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Abstract

Tremendous progress has been made in understanding the genetics of hereditable pulmonary
arterial hypertension (HPAH) since its description in the 1950s. Germline mutations in the gene
coding bone morphogenetic receptor type 2 (BMPR?2) are detectable in the majority of cases of
HPAH, and in a small proportion of cases of idiopathic pulmonary arterial hypertension (IPAH).
HPAH is an autosomal dominant disease characterized by reduced penetrance, variable
expressivity, female predominance, and genetic anticipation. These characteristics suggest that
endogenous and exogenous factors modify disease expression and areas of emphasis for future
investigation. The variable clinical expression makes genetic counseling complex because the
majority of carriers of a BMPR2 mutation will not be diagnosed with the disease. This issue will
become increasingly important, as clinical testing for BMPRZ mutations is now available for the
evaluation of patients and family members with HPAH and IPAH.
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BACKGROUND

Pulmonary arterial hypertension (PAH) was first described by Dresdale et al in 1951 as a
sporadic disease entity known as primary pulmonary hypertension (PPH).1 In 1954,
Dresdale et al described the familial transmission of PPH in a kindred, thus providing the
first known reports of both idiopathic PAH (IPAH) and familial PAH (FPAH).2 In the wake
of years of genetic research, it is now recognized that PAH comes in many forms, including
idiopathic (PAH), hereditable (HPAH), and associated with drug exposures (such as
anorectic fenfluramine compounds) or other medical conditions.3

In the 30 years following the initial description of PAH in families, reports of additional
families with HPAH appeared periodically in the literature, resulting in a total of 13 U.S.
families reported by 1984. A follow-up analysis of these 13 families in 1984 revealed an
additional eight new cases, as well as the description of a new family located in Tennessee.
This fourteenth family contained the largest number of affected family members described
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to date, with six deaths due to pulmonary hypertension during two generations.* Analysis of
these 14 families showed vertical transmission with male to male transmission that proved
an autosomal dominant mode of inheritance. It also became clear that a proportion of cases
of pulmonary hypertension which appeared to occur as sporadic had a familial basis that was
not obvious due to the reduced penetrance that allowed some carriers to remain unaffected
yet able to silently pass their HPAH mutation to their offspring. In fact, the latest
international classification scheme, which incorporates the label HPAH, does so at least in
part to recognize the fact that up to 26% of cases previously thought to be idiopathic harbor
identifiable mutations and therefore pose a hereditary risk to other family members. Finally,
the notion of genetic anticipation, in which disease expression occurs at a younger age with
each successive generation, was inferred from careful study of these family pedigrees.’

In the mid-to late 1980s, the National Institutes of Health (NIH) prospective registry of PPH
provided the foundation for the clinical definition of PAH and facilitated interaction of
participating investigators to collect and organize sufficient numbers of families to provide
robust statistical power for a genomewide search for HPAH loci.8 Independently, two teams
of investigators mapped the locus for the gene, named PPHZ, for HPAH to chromosome
2031-32 in 1997.910 Subsequently, both teams also demonstrated that germline mutations
in the gene encoding bone morphogenetic protein receptor type-2 (BMPRZ2), a TGF-p
superfamily of receptors member, was the gene responsible for the majority of cases of the
autosomal dominant familial disease now known as HPAH.11:12 |t is currently recognized
that a small percentage of HPAH families (15 to 20%) have multiple affected individuals but
do not have mutations identified in BMPRZ2 despite comprehensive testing. It is likely that
mutations at one or more other loci are responsible, as demonstrated by HPAH associated
with hereditary hemorrhagic telangiectasia (HHT) and mutations in activin-like kinase type
1 (ALK1) and endoglin (ENG).13.14

