observed in various
DNA damage response pathways and their role in accumulating DNA damage, escaping apoptosis,
and proliferation under a DNA damaging environment are discussed. Although the current literature
establishes the pertinence of DNA damage in PAH, additional studies are required to understand the
temporal sequence of the above-mentioned events. Further, an exploration of different types of DNA
damage in conjunction with associated impaired DNA damage response in PAH will potentially
stimulate early diagnosis of the disease and development of novel therapeutic strategies.

Keywords: pulmonary arterial hypertension; endothelial cells; smooth muscle cells; DNA damage;
DNA repair

1. Introduction

Pulmonary arterial hypertension (PAH) is a potentially fatal vascular disease of enigmatic
origin [1]. Following recent revision at the 6th World Symposium on Pulmonary Hypertension, it is
now defined as a mean pulmonary artery pressure greater than 20 mmHg at rest, pulmonary artery
wedge pressure of ≤15 mmHg, and pulmonary vascular resistance ≥3 Wood Units [2]. It is sub-divided
into the following categories: heritable PAH (HPAH) with a known genetic mutation and/or a family
history; idiopathic (IPAH) with no known cause; associated PAH (APAH) that occurs in concert
with a predisposing condition, such as connective tissue disorder (CTD), congenital heart disease
(CHD), or ingestion of certain drugs and toxins; and PAH with overt features of venous/capillary
involvement (PVOD/PCH) [2]. PAH is characterized by remodeling of the pre-capillary arterioles that
is directed by endothelial cell (EC) dysfunction, abnormal smooth muscle cell (SMC) proliferation,
and proinflammatory cytokines [2–6]. These vascular abnormalities lead to progressive obliteration of
the proximal pulmonary arterioles and pruning of the distal microvessels, thus increasing resistance
in the pulmonary artery (PA) and ultimately leading to right heart failure [1,4,5]. Current therapies
provide symptomatic relief; however, the 5-year survival rate of PAH remains below 60%, with lung
transplantation being the only curative option [4,7–9]. A better understanding of the early molecular
events in PAH pathogenesis would potentially aid earlier diagnosis and the development of
targeted therapies.
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PAH is a complex multifactorial disease with both genetic and environmental factors contributing
to the pathogenesis. HPAH is inherited as an autosomal dominant trait with reduced penetrance.
Mutations in the bone morphogenetic protein receptor II gene (BMPR2) are by far the predominant
cause [10–12], but recent whole-exome and genome sequencing efforts have identified numerous other
genes, including several other members of the BMP pathway [12–17]. However, the low penetrance of
these mutations suggests that additional factors are required to trigger the disease. Such events may
include other aberrations within the genome [18,19], and/or environmental stressors such as hypoxia
or inflammation [5,20–25].

Over the last two decades, several reports have highlighted a role for DNA damage in PAH
pathogenesis. The primary cause of this DNA damage remains uncertain. Depending on the type of
DNA damage, the cell manifests a specific DNA damage response (DDR) cascade that is responsible
for the recognition, signaling, and repair process [26]. DDR is accompanied by increased nucleotide
synthesis, transcriptional and epigenetic changes, and metabolic amendments via higher consumption
of glucose [26,27]. These alterations disrupt the cellular homeostasis and prompt the cell’s signaling
network to determine the cell’s survival fate. In this review, we discuss the hallmark discoveries
surrounding DNA damage and associated repair pathways to understand their potential roles in PAH
vascular remodeling.

2. Background: DNA Damage and Response Pathways

Continuous exposure of genomic DNA to cellular metabolites and exogenous agents can damage
the structural integrity of DNA. These alterations can range from a single base to complex structural
changes. Based on the type of DNA damage, relevant DDR pathways are activated [27]. These responses
work towards (a) restoration of the DNA duplex, (b) activation of DNA damage checkpoint kinase 1
and 2 (CHK1 and CHK2) to prevent transmission of damaged DNA, (c) transcriptional alterations to
maintain cellular health, and (d) apoptosis signaling if the damage is unrepairable (Figure 1a) [26].

Figure 1. Pictorial representation of (a) DNA damage response and (b) types of DNA damage and their
repair pathways. (a) DNA damage response includes the recognition of DNA damage by DNA damage
sensors, recruitment of DNA damage repair mediators and transducers, modulation of transcriptional
response, activation of DNA damage checkpoint kinases, and lastly, restoration of DNA duplex or
apoptosis signaling if the damage is unrepairable. (b) Types of DNA damage include base mismatches
repaired via mismatch repair pathway, abasic site or SSBs repaired via base excision repair, bulky
adducts repaired via nucleotide excision repair, and DSBs repaired via homologous recombination or
non-homologous end joining. DNA, deoxyribonucleic acid; SSBs, single-stranded DNA breaks; DSBs,
double-stranded DNA breaks. Created with BioRender.com.

DNA damage includes single-stranded DNA breaks (SSBs), abasic sites, modified bases,
double-stranded DNA breaks (DSBs), and inter- and intra-strand crosslinks (Figure 1b) [26]. Abasic sites,
SSBs, and DSBs fall into the category of DNA backbone damage, which is the most frequent type of
DNA damage [26]. Abasic or AP sites (apurinic/apyrimidinic site) are characterized by the absence of
a single base from the DNA backbone. SSBs are the type of DNA damage that affect only one strand

142



Genes 2020, 11, 1224

of the duplex DNA, characterized by gaps in the range of up to 30 nucleotides. DSBs, or damage to
both the strands of DNA, are the most lethal to DNA integrity, with the capability to generate large
chromosomal aberrations. Certain chemical agents are known to generate intra- and inter-strand
DNA-DNA crosslinks that can halt transcription or replication machinery [27].

DDR initiates DNA repair pathways that replace potentially damaged sites with newly synthesized
DNA via base excision or recombination mechanism [26]. In humans, based on the type of DNA
damage, the DNA repair mechanism can be classified into five major types (Figure 1b):

(a) Mismatch Repair (MMR): MMR is responsible for the recognition and repair of base mismatches.
Base mismatches can arise as a result of covalent or non-covalent structural changes, or due
to insertion/deletions resulting from replication errors or recombination [28]. For example,
methylated guanine base, O6MeGua, has a high frequency of pairing to thymine (T),
activating MMR to excise the mismatched T residue. Loss of MMR can lead to a significant
increase in spontaneous mutations. Major known genes in the MMR pathway include MGMT,
MSH6, and MLH3.

(b) Base Excision Repair (BER): This repair process is governed by DNA glycosylases along with
endonucleases that recognize and eliminate the modified or damaged bases, such as oxidized,
reduced, alkylated or deaminated bases, to generate an abasic site [29]. For example, in humans,
8-oxoguanine glycosylase-1 (OGG1) recognizes and removes the oxidatively modified guanine
base, 8-oxoGuanine (8-oxoG) via incision of the 3′-phosphodiester bond. Following this step,
the apurinic/apyrimidinic endodeoxyribonuclease 1 (APEX1) cleaves the 5′-bond generating a
1-nt abasic site [30]. Major genes of the BER pathway include MBD4, OGG1, MUTYH, and NEIL1.

(c) Nucleotide Excision Repair (NER): Unlike BER, NER involves a complex of enzymes that work
in coordination to recognize SSBs and remove bulky lesions [31]. Briefly, the steps include
recognition of the damaged site, a dual incision at extreme ends of the lesion, elimination of
damaged oligomer, and new base synthesis followed by ligation [32]. Major known NER genes
include XPC, XPA, and ERCC1-5.

(d) Homologous Recombination (HR): As compared to the excision repair pathways, HR is a far
more complex phenomenon. HR involves multiple-step processing of DSBs by several different
proteins with specific functions [33]. The key characteristic of HR is that it uses a homologous
duplex template to retrieve the lost information. It is a complex phenomenon, with the potential
for incorrect template usage that can lead to gene conversion. Major genes involved in the HR
pathway include RAD51, BRCA1, BRCA2, and the Mre11/Rad50/NBS1 complex [34].

(e) Non-Homologous End Joining (NHEJ): Similar to HR, NHEJ involves multiple-step repair
processing of DSBs. In this mechanism, the two ends of DSBs are stabilized by DNA-protein
kinases and ligated together [35]. It is believed to be the main repair pathway for DSBs induced
by ionizing radiation. Major proteins implicated in NHEJ include KU70/80 heterodimer and
XRCC4 [36,37]. A lack of specific recognition criteria for the ligated ends can lead to erroneous
joining of non-contiguous DNA sequences, giving rise to structural rearrangements.

After the initiation of the DNA repair pathway, the cell deploys DNA repair checkpoint kinases,
CHK1 and CHK2, that delay or inhibit the DDR-associated cell cycle progression. Checkpoint kinases
arrest cell cycle until the repair process is complete, avoiding transmission of damaged DNA to the
daughter cells [38]. This step is a significant player in DDR as it halts the replication of damaged
DNA and ensures the transmission of intact healthy DNA. If the DNA damage cannot be repaired,
checkpoint kinases initiate apoptosis signaling, leading to cell death. Owing to their pertinence in DDR,
checkpoint-specific damage sensors, ataxia telangiectasia mutated (ATM) and Ataxia Telangiectasia
and Rad3-Related Protein (ATR), have received the highest recognition. Checkpoint kinases also
regulate the biochemical pathways that guard different steps of the cell cycle and hence play a vital
role in DDR.
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3. DNA Damage and Genetic Instability in PAH

In 1998, it was first discovered that pulmonary artery ECs (PAECs) within the majority of
plexiform lesions microdissected from IPAH lung tissues were monoclonal, suggesting that each
lesion arose from the proliferation of a single EC [39,40]. Similar results were obtained in lungs from
patients with appetite suppressant-associated PH, whereas lesions from the lungs of patients with
CHD-PAH or CTD-PAH were polyclonal [39,40]. Thereafter, subsequent studies focused on exploring
the mechanisms that confer such ECs with a unique selective growth advantage. The similarity of
PAECs monoclonal expansion with neoplasia anticipated the role of an unstable genome in PAECs that
favors the disruption of the apoptotic signals [41]. Soon after, the first paper to report microsatellite
instability within the PAECs from plexiform lesions of PAH patients affirmed this hypothesis [42].
PAH patients reportedly had microsatellite instabilities within the transforming growth factor-β
receptor II (TGFBR2) and BCL-2 associated X, apoptosis regulator (BAX) genes, known to regulate cell
proliferation and apoptosis, respectively. Further, mutations within these microsatellite sites resulted in
truncated proteins, thereby producing lower levels of the functional proteins. Microsatellite instability,
or a condition of genetic hypermutability, results from the loss of functional DNA mismatch repair
process. Hence, these quasi-neoplastic PAECs bearing unstable microsatellite mutations suggested the
relevance of DNA damage and DNA repair regulation in the pathophysiology of PAH.

Subsequent to the identification of BMPR2 mutations in heritable PAH, Machado et al.
tested the hypothesis that this gene might follow a classical two-hit tumor suppressor model,
with somatic loss of the wildtype allele in lung vascular lesions triggering disease onset [43].
However, careful microdissection and genetic analysis disproved this hypothesis, suggesting that if
somatic mutations existed, they lie elsewhere in the genome. Our lab then performed a genome-wide
microarray copy number analysis in cultured PAECs and PASMCs isolated from the lungs of patients
with idiopathic, heritable, and associated forms of PAH [44]. Chromosomal deletions were identified in
PAECs from five of the nine cases studied and validated in the uncultured lung tissue. These aberrations
were not detectable in paired DNA samples from blood or other lung cell types, confirming that they
were somatic events. In the same study, a second-hit mechanism became evident when a patient
with a germline BMPR2 mutation was found to harbor somatic loss of one copy of chromosome-13,
which deleted one of the BMP signaling transducer genes, SMAD family member 9 (SMAD9) [44].
Subsequently, a detailed analysis of an interstitial chromosome-13 deletion in PAEC from an APAH
patient revealed dysregulated BMP signaling, similar to that seen in HPAH cells bearing a germline
SMAD9 mutation [45]. In contrast, PASMC from the same patient did not carry the deletion and showed
normal BMP signaling. Validation of chromosomal abnormalities in a larger sample size confirmed a
significant excess of copy number changes in PAH-PAECs (30.9%) as compared to the control-PAECs
(5.3%), whereas the frequency in PASMCs did not differ between patients and controls [46].

These studies identified a surprisingly high level of DNA damage in the lung tissues of PAH
patients. However, its relevance to PAH pathophysiology was yet to be understood. Is increased DNA
damage an intrinsic property of a cell acting as a disease driver, or simply an end-stage consequence in
PAH pathogenesis? To answer this question, we directly measured DNA damage in PAECs and blood
cells using micronucleus assay and immunocytochemistry for phosphorylated Histone H2a Family
Member X (γH2AX), a marker of double-strand break repair. PAH cells showed higher levels of DNA
damage than controls, both in PAEC and in blood cells [46]. Reactive oxygen species (ROS) levels were
also elevated in PAH cells. Treatment with antioxidants reduced the level of DNA damage to a similar
baseline as control cells, suggesting that excess DNA damage in PAH cells may be due, at least in
part, to oxidative stress. Notably, similar results were shown in blood cells from healthy first-degree
relatives of PAH patients, suggesting there may be an intrinsic genetic or epigenetic basis [46].

Overall, these studies suggested ROS and DNA damage as biomarkers for PAH susceptibility
across multiple PAH sub-groups, including IPAH, HPAH, and APAH. This is supported by evidence
of increased DNA damage in PAECs from amphetamine-PAH lungs [47], as well as pulmonary
microvascular ECs (PMVECs) from IPAH patients [48]. Furthermore, although PASMCs did not show
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significant evidence of chromosomal abnormalities [46], they do also exhibit higher levels of DNA
damage than control cells [49].

4. Role of Mutagens and Environmental Modifiers

With the cellular environment as a key factor, several studies established low oxygen levels,
or hypoxia, as a powerful stimulant for pathological conditions [21,24]. With relevance to DNA damage,
hypoxia is reported to downregulate a cell’s DNA repair machinery, leading to an increased prevalence
of genomic damage [50–53]. Amphetamines, a potent synthetic neuro-stimulant, reportedly have
vasoconstrictive and mutagenic properties in vascular cells [54]. Further, oxidant injury (caused by
a hypoxic environment) enhances their neurotoxic effects, proposing amphetamines as a potent
trigger for vasculopathy [55]. It has been reported that people exposed to amphetamine have
a 3-fold higher risk factor for the development of PAH [54]. To understand the mechanism of
amphetamine-associated PAH, Chen and colleagues performed an elaborate translational study in
PAECs from drug and toxin-induced PAH patients [47]. In addition to elevated levels of baseline DNA
damage, PAECs derived from amphetamine-PAH lungs were also more susceptible to genotoxins as
compared to the controls. Further, the genotoxic effect of doxorubicin was exaggerated under hypoxic
conditions and persisted even after recovery under normoxic conditions. In vivo, animals treated with
amphetamines demonstrated increased DNA damage, but no significant change in hemodynamics
was observed, supporting the involvement of additional factors causing the pathogenic vulnerability
in the vascular cells [47].

Other groups have also reported an augmented susceptibility to mutagens in PAH cells, including
etoposide, bleomycin, and hydroxyurea [46,48]. Topoisomerase-II binding protein 1 (TOPBP1) plays a
role in the rescue of stalled replication forks and checkpoint control, binding both dsDNA and ssDNA
breaks. It is downregulated in PMVECs from IPAH patients, which showed evidence of increased
DNA damage and apoptosis [48]. Common single-nucleotide variants in the TOPBP1 gene modified
the susceptibility of normal PMVECs to hydroxyurea, and it was proposed as a novel gene in IPAH [48].
However, this has not been validated in a recent large genome-wide association study [56].

The most direct evidence that mutagens can precipitate the development of pulmonary
hypertension comes from pulmonary veno-occlusive disease (PVOD), a rare form of PH with an
especially poor prognosis. Perros and colleagues reported that cancer patients undergoing treatment
with mitomycin-C (MMC) had a significantly higher annual incidence of PVOD (3.9 out of 1000)
as compared to the general population (0.5 per million) [57]. In vivo treatment of rats with MMC
induced severe pulmonary vascular resistance and right ventricular (RV) hypertrophy accompanied by
vascular remodeling and EC proliferation in the capillary bed. At the expression level, MMC induced
depletion of GCN2 in rats. Interestingly, GCN2 loss has been reported to promote oxidative stress
and inflammatory-mediated DNA damage [58], a proposed pathogenic setup for PAH development.
GCN2, encoded by the gene eukaryotic translation initiation factor 2α kinase 4 (EIF2AK4), is biallelically
inactivated in familial PVOD/PCH, which is inherited as an autosomal recessive trait [59,60]. Based on
these observations, it can be hypothesized that MMC, an alkylating agent, can directly trigger
pulmonary vascular dysfunction via DNA damage signaling, and that a similar mechanism may
underlie familial PVOD/PCH with biallelic inactivation of EIF2AK4 (Figure 2).
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Figure 2. Dysregulated DNA damage response genes involved in pro-proliferative and apoptosis resistance
characteristics of PAH-PAECs. Increased inflammation, ROS, oxidative stress, and susceptibility to
genotoxic compounds are associated with increased DNA damage in PAH-PAECs. Reduced expression
of PPARγ and BMPR2 in PAH-PAECs downregulates the downstream HR DNA repair genes, ATM and
RAD51, respectively. The BMPR2-BRCA1-RAD51 pathway is also dysregulated in presence of MMC,
a genotoxin. MMC is also proposed to trigger pulmonary vascular dysfunction associated with
DNA damage signaling via reduced GCN2 expression, leading to PVOD. A similar mechanism may
contribute to familial PVOD/PCH, where GCN2 is inactivated by biallelic EIF2AK4 mutations. Similarly,
reduced expression of TOPBP1, a DNA repair gene, in PAH-PAECs is reported to associate with PAH
pathogenesis. These factors cause increased DNA damage, leading to endothelial cell dysfunction/injury
in PAH and PVOD/PCH. The question mark symbol represents that the exact mechanism of this pathway
in inducing the disease is still uncertain. DNA, Deoxyribonucleic acid; ROS, Reactive oxygen species;
EIF2AK4, Eukaryotic translation initiation factor 2α kinase 4; GCN2, eIF-2α kinase GCN2; MMC,
Mitomycin-C; BMPR2, bone morphogenetic protein receptor type 2; miR96, microRNA-96; HR,
Homologous recombination; BRCA1, Breast and ovarian cancer susceptibility protein 1; RAD51,
RAD51 recombinase; HU, Hydroxyurea; TopBP1, DNA Topoisomerase II Binding Protein 1; PPARγ,
Peroxisome proliferator-activated receptor γ; MRE11, Double-strand break repair protein MRE11;
RAD50, RAD50 double-strand break repair protein; NBS1, Nibrin; UBR5, Ubiquitin protein ligase
e3 component n-recognin 5; ATMIN, ATM interacting protein; ATM, Ataxia telangiectasia mutated;
PAH, Pulmonary arterial hypertension; PVOD, Pulmonary veno-occlusive disease; PCH, Pulmonary
capillary hemangiomatosis. The numbers represented in square brackets cite the reference for that
study. Created with BioRender.com.

5. DNA Repair Pathways and Cell Cycle Checkpoints in PAH

Despite the relatively high frequency of chromosomal abnormalities in PAH PAECs, clonal analysis
of endothelial colony-forming cells from these cultures showed that the genome remained grossly stable
for up to 15 passages [61]. This suggests there is no major defect in DNA repair, and indeed it may even
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be enhanced in PAH cells. As we review below, most studies of DNA repair to date have been performed
in PASMCs, with relatively little information known about PAECs. However, the consensus thus far
suggests opposite effects in these two cell types, with evidence of decreased repair in PAH-PAECs,
but increased repair in PASMCs.

Peroxisome proliferator-activated receptor γ (PPAR-γ) is a nuclear receptor known to regulate
fatty acid storage and glucose metabolism. It has been implicated in multiple diseases, including cancer,
obesity, diabetes, and cardiovascular diseases, particularly in ECs [62]. Mice with EC-specific deletion
of PPAR-γ develop PH under hypoxia, which is persistent after re-oxygenation [63]. In PAECs and
PASMCs, PPAR-γ promotes cell survival and suppresses proliferation via interaction with Apelin [64].
Using an unbiased proteomics approach, Li and colleagues showed that PPAR-γ interacts with MRN
(MRE-11-RAD50-NBS1), promoting ATM signaling, and is also essential for UBR5 activity targeting
ATM interactor (ATMIN) [65]. Hence, upon DNA damage, ATMIN is degraded by UBR5, leading
to ATM activation. However, this axis is dysfunctional in PAH-PAECs, with reduced PPAR-γ-UBR5
interaction, elevated ATMIN which leads to progressive DNA damage, and impaired repair in these
cells (Figure 2). Consistent with the in vitro pathway findings, the results were validated in PAH-PAECs
and PAH-lung tissues [65]. Furthermore, the reduction of ATMIN in PAH-PAECs reduced synthetic
DNA damage comparable to the control cells. Overall, the study established a non-canonical pathway
for DDR and DNA repair via PPAR-γ suggesting the importance of PPAR-γ in EC homeostasis and
maintenance of genome integrity (Figure 2).