TRANSMISSION PATTERNS AND CLINICAL EXPRESSION OF PAH

Penetrance refers to the frequency with which a specific genotype results in the expression
of a specific trait (phenotype) by the individual with that genotype. As with some other
genetic diseases, such as Huntington disease, the penetrance of a BMPRZ mutation is
reduced. Reduced penetrance of BMPRZ2 germline mutations can make establishing familial
transmission difficult because generations of mutation-carrying individuals may not express
disease.*” Thus only ~20% of individuals with a known genetic mutation in BMPR2will
develop detectable PAH. In addition, expressivity of the disease (variations in the phenotype
among those with a given genotype and disease penetrance), is variable. For example, onset
can occur at any age, and although most die within 1 to 5 years of diagnosis without therapy
some do survive many years. Finally, several other interesting findings characterize HPAH,
including female predominance (=2:1 female: male ratio) and genetic anticipation. All of
these factors can be confounded in a highly mobile society such as ours, full family
genealogical history is often impaired.1®

Reduced Penetrance

Mutant BMPRZ alleles with reduced penetrance can segregate in HPAH kindreds, indicating
that heterozygosity for a mutation is required but is not sufficient to precipitate clinical
expression of HPAH in most cases. To date, the mechanisms that reduce penetrance are
unknown but are likely to include additional genetic and/or environmental modifiers of
disease expression.1’

At Vanderbilt University, we follow a research cohort of 120 families with HPAH, each
with reduced BMPRZ2 penetrance. Of 64 families with comprehensive genetic testing for
germline BMPRZ2 mutations completed, 52 have a detectable mutation, whereas 12 do not.
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Of the 351 individuals formally diagnosed with PAH, 253 are females and 98 are males. The
age at death spans the entire age spectrum, although a greater percentage of male deaths
occur in childhood compared with percentage of female deaths in childhood. Although there
are another 4085 bloodline family members at risk to develop HPAH, 18% of bloodline
family members have been diagnosed with PAH to date. Of note, among the six most
heavily affected families, 26% of first-degree relatives of patients with PAH have also been
diagnosed with HPAH. Fig. 1 shows the family that has the second-largest number of
affected subjects in our research registry (16 affected subjects). This family has a mutation
in exon 9 of BMPRZ2that causes haploinsufficiency (HI) due to the activation of the
nonsense-mediated decay (NMD) pathway of RNA surveillance. Not surprisingly, this
family’s pedigree demonstrates female predominance of the disease, as well as reduced
disease penetrance and variable ages at disease onset.

Of note, we continue to follow the fourteenth family described in our 1984 report, and it
remains the largest known family with the disease.* Twenty-eight family members have
been diagnosed with HPAH overall, including 24 females and four males diagnosed at
various ages between 9 and 70 years. Consistent with the reduced genetic penetrance of
HPAH, this family contains numerous unaffected but at-risk individuals who have both a
parent and progeny diagnosed with HPAH. These individuals must carry the germline
BMPRZ2 mutation responsible for this disease, and they are at risk to develop the disease
themselves.

A similar-sized research cohort at Columbia University, started by Drs. Robyn Barst and
Jane Morse, is currently directed by Dr. Wendy Chung. The Columbia registry includes 106
families with 278 patients and also exhibits the characteristic reduced penetrance (personal
communication). Together, the Vanderbilt and Columbia cohorts suggest that in North
America there are at least 226 families consisting of at least 629 patients, along with several
thousand family members at risk. At-risk family members who have not been genetically
tested have an estimated risk of ~1 in 10 to develop disease during their lifetime. This is due
to the 50% chance they possess an HPAH-causing autosomal dominant allele (‘gene
mutation”), and 20% chance that allele will be penetrant.

Skewed Gender Ratio

Since the 1950s, it has been known that =2 females are diagnosed for every male. In fact,
aside from a BMPR2 mutation, gender is the most reliable determinant of HPAH, and
understanding the mechanism by which gender modulates disease may one day improve
diagnosis and therapy of PAH. Whether the female predominance reflects increased risk for
females or decreased risk for males remains unclear. Suggestions of some hormonal
influence (including exogenous ovarian hormone therapy) or effect increased by the
presence of 46 XX, but decreased by 46 XY, chromosome complements have yet to be
substantiated.18-21 Finally, it has been speculated that the gender discrepancy could result
from increased male fetal losses—perhaps due to abnormalities of embryologic
development.”