One of the first responder proteins to detect DNA damage is Poly [ADP-ribose] polymerase
1 (PARP1). Meloche and colleagues first reported decreased microRNA miR-223, increased
PARP-1 expression and associated proliferation/apoptosis imbalance in PAH [66] (Figure 3).
Expectedly, treatment with PARP-1 inhibitor, ABT-888, induced more DNA damage in
PASMCs; however, it also initiated anti-proliferative and pro-apoptotic signaling via reversal of
miR-204-dependent NFAT and Hif1-α levels (Figure 3) [49]. These observations were recapitulated in
the in vivo experimental PAH setup where treatment with ABT-888 reversed the effects of monocrotaline
(MCT) and Sugen-induced PAH, as represented by reduced PA pressure and RV hypertrophy. Overall,
the study was the first to report the augmented DNA damage response pathway in PAH via PARP-1
activation. Based on the in vivo results, PARP-1 inactivation was proposed as a potential therapeutic
marker. However, the myriad effects of PARP-1 in the regulation of stress-regulated cell signaling along
with other potential DNA damage inducers like tumor necrosis factor-α (TNF-α) and interleukin-6
(IL-6) cannot be ruled out. The immediate effect of PARP-1 inhibitor on increased DNA damage may
route cells towards a far more unfavorable cellular environment, encouraging a broader exploration of
multifaceted PARP-1 in PAH pathogenesis.

In another study from the same group, Lampron and colleagues explored the role of Moloney
murine leukemia provirus integration site (PIM1) [67], a regulator of NHEJ repair pathway gene
in PAH [68]. Increased PIM1 expression was observed in PAH lungs and PASMCs as compared
to the controls [67]. PIM1 inhibition itself did not increase DNA damage; however, it reduced the
expression of its downstream target, KU70, encoded by the gene X-Ray Repair Cross Complementing
6 (XRCC6) that stabilizes the ends of DSBs. Overall, PIM1 reduction significantly reduced the DNA
repair capacity of the cells by inhibiting the primary events involved in DNA repair. Treatment with
PIM1 inhibitors SGI-1776 and TP-3654 affected proliferation and apoptosis in PAH-PASMCs in an
anti-pathological manner (Figure 3) [67]. These observations were recapitulated in PH animal models,
where pharmacological intervention in two experimental rat models with PIM1 inhibitors improved
the hemodynamic characteristics, reduced vascular remodeling, reduced proliferation, and enhanced
apoptosis [67]. As opposed to the previous pharmacological inhibitor of the DNA repair pathway
studied by this group [66], PIM1 inhibition does not expose vascular cells to additional genetic insults.
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Figure 3. Dysregulated DNA damage response genes involved in pro-proliferative and apoptosis
resistance characteristics of PAH-PASMCs. The figure represents the DDR genes and their downstream
pathways implicated in PAH pathogenesis (1) PARP-1, (2) PIM-1, (3) EYA3, and (4) CHK1.
These genes are upregulated in PAH-PASMCs leading to increased DNA repair and proliferation
and reduced apoptosis. Studies have shown specific pharmacological inhibitors like ABT-888
(PARP1 inhibitor), SGI-1776 (PIM1 inhibitor), Benzarone (EYA3 inhibitor), and MK-8776 (CHK1
inhibitor) downregulate their target genes, leading to reduced proliferation and increased apoptosis,
suggesting their therapeutic potential in PAH. DSBs, Double-stranded breaks; NHEJ, Non-Homologous
End Joining; HR, Homologous Recombination; DSBs, Double-strand breaks; PARP1, Poly (ADP-Ribose)
Polymerase 1; PIM1, Proto-Oncogene Serine/Threonine Kinase; EYA-3, Eyes Absent Homolog 3;
CHK-1, Checkpoint Kinase 1; KU70, X-Ray Repair Cross Complementing 6; KU80, X-Ray Repair
Cross Complementing 5; NFAT, Nuclear Factor of Activated T-Cells; HIF1α, Hypoxia-Inducible Factor
1-α; H2AX, H2a Histone Family Member X; P, phosphoryl group; ATR, Ataxia Telangiectasia and
Rad3-Related Protein; miR223, microRNA 223; miR204, microRNA 204; miR424, microRNA 223;
DNA-PKs, DNA-Dependent Protein Kinases; PAH, Pulmonary Arterial Hypertension. The numbers
represented in square brackets cite the reference for that study. Created with BioRender.com.

The majority of the studies focused on H2AX to quantify the repair of DSBs. H2AX is the central
player that binds to the DSBs, and the status of phosphorylation and dephosphorylation of H2AX
governs the assembly of DDR complexes [69]. The phosphorylation of H2AX at Tyrosine-142 (Y142)
residue is constitutive. Under a DNA-damaging environment, H2AX is phosphorylated at Serine-139
(S139) residue, allowing cells to initiate the DNA damage response. To initiate the repair machinery,
EYA3, a tyrosine phosphatase, dephosphorylates the Y142 residue, permitting the assembly of repair
complexes at the site of DNA damage. If Y142 is not de-phosphorylated, the cell initiates apoptosis [69].
In this context, Wang et al., reported increased levels of EYA3 protein in PAH-PASMCs and distal
pulmonary arteries, suggesting an elevated repair mechanism in PAH pathogenesis (Figure 3) [70].
They also showed that in the presence of hydrogen peroxide, EYA3 provides a protective mechanism
aiding in PASMC survival which was completely reversed in a setting with attenuated EYA3 expression.
The treatment of cells with the small molecule inhibitor, benzarone, established the relationship
between EYA3 tyrosine phosphatase activity and cell survival under a DNA damaging environment

148



Genes 2020, 11, 1224

(Figure 3) [70]. Inhibition of EYA3 tyrosine phosphatase activity in Sugen-hypoxia rats improved
pulmonary hemodynamics and vascular remodeling [70]. Using genetically modified mice with an
inactive EYA3 (Eya3D262N), the authors showed that under hypoxic conditions, Eya3D262N mice are
protected from developing PH as opposed to the control mice under similar conditions [70].

In cancerous cells, checkpoint kinase-1 (CHK-1) acts as a nexus for cell survival under DNA
damaging conditions by halting cell progression and triggering DNA repair [71,72]. Bourgeois and
colleagues reported increased levels of checkpoint kinase-1 (CHK-1) in PAH-PASMCs and distal
pulmonary arteries but not in PAH-PAECs (Figure 3) [73]. This expression correlated with the
increased DNA damage markers, γH2AX and RPA32. Further, in PAH-PASMCs, the direct upstream
activator of CHK-1, phospho-ATK [74,75], was upregulated, and mir-424, which targets CHK-1 [76],
was also found to be downregulated. Upon treatment with DNA-damage-inducing compounds,
an increase in CHK-1 levels was observed with anti-proliferative and pro-apoptosis characteristics
(Figure 3) [73]. To understand the pharmacological effects, treatment of PAH-PASMCs with the
CHK1 kinase inhibitor, MK-8776, exacerbated the DNA damage while controlling the proliferation
and enhancing apoptosis. The results also validated with small interfering RNA (siRNA) revealed
enhanced expression of CHK-1 upregulates RAD-51 [73]. This contrasts with the findings in PAECs in a
separate study, where BMPR2-deficient PAECs showed a reduced level of RAD51 and lung tissue from
IPAH patients had attenuated RAD51 levels [77]. In vivo studies supported the therapeutic potential
of the CHK-1 inhibitor by reducing the hemodynamic parameters associated with increased DNA
damage in fawn-hooded rats with already developed PAH; however, no reduction in RV hypertrophy
was observed [73]. In a separate experiment on MCT rats, pharmacological inhibition of CHK-1 using
MK-8776 revealed marginal improvement in hemodynamic parameters and enhanced reduction in
vascular remodeling [73]. Overall, the study suggests that ubiquitous expression of CHK-1 allows
the vascular cells to thrive under excessive DNA damaging conditions by providing a survival
advantage [78].

6. DNA Damage and Mitochondria

Mitochondria serve an indispensable role in cellular health under various stresses. They have their
own genome, a circular DNA molecule (mtDNA) of approximately 16,500 base pairs. Despite the higher
levels of ROS, mtDNA repair mechanisms are reduced compared with the nucleus, increasing the
likelihood of mtDNA damage. Several studies have reported abnormalities of mitochondrial function in
PAH pathogenesis, including increased glycolytic metabolism, decreased mitochondrial copy number,
and enhanced fission [79–83]. PARP1 plays a role in regulating mitochondrial energy metabolism and
may therefore contribute to the alterations seen in PAH cells [84,85]. However, mitochondrial function
is a very broad topic that has been extensively reviewed by others [83,86], and thus here we focus on
the studies that directly relate to mitochondrial DNA damage.

Diebold and colleagues studied the role of BMPR2 signaling in mitochondrial DNA (mtDNA)
damage and metabolism in apoptosis of PAECs in PAH [78]. Using human PAECs with
siRNA-downregulated BMPR2 and PAH-PAECs with inherent BMPR2 mutations, it was revealed
that BMPR2 dysregulation can promote mtDNA damage when exposed to reoxygenation.
Hypoxia-reoxygenation leads to reduced expression of TFAM and mitofusin 1 and 2 proteins. While
TFAM is involved in mtDNA maintenance and repair, mitofusin 1 and 2 regulate mitochondrial fission.
Consistent with their functions, enhanced accumulation of a 4977-bp mtDNA deletion and increased
mitochondrial fission was observed in BMPR2-depleted PAECs [78] (Figure 4). This suggested that
hypoxia-reoxygenation was a severe pathogenic trigger linked to the mitochondrial genetic abnormality.
Overall, these studies imply that the genomic instability in PAH vasculature is not only confined to the
nuclear genome but also impacts the mtDNA, which is far more susceptible to damage as compared to
the nuclear genome [87].
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Figure 4. DNA damage-associated mitochondrial dysfunction in (a) PAH-PAEC and (b) PAH-PASMC.
(a) In PAH-PAECs, reduced expression of BMPR2 accompanied by hypoxia-reoxygenation is associated
with reduced expression of the mitochondrial DNA maintenance gene, TFAM, increased mitochondrial
DNA damage, and decreased mitochondrial membrane potential. These factors, associated with reduced
oxidative phosphorylation and increased glycolysis, trigger endothelial dysfunction in PAH-PAECs [78].
(b) In PAH-PASMCs, increased mitochondrial HSP90 accumulation along with an increased expression
of POLG1 and OGG1 is proposed as a regulatory mechanism in the maintenance of mitochondrial
DNA and metabolic reprogramming under stressful conditions [88]. The question mark symbol
between the two cell types indicates a lack of studies showing crosstalk between the two cell types.
DNA, Deoxyribonucleic acid; TFAM, Transcription Factor A Mitochondrial; GLUT, Glucose transporter;
MCT, monocarboxylate transporter; O2, Oxygen; CO2, Carbon dioxide; HSP90, Heat shock protein
90; POLG1, Mitochondrial DNA polymerase γ; OGG1, 8-Oxoguanine glycosylase. Created with
BioRender.com.