Variable Expressivity

The variable age of onset of HPAH, which can affect individuals at any age from early
childhood to late adulthood, reflects the variable expressivity of disease.2? Although there is
a paucity of data convincingly outlining the impact of BMPRZ genotype upon clinical
outcomes and therapeutic response in PAH, this is beginning to change. Recently, Sztrymf
et al reported more severe disease among patients with a BMPRZ2 mutation. Although
ascertainment bias of family members could account for the 10-year difference in age at
diagnosis reported, the majority of subjects with a BMPR2 mutation (59%) had no known
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family history to prompt earlier clinical evaluation. In addition, the age at death was ~15
years younger among BMPRZ2 mutation carriers (see Fig. 2). Finally, compared with patients
without a mutation, BMPRZ2 mutation carriers had more severe hemodynamic compromise
at diagnosis, including higher mean pulmonary artery pressure, lower cardiac index, and
higher pulmonary vascular resistance. Interestingly, BMPRZ2 mutation status did not appear
to impact survival.23

Although the study by Sztrymf et al did not demonstrate a survival difference based upon
mutation status, there are attempts to use BMPRZ mutation type and status to select therapy
in HPAH. Because a small proportion of PAH patients have good long-term response to
calcium channel blockers, Elliott et al24 sought to compare the results of vasoreactivity
testing according to BMPRZ2 mutation type.2526 This retrospective study demonstrated that,
compared with patients without a BMPR2 mutation, patients with nonsynonymous BMPRZ2
mutations were nearly nine times less likely to demonstrate vasoreactivity by standard
testing [vasoreactivity in 3.7% of 27 patients with nonsynonymous BMPRZ variations
versus 35% of 40 patients without mutation (p = 0.003)].24 Rosenzweig et al found similar
results, as well as worse hemodynamic parameters consistent with those seen in the French
report, in a cohort of adult and pediatric patients with PAH and a BMPR2 mutation.2’

Genetic Anticipation

Several studies have shown a progressively earlier age of onset of HPAH in subsequent
generations, a phenomenon known as genetic anticipation.”-28 Although it clearly occurs in
some families, it is not uniformly seen and its significance is of considerable debate among
investigators. Because its biological underpinnings in HPAH remain unproven, arguments
remain that it may be a function of ascertainment bias. Trinucleotide repeat expansion (the
basis of anticipation in many familial neurological diseases) and progressive telomere
shortening (as seen in dyskeratosis congenita) do not appear to explain the younger age of
onset reported in subsequent generations in HPAH.29:30

LOCUS HETEROGENEITY AND HPAH

Although the discovery that BMPRZ mutations constitute the genetic basis of the majority of
cases of HPAH was a great step forward in the understanding of this disease, the genetic and
molecular understanding is incomplete.3! For example, although it is the most frequently
found mutation in HPAH, the BMPRZ2 gene is not the only locus at which a detectable
mutation results in phenotypic expression of PAH.

With the cooperation of several large families with HPAH, microsatellite markers and
linkage analysis focused the search for the gene ultimately identified as BMPRZ2to
chromosome 2, in the region of q31-33.9:32:33 Sybsequently, a positional candidate gene
approach identified BMPRZ, which is a member of the transforming growth factor p (TGF-
B) superfamily of receptors, as the responsible gene.1> Germline mutations in this large gene
(~192 kb), which resides on chromosome 2933 and spans 13 exons, cause HPAH in most
affected kindreds.1112 The translation of a BMPRZ2 transcript generates a polypeptide,
composed of four distinct functional domains, of 1038 amino acids in humans.34 The
BMPR2 protein is a constitutively active serine-threonine receptor kinase whose
downstream signaling has profound effects on developmental processes, including
vasculogenesis.