Boucherat et al. showed an important role of stress responder chaperone HSP90 in the maintenance
of mitochondrial function [88]. Under a pathogenic PAH environment, HSP90 favorably localized
within the mitochondria of PAH-PASMCs to preserve the mtDNA and its bioenergetic functions
(Figure 4) [88]. Contrary to that, the cytosolic HSP90 displayed no conclusive role in PAH pathogenesis.
On the same lines, in vitro and in vivo studies established a potential therapeutic role of Gamitrinib,
a selective inhibitor of mtHSP90, in repressing PAH-PASMCs proliferation and initiating apoptosis,
and reversing experimental PAH in MCT treated rats [88]. Within PAH-PASMCs, Gamitrinib reduced
the endogenous overexpression of mtDNA maintenance genes, DNA polymerase γ (POLG1) and OGG1
(Figure 4) [88]. OGG1, involved in BER, is pertinent to the elimination of oxidative DNA damage.
Along with its role in mitochondrial maintenance, overexpression of OGG1 might implicate higher
oxidative stress-induced damage in mtDNA, although this needs further validation.
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7. BMPR2 and DNA Damage

Using a meta-analysis approach, Li and colleagues analyzed the expression profiles of IPAH
(PASMCs and whole lung) and HPAH patients with BMPR2 genetic variants (PAECs) to reveal 586
up-regulated and 372 down-regulated genes in PAH [89]. In silico analyses revealed significant
enrichment of chromatin organization genes, predominantly regulated by the transcription factors, SP1
and NKX3. This also included over 35 genes involved in DNA repair. More importantly, both SP1
and NKX3 are well-known regulators of DSB repair. This observation suggests that the multifactorial
channeling of cell signaling in PAH vasculopathy could be initiated by genomic instability. Similar to
human expression profiles, an enrichment of DNA repair genes was also reported in rats in the setting
of PAH. The authors went on to understand the relationship between two known hallmarks of PAH
pathogenesis: altered BMP signaling and DNA damage. Using discrete in vitro methods, the authors
established that MMC-induced DNA damage significantly downregulates BMPR2 expression and that
BMPR2 is critical for DNA damage control in ECs [89]. However, these observations were confined to
ECs; PASMCs showed no such correlation. Also, a transcription binding site for BRCA1, an important
gene in cancer pathogenesis, was revealed using the ChIP assay and established a regulatory feed-back
loop mechanism for BMPR2 and BRCA1. Over the years, several theories and relevant studies have
suggested a cancer-like pathogenesis in PAH. Establishing the interaction between BMPR2 and BRCA1
strengthened the link between cancer and PAH; however, the findings need to be corroborated with a
larger dataset.

Consistent with the downregulation of BMPR2 under a DNA-damaging environment,
Vattulainen-Collanus and colleagues uncovered a previously unknown role of BMP signaling in
the protection of cells from genomic insult [77]. They showed that MMC treatment reduced the
expression of BMPR2, BRCA1, and RAD51. Also, siRNA against BMPR2 reduced BRCA1 and RAD51
transcript and protein levels by over 50% and also lead to a 61% higher level of fragmented DNA.
Further, activation of BMPR2 signaling by BMP9 partially rescues RAD51 and reduces sensitivity
to DNA damage agents. At the epigenetic level, miR-96 is known to target the coding region of
RAD51 and downregulate its expression [90]. Vattulainen-Collanus and colleagues hypothesized that
repressing miR-96 via BMP9–BMPR2 signaling was critical for RAD51 expression and maintained
pulmonary microvascular ECs homeostasis via managing DNA repair (Figure 2). To validate the
in vitro results, the role of RAD-51 was studied in BMPR2R899X/+ mice, which develop mild PH beyond
6 months [91]. It was observed that RAD51 expression was repressed in PMVECs and PASMCs
extracted from BMPR2R899X/+ mice as compared to control mice, suggesting a regulatory link between
BMPR2 and RAD51 [77]. Similarly, lung sections from IPAH patients had a significant reduction of
RAD51 in the endothelium of pulmonary arteries compared to control samples.

8. Conclusions and Future Directions

Over the last two decades, considerable progress has been made in understanding the pathobiology
of PAH, with both genetic and environmental factors playing crucial roles in disease pathogenesis.
It was very recently that the DNA damage and DDR malfunction was recognized. Several studies
have reported persistent DNA damage (nuclear and mitochondrial) in the vascular cells across
different types of PAH. Intriguingly, the increased DNA damage in blood cells of PAH patients and
their first-degree relatives suggests that it may be a genetically-determined susceptibility factor that
pre-dates disease initiation [46]. The increased incidence of PVOD following chemotherapy with MMC
also suggests DNA damage as an early driver of pulmonary vascular remodeling [57]. Importantly,
however, the types of DNA damage most prevalent in PAH and their cause(s) remain to be fully
determined. Some studies suggest that the downregulation of BMPR2 may play a pivotal role in
DNA damage [77,89], yet the incidence of DNA damage measured by micronucleus assay and γH2AX
staining trended lower in HPAH cells compared with APAH-CHD [46], emphasizing that gaps in
knowledge remain.
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Beyond DNA damage, various studies focused on the status of DDR in PAH have ascertained
a dysfunctional repair mechanism leading to an augmented apoptosis-resistant and proliferative
phenotype [49,67,73,88]. Taken together, it is likely that the pathways underlying DDR play a key role
in PAH. DDR involves a complex network of proteins that recognize different types of DNA damage
and orchestrate the repair process. At present, there is not enough evidence to draw conclusions on
the status of different DNA repair pathways in PAH. There are reports suggesting amplified DDR in
PAH-PASMCs [49,67], while a few stand in contradiction (Table 1: OGG1, RAD51), reporting reduced
DDR in PAH-PAECs [47,65,89] under different DNA damaging environments (Table 1). One of the
major reasons behind this gap is a lack of paired cell types from the patients in the same study, as well as
replication of the findings across different types of PAH. The absence of information on the underlying
genetic mutations and polymorphisms that may act as genetic modifiers is an additional limitation,
but this can be addressed fairly readily by more extensive use of whole-genome sequencing. PAH is a
complex disease, and in this framework, it is important to get a comprehensive view of each variable
of the disease to make significant progress.

Table 1. Genes associated with the DNA damage and response pathways in pulmonary
arterial hypertension.

DNA Damage and Response Genes PAH-PAECs PAH-PASMCs

Base Excision Repair

OGG1 (8-Oxoguanine DNA Glycosylase) Not known
Increased expression [88]

Reduced expression ** [67]

Homologous recombination

RAD51 (RAD51 Recombinase) Reduced expression [77] Increased expression [73]
BRCA1 (Breast and Ovarian Cancer

Susceptibility Protein 1) Reduced expression # [77] Reduced expression [89]

NBS1 (Nibrin) Not known Reduced expression ***

Non-homologous end-joining

XRCC6 (Ku70) (X-Ray Repair Cross
Complementing 6) Not known Reduced expression **

PARP-1 (Poly (ADP-Ribose) Polymerase 1) Not known Increased expression [49]

Other genes involved in regulation of DNA damage

BMPR2 Reduced expression # [89] No change in expression * [89]
TFAM Reduced expression [78] Not known

TOPBP1 (DNA Topoisomerase II Binding
Protein 1) Reduced expression [48] Not known

PPARG-UBR5 No change in expression but
reduced interaction observed [65] Not known

ATMIN Increased expression [65] Not known
PIM1 Not known Increased expression [67]
EYA3 Not known Increased expression [70]

CHK1 (Check point Kinase-1) No association [73] Increased expression [73]

PAH, Pulmonary arterial hypertension; PAECs, Pulmonary artery endothelial cells; PASMCs, Pulmonary artery
smooth muscle cells; #, Experiment performed in control PAECs with MMC treatment; *, Experiment performed in
control PASMCs with MMC treatment; **, Experiment performed in control PASMCs with PIM-1 inhibition; ***
Experiment performed in control PAH-PASMCs with siRNA for FOXM1.

The similarity of PAH to a quasi-neoplastic phenotype has triggered the study of DDR inhibitors
as a potential therapeutic approach. As outlined in Figure 3, specific pharmacological inhibitors like
ABT-888 (PARP1 inhibitor), SGI-1776 (PIM1 inhibitor), Benzarone (EYA3 inhibitor), and MK-8776
(CHK1 inhibitor) downregulate their target genes, leading to reduced proliferation and increased
apoptosis, suggesting their therapeutic potential in PAH [49,67,70,73]. However, the cancer-like
mechanism has a broad spectrum of phenotypes delineated by different stages of the disease, organs,
and cell types. DDR inhibitors have shown some success, but the additional damage and associated
detrimental effects on health across different vascular compartments cannot be ignored [49,67,70,73].
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It is important to note that, by necessity, the majority of these studies are performed on PAH-vascular
cells, PAECs and PASMCs, derived from end-stage tissues, since such cells cannot be obtained at earlier
stages of the disease [39,40,42,44–49,61,66,67,70,73,77,78,88,89]. The dysfunctional DDR or augmented
DNA damage could be the result of surrounding variables like inflammation, hypoxia etc. Efforts need
to be made to understand the cellular microenvironment and the transition of cells from an adaptive to
maladaptive DDR. A prospective therapeutic can only be developed once a delineation between the
adaptive and maladaptive switch has been established.