Although at least two additional loci have been identified that can cause a PAH phenotype,
these result in conjunction with a larger heritable disease known as hereditary hemorrhagic
telangiectasia (HHT). HHT is a vascular dysplasia characterized by mucocutaneous
telangiectasias, recurrent epistaxis, and gastrointestinal bleeding, as well as arteriovenous
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malformations of the pulmonary, hepatic, and cerebral circulations. Mutations in additional
components of the TGF-B signaling superfamily receptor complex, activin receptor-like
kinase 1 (ALKZ) located on chromosome 12 and endoglin (ENG) on chromosome 9,
contribute to the pathogenesis of HHT.35:36 Pulmonary hypertension is also known to occur
in HHT, typically a secondary form related to a high cardiac output state. However, PAH
that is clinically and histologically identical to HPAH and IPAH has recently been described
in multiple unique kindreds, with HTT associated with detectable mutations in ALK,
implicating ALK as an additional locus for HPAH.37:38 Interestingly, an NG germline
mutation was recently described in a patient with HHT and PAH that was associated with
dexfenfluramine exposure, a genetic—environmental interaction which has also been
described in BMPR2 mutation carriers.3 As has also been described for BMPR2 mutation
carriers, investigators recently reported a father and his child with an £NG mutation
resulting in abnormal transcript splicing causing markedly reduced levels, suggesting HI
leading to disease expression; whereas he himself was unaffected, the man’s child was
affected with PAH as a youth.40

The locus heterogeneity identified in genes that all encode members of the TGF-p signaling
pathway in patients with HHT and PAH suggests that defects in this pathway can precipitate
pulmonary vascular disease. Although no direct interaction between the gene products of the
BMPRZ, ALK1, or ENG genes is known, and these receptors do not appear to share
activating ligands, the receptors all signal intracellularly via the Smad family of
coactivators.#1:42 Although the exact mechanisms have yet to be elucidated, it is evident that
variations at different genetic loci that signal via the TGF super-family of receptors can
result in a similar phenotypic expression, and that a better understanding of this signaling
will improve understanding of HPAH.

THE BMP SIGNALING PATHWAY

BMPR?2 is ubiquitously expressed and highly conserved throughout nature as a receptor for
a family of cytokines known as bone morphogenetic proteins (BMPs). As members of the
TGF-p superfamily of receptors, BMPs play a crucial role in the regulation of mammalian
development. They are regulators of embryonic lung morphogenesis as well as bone and
cartilage development.#3 Although genetic studies strongly implicate the TGF-B superfamily
in the regulation of pulmonary vascular cell growth and differentiation, the precise
molecular mechanisms involved are unclear.

It is clear that heterodimerization of the serine/ threonine transmembrane kinases, BMPR1
and BMPR2, is critical to BMPR2 signaling. Four functional domains comprise BMPRZ.
ligand binding, kinase, transmembrane, and cytoplasmic domains. Activation of the
heterodimeric BMPR2/BMPRL receptor complex leads to phosphorylation of a series of
cytoplasmic mediators, which include the Smad family. Following phosphorylation, Smad
proteins 1, 5, and 8 complex with Smad 4 for translocation into the nucleus to regulate target
gene transcription in concert with specific nuclear repressors and cofactors.*? In this
manner, the Smad signaling pathway appears to participate in the inhibition of cell growth
and the induction of apoptosis.** It is postulated that BMPR2 mutations eliminate a critical
growth regulatory function in pulmonary vascular cells by disrupting Smad activation.*

Other substrates are affected by BMPR2/ BMPR1 receptor activation, including mitogen-
activated protein kinases (MAPKs), NH2-terminal kinase, and others.#? Unopposed
mitogen-activated protein kinase (MAPK) function has been associated with BMPRZ2
mutations. For instance, Yang et al found that BMPRZ2 kinase domain mutations result in
down-regulation of Smad signaling in pulmonary artery smooth muscle cells (PASMCs),
with resultant loss of antiproliferative effect. The resulting imbalance between Smad and
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MAPK function may lead to proproliferative and antiapoptotic effects that promote the
development of PAH.46

The BMPs and TGF- superfamily play critical roles in a diverse array of cellular processes
beyond the BMPR2 pathway. Vascular endothelial growth factor (VEGF) and platelet-
derived growth factor (PDGF) are two growth factors that have been implicated in PAH
pathogenesis. They are believed to interact with BMPs and perhaps with the BMPR2
pathway. It is known that plexiform lesions in PAH have elevated levels of VEGF
expression. Whether VEGF acts to promote or inhibit apoptosis and remodeling in the
setting of PAH is unknown.#”48 |t does appear, however, that at least one BMP (BMP-9)
diminishes VEGF activity.4?