PAH goes undiagnosed until the later stages of the disease. This imposes a major limitation
to define the early diagnosis markers. The lung tissue samples are only available once the patient
undergoes a transplant. In such a scenario, it is difficult to find biomarkers for early disease prediction.
Additional reports on the first-degree relatives and in blood cells from PAH patients may assist
in establishing novel prognosis markers along with validation of DNA damage and ROS levels.
Different cell types in PAH have different pathogenic presentations, and the lack of data on more than
one cell type emerges as another major limitation across most of these studies. Further, the majority
of studies have explored DNA damage and repair pathways only in Group 1 PAH. Studying these
mechanisms in other groups of PH will be important to understand the similarities and differences in
molecular mechanisms. Thought should be given to innovative methods to get access to patient cells
and tissues at different developmental stages. If not the lung, are there other tissues that can mirror
the lung phenotype? In this context, the use of iPSCs and 3D printing of organs with known hits
for disease pathogenesis can be explored. To produce significant improvements in patient outcomes,
priority should be given to the development of comprehensive functional-based predictive biomarker
assays. With current advancements, techniques like single-cell transcriptional and translational studies
will give a better understanding of the individual pathogenic (or pro-pathogenic) events in a cell in
context to its microenvironment. These studies, in combination with high-throughput sequencing
to underscore genetic and epigenetic changes, will supplement the exploration of the pathological
mechanism at the systemic and lung-specific level.
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Abstract: Group 1 pulmonary hypertension (pulmonary arterial hypertension; PAH) is a rare disease
characterized by remodeling of the small pulmonary arteries leading to progressive elevation of
pulmonary vascular resistance, ultimately leading to right ventricular failure and death. Deleterious
mutations in the serine-threonine receptor bone morphogenetic protein receptor 2 (BMPR2; a central
mediator of bone morphogenetic protein (BMP) signaling) and female sex are known risk factors
for the development of PAH in humans. In this narrative review, we explore the complex interplay
between the BMP and estrogen signaling pathways, and the potentially synergistic mechanisms by
which these signaling cascades increase the risk of developing PAH. A comprehensive understanding
of these tangled pathways may reveal therapeutic targets to prevent or slow the progression of PAH.

Keywords: bone morphogenetic protein receptor type 2; heritable; familial; estrogen; estradiol;
penetrance; gender; PAH

1. Introduction

Group 1 pulmonary hypertension (pulmonary arterial hypertension; PAH) is a rare disease
characterized by remodeling of the small pulmonary arteries which leads to the progressive elevation
of pulmonary vascular resistance (PVR), and ultimately to right ventricular failure and death. While
numerous inciting factors are known (e.g., connective tissue disease, HIV infection, drug and toxin
exposure), the pathobiology of PAH generally convenes on a final common pathway of endothelial (EC)
and smooth muscle cell (SMC) dysfunction, with an imbalance of apoptotic and proliferative signaling,
vasoconstriction, and structural changes in vessel walls [1]. Deficiency of bone morphogenetic protein
receptor 2 (BMPR2), a serine threonine kinase “type II” receptor in the transforming growth factor
(TGF)-β superfamily, has been inexorably identified as a central mediator in this process [2].

Heterozygous germline mutations in BMPR2 were first associated with PAH via genetic linkage
analysis of families with the disease [3,4]. Since this discovery in 2000, further analysis of up- and
down-stream signaling through the receptor, including both canonical and non-canonical pathways,
has illuminated several mechanisms by which deficiency in BMPR2 signaling leads to PAH [5]. Not only
are deleterious mutations in BMPR2 associated with both heritable (~80%) and idiopathic (~20%)
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PAH [6–8], but decreased BMPR2 expression and signaling has also been demonstrated in other subtypes
of PAH and non-PAH pulmonary hypertension (PH) in the absence of mutations [9,10]. Furthermore,
the presence of a deleterious BMPR2 mutation in heritable, idiopathic, and anorexigen-associated
PAH portends a more severe clinical phenotype and decreased survival [11–14]. Despite the strong
association between BMPR2 mutations and the development of PAH, and despite the high frequency
of BMPR2 mutations in heritable PAH, having a BMPR2 mutation alone is not sufficient; heterozygous
carriers of deleterious BMPR2 mutations only have an approximately 20% lifetime risk of disease
penetrance [15]. Decades of investigation have revealed that there are likely multiple genetic and
environmental “second hits” that may be necessary to spur PAH development in the setting of a
deleterious BMPR2 mutation [2].

2. The “Estrogen Puzzle” of PAH

One piece of the complex pathobiology of PAH is biologic sex and the “estrogen puzzle”, as it
is referred to in the literature. In various animal models, estrogen and estrogen metabolites have
been shown to protect the organism from developing PH in the setting of other provoking factors,
whereas in human registry studies, a striking female predominance suggests increased susceptibility to
disease [16]. Female carriers of deleterious BMPR2 variants are more likely to develop PAH compared
to males; however, once diagnosed, women are less likely than men to have severe disease [17].
A recently published meta-analysis of clinical trials also suggests that men with BMPR2 mutations
have more severe disease, but interestingly more men with idiopathic or heritable PAH were found to
have a pathogenic BMPR2 variant [18].

Increasingly recognized sex differences in right ventricular (RV) adaptation to chronic PH
contribute to the “estrogen puzzle” of PAH and likely play a significant role in disease severity and
associated mortality. Studies of PH in several distinct rat models have demonstrated that at baseline
female rats have better RV function than males [19], ovariectomy attenuates the beneficial effect of
female sex [19], and that the restoration of estrogen signaling (genomic and non-genomic) prevents
progression of and can rescue the failing RV phenotype in both male and female rats via alterations in
metabolism, inflammation, collagen deposition/fibrosis, and angiogenesis [19–24]. Human studies
support these findings in healthy subjects and those with PAH. In the MESA-RV study, higher estradiol
(E2) levels in healthy post-menopausal women using hormone replacement therapy were associated
with higher RV ejection fraction and lower RV end-systolic volume [25]. In idiopathic PAH at baseline,
men have lower RV ejection fraction and stroke volume compared to age-matched females despite
similar pulmonary artery pressure (PAP) and PVR [26]. Two independent investigations demonstrated
that after initiation of PAH-specific therapy, only women show improvement in RV function despite
similar improvement in PVR between the sexes [27,28]. Disparate RV recovery is thought to explain, at
least in part, the poorer prognosis seen in men.

Despite strong evidence for a substantial role, female sex and the effects of estrogen signaling do not
fully explain the observed sex differences in PAH. Other sex-driven differences in the hormonal milieu
(e.g., testosterone, dehydroepiandrosterone (DHEA), and progesterone), as well as non-hormonal sex
effects (e.g., the recent finding that a Y-chromosome-encoded transcription factor may mediate BMPR2
expression [29,30]) likely contribute to the complex and differential effects of biologic sex on pulmonary
vascular remodeling and RV adaptation [31].

In this review, we will explore one piece of the intricate “estrogen puzzle”, specifically how
estrogen and estrogen metabolites interact with the BMPR2 signaling pathway. Readers are directed to
two recent reviews for a more comprehensive overview of the interaction between sex and PAH [31,32].

3. BMPR2 Signaling

BMPR2 is a type II constitutively active serine-threonine kinase receptor integral to canonical
bone morphogenetic protein (BMP) signaling. BMPR2 signaling occurs in both the EC and SMC of
the pulmonary vasculature. Signal transduction is activated by BMP binding and the formation of
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a heterotetrameric complex of two dimers of type I and type II receptors. Type I receptors include
activin receptor-like kinases (ALKs) 1–7. Complexing of the two receptors allows for phosphorylation
of the downstream substrate proteins: receptor-regulated Smads (R-Smads), specifically Smads 1, 5,
and 8 in BMP signaling. Activated R-Smads then associate with a co-Smad (Smad4) and translocate to
the nucleus where they bind to BMP response element DNA sequences and promote gene expression
of transcription factors such as inhibitor of DNA binding factors (ID1, ID2 and ID3) [2]. The inhibitor
of DNA binding (also known as inhibitor of differentiation) proteins are known to have important
regulatory effects on vascular homeostasis [33]. BMPR2 also activates “non-canonical” signaling
pathways such as extracellular signal-related kinase (ERK), p38 mitogen-activated protein kinase
(MAPK), Lin11, Isl-1, Mec-3 domain kinase (LIMK), Wingless (Wnt pathway), and NOTCH. The complex
regulation of both the canonical and non-canonical pathways occurs at multiple levels, including
via co-receptors (endoglin), pseudoreceptors, BMP antagonists, and inhibitory Smad proteins [34].
In addition to mutations in BMPR2 itself, mutations in a number of components of the BMPR2
signaling pathway are linked to the development of PAH, including ALK1 [35], SMAD8 [36], BMP9 [37],
and CAV1 (encoding caveolin-1) [38]. Although acting at different points in the signaling cascade,
all of these mutations cause a deficiency in BMPR2 signaling, which is ultimately thought to drive the
vascular remodeling and dysregulation central to PAH pathogenesis [2].

4. Estrogen Signaling

Similar to the BMPR2 signaling cascade, essential components of estrogen signaling pathways
are expressed in the ECs, vascular SMCs, and fibroblasts responsible for vascular remodeling and the
development of PAH [39,40]. Three primary estrogens (estrone, E1; estradiol, E2; estriol, E3) and their
metabolites signal through two classical estrogen receptors (ERα and ERβ) and one newly discovered
G-protein-coupled receptor (GPER) [41]. In the absence of pregnancy, E2 is the most abundant estrogen.
Estrogens primarily signal via “genomic” and “non-genomic” pathways; the former facilitating the
classic role of estrogens as transcription factors in the nucleus, the latter triggering rapid effects such as
ion channel, kinase, endothelial nitric oxide synthase (eNOS) and prostacyclin synthase activation in
the cytoplasm [42–44]. Via 2-, 4-, or 16-hydroxylation, E1 and E2 are metabolized to active compounds
with varying potency and activity, signaling through ER-dependent and independent mechanisms.
The 2-hydroxylation metabolites are generally considered weakly or anti-mitogenic, anti-estrogenic,
and do not signal through an ER [45]. For example, 2-methoxyestradiol (2-ME) and 2-hydroxyestradiol
(2-OHE) are considered to be anti-proliferative. In ECs, 2-ME is a potent modulator of nitric oxide
(NO), prostacyclin, and endothelin synthesis [45,46]. On the other hand, 16-hydroxylation produces
16α-OHE1, which is similar in potency to E2 and has potent pro-proliferative, pro-inflammatory, and
pro-angiogenic effects [47,48].

5. Estrogen and BMPR2

As discussed in the following subsections, multiple lines of evidence, in both health and disease,
suggest that baseline BMPR2 expression and signaling may be reduced in females compared to males.
A relative deficiency in BMPR2 expression in females may be the “second hit” required to reduce
BMPR2 signaling below a critical threshold and allow disease penetrance in BMPR2 mutation carriers
(typically a haplo-insufficient state). However, interactions between estrogen and BMPR2 are complex
and context-dependent, and may depend on such factors as patient age, menopausal status, cell type
studied, and dose responses and time courses. Figure 1 summarizes key points of interaction between
estrogen and BMPR2 signaling.

161



Genes 2020, 11, 1371

Figure 1. Overview of sex hormone synthesis and metabolism and the interaction between estrogen
and BMPR2 signaling pathways. BMP = bone morphogenetic protein; BMPR2 = bone morphogenetic
protein receptor 2; BRE = BMP response element; DHEA = dehydroepiandrosterone; E3 = estriol; ER =
estrogen receptor; ERE = estrogen response element; GPER = G-protein-coupled estrogen receptor;
hPASMC = human pulmonary artery smooth muscle cell; PH = pulmonary hypertension.

5.1. Estrogens and Their Receptors Reduce BMPR2 Expression and Downstream Signaling

When assessed in human lymphocytes (commercial cell line) and pulmonary artery smooth
muscle cells (hPASMCs; from healthy subjects; cell donor age range: 58–76 years), BMPR2 expression
was shown to be lower in female cells compared to males [49,50]. BMPR2 expression in human
lymphocytes is suppressed in a dose-dependent manner by the administration of both E2 and E3, with
further suppression in the setting of proliferative signals [49]. Additionally, the BMPR2 promoter

162



Genes 2020, 11, 1371

has an active and evolutionarily conserved ER binding site [49]. Transfection of a cell line lacking
endogenous estrogen receptors with increasing concentrations of ERα plasmid decreased activity at
the BMPR2 promoter (using a luciferase reporter construct), suggesting that direct binding of the ER to
the BMRP2 promoter site may be a mechanism for reduced BMPR2 expression in females [49].

Downstream effectors of BMPR2, including the phosphorylated-Smads 1/5/8 and ID1 and ID3,
may also be reduced in female hPASMCs compared to males (healthy subject donors as described
above) [50]. In keeping with this finding, female hPASMCs are more proliferative in response to
mitogens compared to male cells (suspected to be due to reduced activity of the BMPR2 signaling
pathway) and have reduced induction of phosphorylated-Smads when exposed to BMP4, an agonist of
BMPR2. Silencing of SMAD1 using microRNA, thus inhibiting the BMPR2 signaling pathway, allowed
male hPASMCs to proliferate in a similar fashion to those of females [50].

Similar findings have been observed in murine models. When examined via whole-lung analysis
in normal mice, BMPR2 gene expression was lower in ovariectomized females compared to males [49].
These findings are corroborated by a second study which found that in normoxic rodents (mice and
rats), lung transcript levels of BMPR2 and downstream effectors ID1 and ID3 were significantly lower
in females than males [51].

In two well-established experimental rodent models of PH (hypoxia (mouse) and sugen 5416 +
hypoxia (rat; Su/Hx) [52]), Mair and colleagues demonstrated that BMPR2 levels were significantly
downregulated in hypoxic male and female rodents compared to normoxic control animals. Treatment
with the aromatase inhibitor anastrozole reduced circulating E2 levels in female rodents, with
corresponding normalization of BMPR2 expression and attenuation of changes in right ventricular
systolic pressure (RVSP) and pulmonary vascular remodeling [51].

5.2. Loss of Estrogen Signaling Attenuates Experimental PH Phenotypes Driven by Mutations in Components
of the BMPR2 Signaling Pathway

Further evidence of the interplay between the BMPR2 and estrogen signaling pathways comes
from experimental PH models driven by mutations in BMPR2 and SMAD1. Using anastrozole or
the ER antagonist fulvestrant to inhibit estrogen signaling in BMPR2−/− mutant mice, Chen et al. [53]
demonstrated both prevention and reversal of the typical BMPR2-mutation-associated experimental
PH phenotype. Knock-out of ESR2 (the gene encoding estrogen receptor β), and less so ESR1 (the
gene encoding estrogen receptor α), reduced the elevation in RVSP typically seen in BMPR2−/− mice,
attenuated the muscularization of small pulmonary vessels, and eliminated the presence of vessel
occlusion occasionally seen in BMPR2−/− mutant mouse lungs [53].

Conditional knock-out of SMAD1, a receptor-regulated Smad phosphorylated by BMPR2, in either
endothelial cells or smooth muscle cells of mice has been previously shown to cause elevated RVSP
and increased muscularization of pulmonary arteries [54]. Interestingly, only female conditional
knock-out SMAD1+/− mice develop elevated RVSP and pulmonary vascular remodeling, and PASMCs
isolated from these mice proliferated faster than those of female wild type mice, suggesting synergism
between female sex and the heterozygous loss of SMAD1 in adult mice. Ovariectomy attenuated the
PH phenotype in SMAD1+/− females, further suggesting that it is the presence of female sex hormones
that drives a difference in penetrance between sexes [50].

5.3. Estrogen Metabolites May Mediate Interaction between BMPR2 and Estrogen Signaling

Recent attention to estrogen metabolites and related enzymes has provided more evidence
supporting the interaction between BMPR2 and estrogen signaling pathways in the development
of PAH. CYP1B1 is a p450 enzyme that is highly expressed in lung tissue, and catalyzes 2- and
4-hydroxylation of estrogen. A different p450 enzyme catalyzes the hydroxylation of estrogen at
C-16, primarily to 16α-hydroxyestrone (16α-OHE1). A low ratio of urinary 2-hydroxyestrogen
(2-OHE)/16α-OHE1 is used as a biologic marker of decreased CYP1B1 activity. In contrast to 2- and
4-hydroxy estrogen metabolites (which are considered weakly or anti-mitogenic), 16α-OHE1 drives
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cellular proliferation via activation of the estrogen receptor, and preferential hydroxylation to 16α-OHE1

with a low 2-OHE/16α-OHE1 ratio has been associated with an increased risk of diseases resulting
from the proliferative effects of estrogen signaling [55].

Comparison of gene array and RT-PCR from cultured B-cell lines of PAH-affected carriers of
deleterious BMPR2 variants, non-affected carriers, and normal control patients identified significantly
lower expression of CYP1B1 in the female PAH-affected BMPR2 carriers [56]. A second study
examined affected and unaffected female BMPR2 mutation carriers for the presence of CYP1B1 N453S,
a genetic polymorphism associated with increased protein degradation and previously implicated in
hormone-related malignancies (breast, ovarian, prostate, and endometrial cancer) [57,58]. Similar to the
results from West et al. [56], the investigation revealed a four-fold higher penetrance of PAH in carriers
of deleterious BMPR2 variants who were homozygous for the polymorphism. Supporting this genetic
observation, the urinary 2-OHE/16α-OHE1 ratio was 2.3× lower in affected mutation carriers [58].

Two follow-up studies further examined the role of 16α-OHE1 in mediating the development of
BMPR2-associated PH. Fessel et al. [59] found a higher ratio of 16α-OHE1/2-OHE (note that this is the
inverse ratio from the previous study) in male patients with heritable PAH compared to healthy male
controls, although the ratio was less divergent in males compared to the difference previously identified
in females [59]. The same study demonstrated that in several genotypes of male BMPR2 mutant mice
(males were used to avoid the complexity of the native estrous cycle in female mice), administration of
16α-OHE1 roughly doubled disease penetrance (as defined by an elevated PVR) and, in one genotype,
reduced cardiac output significantly. In a similar experiment, administration of 2-OHE was not
found to be protective. Administration of 16α-OHE1 resulted in a relatively lung-specific decrease in
Smad 1/5/8 phosphorylation and a decrease in BMPR2 protein level in control animals, but no further
reduction in Smad phosphorylation in BMPR2 mutants, suggesting a differential mechanism of how
16α-OHE1 may act as a second hit in the presence of BMPR2 mutations. Gene expression data from
these experiments demonstrated that in the presence of BMPR2 mutations, 16α-OHE1 blunts classical
cytokine and inflammatory signaling (as previously shown in the literature) but promotes vascular
injury through unclear alternative mechanisms (angiogenesis, metabolism, and planar polarity). In
a separate study, 16α-OHE1 was shown to upregulate the microRNA-29 family (miR-29) in BMPR2
mutants, which alters energy metabolism; antagonism of miR-29 improved the in vivo and in vitro
features of PH [60].

6. Conclusions

Taken together, scientific investigations demonstrate multifaceted interactions between estrogens,
estrogen metabolites, and BMPR2 signaling. The data suggest that abnormalities in BMPR2 signaling
pathways may synergize with estrogenic signaling to create a permissive environment for promoting
PAH development. Such a paradigm could explain why there is a discrepancy between pro-proliferative
and PAH-promoting estrogen effects noted in these studies and protective estrogen effects in other
contexts and model systems [31]. In the context of genetic alterations in BMPR2 signaling, estrogens
may exert PAH-promoting effects that they do not exert in other contexts. In particular, there may be a
shift towards the production of mitogenic metabolites such as 16α-OHE1. Further study may elucidate
exact mechanisms and potential therapeutic targets.
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Abstract: Pulmonary Arterial Hypertension (PAH) is a disease of the pulmonary arteries, that is
characterized by progressive narrowing of the pulmonary arterial lumen and increased pulmonary
vascular resistance, ultimately leading to right ventricular dysfunction, heart failure and premature
death. Current treatments mainly target pulmonary vasodilation and leave the progressive vascular
remodeling unchecked resulting in persistent high morbidity and mortality in PAH even with
treatment. Therefore, novel therapeutic strategies are urgently needed. Loss of function mutations
of the Bone Morphogenetic Protein Receptor 2 (BMPR2) are the most common genetic factor in
hereditary forms of PAH, suggesting that the BMPR2 pathway is fundamentally important in the
pathogenesis. Dysfunctional BMPR2 signaling recapitulates the cellular abnormalities in PAH as well
as the pathobiology in experimental pulmonary hypertension (PH). Approaches to restore BMPR2
signaling by increasing the expression of BMPR2 or its downstream signaling targets are currently
actively explored as novel ways to prevent and improve experimental PH as well as PAH in patients.
Here, we summarize existing as well as novel potential treatment strategies for PAH that activate the
BMPR2 receptor pharmaceutically or genetically, increase the receptor availability at the cell surface,
or reconstitute downstream BMPR2 signaling.

Keywords: PAH; pulmonary hypertension; bone morphogenetic protein receptor 2; signaling; repur-
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1. Introduction

Pulmonary Arterial Hypertension (PAH) is a cardio-pulmonary-vascular condition,
where a progressive occlusion of the distal pulmonary vasculature leads to an increase
in pulmonary vascular resistance and right ventricular (RV) afterload, resulting in RV
failure and premature death [1,2]. Histopathological analysis suggests that dysfunction of
key cellular components of the pulmonary vasculature, namely endothelial and smooth
muscle cells, pericytes, inflammatory cells, and adventitial fibroblasts, induce pulmonary
vascular remodeling [3,4]. This results in narrowing of the vessel lumen and formation of
complex vascular lesions, which together raise pulmonary vascular resistance, increasing
pulmonary arterial pressure as well as the afterload for the right ventricle.

Although PAH is a rare disease affecting only about 1–2 of every 1 million individuals
annually, the mortality and morbidity rate is high and, if untreated, PAH quickly leads to
right ventricle failure and death after 2–3 years [5,6]. PAH may be heritable (with a family
history of PAH), idiopathic (without a family history, unknown cause), or associated (linked
to interstitial lung disease, congenital heart disease, autoimmune disease, etc.) [7]. Whilst
the exact cause of PAH is not known, genetic factors (mutations or epigenetic changes),
environmental factors (e.g., hypoxia, viral infections, anorectic agents, stimulants, etc.)
and immune or inflammatory triggers may contribute to the cause or progression of the
disease [4]. Importantly, there is no cure for PAH. Existing drugs target pulmonary vasodi-
lation, proliferation and endothelial function by increasing nitric oxide (NO), inhibiting
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endothelin and voltage-gated calcium channels and by augmenting prostacyclin signaling
pathways [8]. However, these drugs only partially increase survival and improve quality of
life, while the majority of patients ultimately become resistant to medication and succumb
to the disease [9]. With current treatments, the 5-year survival of PAH patients has been
improved from 34% to 60%, yet these drugs are not capable of reducing the extent and
progression of vascular and cardiac remodeling, resulting in eventual clinical deterioration
of PAH patients over time [10].

Thus, new, effective and disease modifying therapies are urgently needed [11], thera-
pies that target the underlying molecular mechanisms responsible for pulmonary vascular
remodeling, which is the hallmark of PAH. Over the past two decades, many cellular and
molecular mechanisms have been described as playing key roles in the pathogenesis of
disease in preclinical and clinical settings [4,12]. Here, we focus on modulation of bone
morphogenic protein receptor 2 (BMPR2) signaling [7] as a key mechanistic pathway and
potential master switch in the pathogenesis of PAH.

2. The BMPR2 Signaling Pathway

In 2000 two independent groups identified mutations in BMPR2 as causative for the
familial form of PAH [13,14]. BMPR2 carriers with PAH have an earlier disease onset
than idiopathic PAH patients [15]. Interestingly, male patients were more likely to possess
a BMPR2 mutation than women and develop severe disease in presence of a BMPR2
mutation [16].

Meanwhile, researchers have identified mutations in over 16 genes in patient with
hereditary PAH (HPAH) that may predispose to PAH, including BMPR2 of course, but also
receptors that are part of or are interacting with the BMPR2 pathway such as activin A
receptor type II-like 1 (ACVRL1), endoglin (ENG), caveolin-1 (CAV1), SMAD1, SMAD4,
SMAD9, bone morphogenetic protein receptor type 1B (BMPR1B), eukaryotic translation
initiation factor 2 α kinase 4 (EIF2AK4), and growth differentiation factor 2 (GDF2) [17].
While most identified gene mutations are relatively rare (1–3% cases), heterozygous loss-
of-function mutations in the BMPR2 gene are the most common and occur in 53–86%
of HPAH and 14%–35% of idiopathic PAH (IPAH) patients [18]. To date, more than 300
mutations, predominantly nonsense and frameshift types, have been identified in the
BMPR2 gene in PAH patients. BMPR2, encoded by the BMPR2 gene, is a member of the
serine/threonine kinase transmembrane proteins belonging to the TGFβ receptor super-
family. BMPR2 binds BMP ligands such as BMP2, BMP4, BMP6, BMP7 and BMP9. BMPs
typically play a role in a wide range of signal pathways involved in cellular differentiation,
growth, and apoptosis and in embryogenesis, development, and tissue homeostasis. In the
canonical BMP signaling pathway, upon binding of BMP ligands, BMP type 2 receptors
(e.g., BMPR2 (ActRIIA) and ActRIIB)) recruit, complex and phosphorylate BMP type 1
receptors (e.g., Activin receptor-like kinase 1(ALK1), BMPR-1A (ALK3), BMPR-1B (ALK6),
and ActR-1A (ALK2)), which then phosphorylate receptor-regulated SMADs (R-SMADs).
These R-SMADs form a complex with co-SMADs (e.g., SMAD4) and translocate to the
nucleus where the complex binds to a BMP response element DNA sequence. As a result,
the complex acts as transcriptional regulator of target gene expression including Inhibitor
of DNA Binding 1, 2, and 3 (ID1, ID2, ID3) or cyclin-dependent kinase inhibitor 1A and 2B
(CDKN1A and CDKN2B) by binding to the BMP responsive element (BRE), which plays
a critical role in cell proliferation, apoptosis and migration. In addition to the canonical
SMAD mediated signaling pathway, several non-canonical BMP signaling pathways are
also activated by BMPR2, including p38 Mitogen-Activated Protein Kinase (MAPK), Extra-
cellular Signal-Regulated Kinase (ERK), Phosphoinositide 3-kinase (PI3K)/Akt signaling,
Peroxisome proliferator-activated receptor γ (PPAR γ)/Apolipoprotein E (ApoE)/ High
–density lipoprotein cholesterol (HDLC), Wingless (Wnt), Caveolin, Rho-GTPases, Protein
Kinase C (PKC) signaling and NOTCH signaling [19].
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3. Regulation of BMPR2 Signaling

A tight regulation of BMPR2 signaling is exerted by extracellular agonists and an-
tagonists, such as the inhibitory molecule Noggin, Chordin and gremlin1 [20], which is
upregulated by endothelin1 [21]. Intracellularly, a feedback loop controls BMPR2 signaling
through the activity of inhibitory SMADs (iSMADs) SMAD6 and SMAD7, which inhibit the
phosphorylation of SMAD2 and SMAD3, signaling molecules that function as counterparts
to SMAD 1/5 signaling. SMAD1 degradation is initiated through SMURF1 and SMURF2
targeting, which downregulates further downstream gene expression [22]. BMPR2 down-
stream signaling is further regulated by FK binding protein 12 (FKBP12), which prevents the
activation and phosphorylation of type 1 receptors in absence of a ligand [23] FKBP12 fur-
thermore maintains the balance of rSMAD and iSMAD signaling, by regulating SMAD2/3
activity and recruiting SMAD7 [24].

The availability of BMPR2 receptors at the cell surface is provided by the balance of
receptor expression and degradation, as well as receptor shuttling to the cell surface [25].
While upregulation of BMPR2 receptor expression has recently been explored as a therapeu-
tic strategy in PAH [26], little is known about intracellular signaling molecules that target
BMPR2 expression. We recently explored upstream modulators of BMPR2 expression and
described two novel players in BMPR2 signaling that can increase BMPR2 expression,
namely Fragile Histidine Triad (FHIT) and lymphocyte-specific protein tyrosine kinase
(LCK) [27].

In contrast to the lack of data on the positive regulation of BMPR2 expression, the mech-
anisms of its downregulation are well-described, whereas regulation via micro RNAs (miRs)
and receptor degradation play major roles. miR-20a and miR17 have both been connected
to the downregulation of BMPR2 expression [28,29] whereas the miR17-92 cluster down-
regulated BMPR2 by engaging the inflammatory cytokine IL-6 via STAT3 [30]. Hypoxia
downregulates BMPR2 signaling through miR-21 and miR-125a [31]. miR-302 targets
BMPR2 signaling in PASMCs, thereby reducing their proliferation [32] miR21 is connected
to a feedback inhibition of BMPR2 signaling, as its expression is induced by BMPR2 signal-
ing on the one hand, but also reduces BMPR2 expression in PAECs. Therefore, the lack of its
expression in vivo induces PH, while the use of miR-21 inhibitors in a rodent model of PH
supports vascular regeneration in the hypoxia-remodeled pulmonary vasculature [33,34].
In addition to BMPR2 regulation by micro RNAs, it was recently described that 17-estradiol-
induced binding of the estrogen receptor to the BMPR2 gene promotor, inhibited BMPR2
transcription, a finding that might explain the sex-based differences in PAH pathogene-
sis [35,36]. A reduction of BMPR2 receptor presence on the cell surface can be achieved
by its premature degradation in connection to infection and inflammation. The inflam-
matory cytokine Tumor necrosis factor α (TNFalpha) activates metalloproteases that can
cleave the receptor, and viral particles (i.e., Kaposi sarcoma-associated herpesvirus KSHV)
can ubiquinate BMPR2, leading to its lysosomal degradation [37]. Furthermore, in the
absence of BMPR2, SMAD signaling can shift from rSMAD-dominated signals of BMPR2
to the activation of the rSMADs SMAD2, SMAD3 and SMAD4, which are controlled by
TGFβ [38] activating EC ITGB1 transcription, leading to EndMT, stress fiber production
and actomyosin contractility.

Defective BMPR2 signaling caused by a mutational change in the BMPR2 gene can be
rescued, as shown in unaffected BMPR2 mutant carriers through an effective feedback loop.
When BMPR2 is functionally inactivated or reduced, the expression of receptor antagonists
such as FKBP1A or Gremlin1 is reduced, while, similarly, cellular receptor activators are
being upregulated [39].

4. BMPR2 Deficiency and Pulmonary Hypertension

Despite the high frequency of BMPR2 mutations in PAH patients, the disease pen-
etrance rate is ~20% of the mutation carriers, suggesting that, in addition to BMPR2
mutations, other unidentified genetic, epigenetic, or environmental factors are involved in
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the development of the disease, potentially by decreasing BMPR2 expression and signaling
activity below a specific threshold required to cause disease.

Furthermore, in PAH patients with and without BMPR2 mutations, BMPR2 expression
and signaling activity is impaired in the pulmonary vasculature [40,41], suggesting that
dysfunction of BMPR2 signaling is a key common feature in PAH patients.

Pulmonary endothelial-specific deletion of BMPR2 in mice recapitulates human PAH
features [42]. PAH manifestations are also observed in mice expressing a dominant-negative
BMPR2 gene in pulmonary smooth muscle cells [43,44]. Similarly, haplo-insufficient
BMPR2 mutant rats developed severe dysfunction of the cardio-pulmonary-vascular sys-
tem, such as distal vessel muscularization, loss of microvascular vessels, inflammation,
RV and endothelial dysfunction as well as intrinsic cardiomyocyte dysfunction [45].

Impaired BMPR2 signaling is associated with aberrant vascular cell phenotypes, in-
cluding pulmonary arterial endothelial cells (PAEC) apoptosis, hyperproliferation and
apoptosis resistance of pulmonary arterial smooth muscle cells (PASMC), and inflamma-
tion [3,12]. These findings suggest that targeting and thereby increasing BMPR2 expression
and signaling could be an effective therapeutic approach for treating PAH.

5. Therapeutic Strategies to Modify BMPR2 Signaling

As outlined above, the mechanistic causes of BMPR2 deficiency in PAH can be defined
as either receptor inactivation, decreased receptor expression, or an impairment of the
receptor’s downstream signaling pathway [19]. In recent years, many novel approaches
have emerged that target the BMPR2 pathway and are promising for clinical translation.
Here, we have grouped and classified pharmacological and genetic interventions as follows:
(a) targeting the BMPR2 receptor to increase its activity by pharmacological activators
or gene-directed modulation, (b) increasing receptor availability at the cell surface by
increasing signaling upstream of BMPR2, preventing receptor degradation or increasing the
receptor shuttling to the cell surface, and (c) reconstituting BMPR2 downstream signaling
by targeting interacting signaling pathways.

5.1. Targeting BMPR2 Receptor Activity
5.1.1. Receptor Activation

The activity of the BMPR2 receptor can be pharmaceutically increased by pharmaco-
logical activators, as long as a small quantity of BMPR2 exists and/or the potential of the
BMPR2 protein to be activated is not prevented by the presence of a mutation in the BMPR2
gene. The most direct activation of BMPR2 signaling can be achieved pharmaceutically
through the administration of recombinant BMP-9 ligand which has been proposed as a
therapeutic strategy for use in PAH [26].

5.1.2. Relieving Receptor Inhibition

The inhibition of the BMPR2 receptor can be pharmacological or genetical in nature.
The functional activity of the BMPR2 receptor complex can be repressed by the intracellular
binding of FKBP12 to the intracellular domain of the type 1 transmembrane receptors
activin receptor-like kinase 1 (ALK1), ALK2, and ALK3 and presence of the phosphatase
Calcineurin, which binds to FKBP12. The release of FKBP12 from the receptor complex by
BMPR2 ligands activates downstream (intracellular) BMPR2 signaling [23].

The activation of the receptor complex could therefore be induced by inhibitors of
Calcineurin and compounds that bind FKBP12 themselves and prevent interaction with
the type 1 receptors. Cyclosporine is an inhibitor of Calcineurin that decreased pulmonary
arterial smooth muscle cell proliferation in vivo and apoptosis in vitro, while partially
reversing the severity of experimental PH in monocrotaline treated rats [46]. Rapamycin,
an FKBP12 ligand, has been shown to ameliorate the extend of artery smooth muscle cell
proliferation [47]. The dual inhibition of both FKBP12 and Calcineurin was achieved by
FK506(Tacrolimus) [23], which facilitates the release of the FKBP12/Calcineurin complex
from the type 1 receptor by binding to both molecules, and thereby activating downstream
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canonical and non-canonical BMPR2 signaling even in presence of a BMPR2 mutation.
FK506 was identified as the best BMPR2 activator in a high-throughput luciferase reporter
assay of 3756 FDA-approved drugs using ID1 expression as the assay readout [23], su-
perior to Rapamycin and Cyclosporine. In vitro, FK506 activated downstream BMPR2
signaling via SMAD1/5, MAPK and ID1 signaling in healthy PA endothelial cells (PAECS),
while normalizing endothelial dysfunction in PAH PAECs. FK506 prevented experimental
PH in BMPR2+/- mice and reversed PH in both the rat monocrotaline induced and Sugen-
Hypoxia induced PH, whereby it reduced right ventricular systolic pressure (RVSP), right
ventricular hypertrophy (RVH), pulmonary vascular medial hypertrophy and neointima
formation. FK506 was found to be safe and well tolerated in a Phase 2a proof-of concept
safety and tolerability study [48] and has shown promise as compassionate use in three
end-stage PAH patients [49].

5.1.3. Gene-Directed Modulation of the BMPR2 Receptor

The promise of genetic interventions to correct a specific BMPR2 mutation in familial
and idiopathic PAH patients is on the advent. Gene-directed modulation of the BMPR2
receptor showed promise in experimental PH models. However, the use of CRISPR
modulation as a pharmaceutical strategy, while a powerful tool, is not yet available for
PAH patients.

In 2007: Reynolds et al. used an adenoviral vector for the targeted delivery of the
BMPR2 gene to prevent BMPR2 inhibition in a rat model of hypoxia-induced PH. This treat-
ment strategy significantly reduced the RVSP, RVH, and distal pulmonary vasculature mus-
cularization [50]. However, the concern about a neutralizing immune response mounted
after adenoviral transduction for horizontal gene transfer posed a concern for the efficacy
of the method [51]. Building on these promising results, Harper et al. [52] improved
established experimental PH in Monocrotaline (MCT) induced PH in rats using genetic
modifications. Endothelial-like progenitor cells (ELPC) from the femural bone-marrow
of rats were transduced with a BMPR2 adenoviral vector (AdCMVBMPR2myc) and were
injected into the tail-vein of experimental PH rats. While the injected cells were short lived
in the lungs (<24 h), the injected animals showed an immediate increase in BMPR2 in their
lungs, which was thought to be exosome mediated, as well as an improvement in muscu-
larized vessels over time [52]. Another avenue to overcome the obstacle of a neutralizing
immune response would be the use of Adeno-associated virus (AAV) for gene delivery,
which elicits only a neglectable immune response [53,54]. The use of the adenovirus for
BMPR2 AAV1.SERCA2a reduced RV hypertrophy, RVSP, mPAP and vascular remodeling,
thereby overall reducing experimental PH [55]. Currently, this strategy is investigated in
translational studies for heart failure and PH [56]. The effect of the correction of a BMPR2
mutation by CRISPR was investigated by Gu et al. [39], where induced pluripotent stem
cell-derived endothelial cells (iPSC-ECs) from different individuals amongst three single
families were examined for their characteristics. Endothelial cells derived from FPAH
patients were defective in cell survival, adhesion, migration, tube formation and BMPR2
signaling, whilst unaffected mutation carriers as well as CRISPR corrected iPSC-ECs were
not.

As the presence of a BMPR2 mutation can reduce not only the functionality, but also
the expression of the BMPR2 receptor, the induction of readthrough of nonsense mutations
by ataluren has been employed to increase BMPR2 signaling in several lung and blood cell
types [57]. Similarly, gentamycin was used to treat premature stop codons and readthrough
in PAH [58,59].

5.2. Modulating the Availability of the BMPR2 Receptor at the Cell Surface

The increased availability of the BMPR2 receptor at the cell surface is a potent strategy
to increase downstream BMPR2 signaling. We have shown that BMPR2 signaling can
be modulated by upstream modifiers that we have targeted by repurposed pharmaceuti-
cals [27]. In an siRNA high-throughput screen of over 20,000 genes of potential BMPR2
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modulators, the tumor suppressor gene Fragile Histidine Triad (FHIT) was identified and
thereafter pharmaceutically targeted by the repurposed drug Enzastaurin, which reversed
established experimental PH in Sugen Hypoxia rats. Despite the established pharmacologi-
cal role of Enzastaurin in PKC-inhibition, the authors showed that the action of Enzastaurin
on BMPR2 signaling may likely be an unspecific effect of the drug, as other PKC inhibitors
were unable to achieve the same effect on BMPR2 gene expression and PAEC function.

Similarly, treatment with the elastase-specific inhibitor elafin stabilized the BMPR2
receptor at the membrane in animal PH models by enhancing its interaction with Caveolin-1
and thus reversed established PH in Sugen-hypoxia rats and patient PAECs [60].

Likewise, the prevention of receptor degradation at the cell surface by chloroquine
and hydro-chloroquine by inhibition of autophagy and lysosomal degradation prevented
the development of experimental PH [61,62]. BMPR2 receptor degradation and receptor
shedding is also targeted by the TNF-α antagonist Etanercept [37], which prevented and
reversed experimental PH in rats [63] and endotoxic pigs [64].

Increasing BMPR2 shuttling to the membrane using the chaperone 4-phenylbutyric
acid (4PBA) [65] led to a mild improvement in BMPR2 downstream signaling in patient
fibroblasts that contained a specific inactivating mutation C118W, which served as a proof
of concept for the applicability of this method in patients and an important step towards
precision medicine in PAH [66].

5.3. Increasing Downstream Gene Transcription by Targeting BMPR2 Signaling or Interacting
Pathways

Classical activation of BMPR2 signaling is achieved through ligand binding to BMPR2
receptor complexes. BMPR2/Alk1 heterocomplexes are mainly targeted by BMP9 [26],
whereas other BMP ligands, such as BMP2 and BMP4, can activate multiple BMPR2 hetero-
complexes (i.e., BMPR2/BMPR1A-B, BMPR2/Alk3), resulting in a higher probability for
off-target effects in gene expression of bone formation signaling [67]. In PAECs, the admin-
istration of BMP9 prevents EC apoptosis consistent with the desired therapeutic outcome
of preventing early vessel loss. Injection of the BMP9 ligand in mice and rats reversed estab-
lished experimental PH (MCT-induced and SuHx) even in the presence of a heterozygous,
inactivating BMPR2 mutation.

A different approach would be to interfere with pathways or molecules that in-
hibit the BMPR2 receptor or its pathway such as TGF-β signaling or the binding protein
FKBP12. FKBP12 can be pharmaceutically targeted by FK506 and also FKVP, a non-
immunosuppressive FK506 analog, which both activate BMPR2 signaling by FKBP12
antagonism [23,68]. The drug etanercept likewise increased BMPR2 signaling by inhibiting
the BMP inhibitory pathway TGF-β, an effect that can also be observed with other TGF-β
inhibitory substances, such as Paclitaxel [69].

Lastly, many pathways converge to induce BMPR2 signaling, opening the pharmaceu-
tical potential of combined use of BMPR2-potentiating medication to achieve the synergistic,
or additive activation of BMPR2 signaling. As a proof-of-concept, FK506 and Enzastaurin
showed additive effects on BMPR2 signaling activation in vitro [27]. Moreover, the loss
of BMPR2 leads to changes in several of its downstream signaling pathways, such as
p38/MAPK/ERK [70], PI3K/Akt [71] and Wnt [72] signaling, which have thus also been
investigated as therapeutic targets at a molecular level. Exploring the potential additive
effects of targeting the BMPR2 receptor, as well as its downstream signaling, may be of
therapeutical value.

6. Conclusions

PAH is a progressive and ultimately fatal disease, while current treatments are insuffi-
cient to substantially prolong patient survival. Targeting BMPR2 signaling and interacting
signaling pathways has emerged as a promising approach to identify disease modifying
therapies that address fundamental, genetically based molecular pathways important
in PAH pathogenesis. Additive and synergistic effects of a combination treatment with
several BMPR2 enhancing drugs have been shown to increase the therapeutic effect. How-
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ever, the off-target effects of existing BMPR2-targeting pharmaceuticals hinder the precise
assessment of the full potential of BMPR2 targeting in PAH therapy.

In summary, the use of BMPR2 targeted treatments in addition to conventional va-
sodilatory drugs in PAH is a promising avenue to explore in the search for novel PAH
treatments, but the development of novel compounds to target BMPR2 signaling with
increased specificity is of utmost importance.
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