PDGEF is a potent mitogen and pulmonary vascular smooth muscle cell chemoattractant,
which may contribute to pulmonary vasculature remodeling in PAH.50 Elevated levels of
PDGF have been found in the lungs of individuals with PAH, whereas BMPR2 activity has
been shown to dampen PDGF-associated PASMC proliferation. It has been suggested that
insufficient BMPR?2 activity results in a loss of PDGF restraint, which may be rescued by
peroxisome proliferator-activated receptor A (PPARA) activation.

PREVALENCE OF BMPR2 MUTATIONS IN HERITABLE PAH

Despite locus heterogeneity, BMPRZ2 mutations are responsible for PAH in the vast majority
of HPAH, as well as some cases of PAH without family history. Germline BMPR2
mutations appear to cause PAH regardless of ethnic group.22-24 A variety of testing
methodologies have been used to detect BMPR2Z mutations, including sequencing of
genomic DNA, Southern blot analysis, high-performance liquid chromatography, and
melting curve analysis. The majority of mutations encode frameshift, nonsense, or splice site
donor/acceptance site mutations.>®> Multiplex ligation-dependent probe amplification
(MLPA) analysis of genomic DNA with confirmation by real-time polymerase chain
reaction (PCR) has expanded investigators’ ability to detect BMPR2 mutations.8 It is now
generally accepted that ~70% of families with documented PAH in one or more members
have a detectable mutation in BMPRZin affected individuals.3 This agreement further
supports the primary role of BMPRZ2in the central pathogenesis of disease in HPAH.34

BMPR2 MUTATIONS IN IDIOPATHIC PAH

Given the clinical and pathologic similarity to HPAH, it is not surprising that mutations in
BMPRZ cause some cases of IPAH. These mutations may be either inherited low-penetrance
alleles or de novo.34 Although the detection rates vary in part due to the availability of
detailed family histories, mutations are typically detected in ~10% of patients (6 to
40%).5:34.57.58 Tq date, only 6.8% (3/44) IPAH patients had a detectable BMPR2 mutation
by direct sequencing and MLPA testing in our center (unpublished data, December 2008).
This low percentage may be due to more complete family histories, which make the number
of subjects with true IPAH lower. Of note, although the precise rate of BMPR2 mutations in
the general population is unknown, it is extremely low.15

ALLELIC HETEROGENEITY IN HPAH DUE TO BMPR2 MUTATIONS

Although it is no surprise that not all BMPRZ2 mutations result in identical clinical
presentations given the variations in clinical expression noted earlier, the functional impact
of BMPRZ2 mutations has been incompletely investigated to date, with variable
consequences for signaling activity reported.59.60
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Different types of BMPRZ mutations, such as those that activate the NMD pathway versus
those that do not, can differentially impact BMP pathway signaling. NMD is a mechanism
of RNA surveillance used by the cell to destroy RNA transcripts from nonsense mutations
that would otherwise lead to the production of aberrant truncated proteins.52 NMD modifies
the phenotype of mutations because NMD activation prevents the production of protein
products from mutant transcripts that could have a dominant-negative (DN) effect. The
expected result of NMD destruction of mutant transcripts is an HI effect resulting from
lower levels of normal protein (supplied by the remaining normal allele), which presumably
causes a less severe bv phenotype.61.62 Thus NMD eliminates transcripts encoding truncated
proteins that could be harmful. In contrast, mutations that do not activate the NMD
mechanism are potentially DN because in some cases they can result in stable mutant
proteins with deleterious effects that impair or completely block the beneficial activity of the
remaining normal allele.3* Thus NMD status of BMPR2 mutations may profoundly
influence the phenotype produced by different mutations in this autosomal dominant
disease.61.63

Complete disruption of BMP signaling may lead to absence of critical mechanisms in the
antiproliferative and differentiation mechanisms in the pulmonary vasculature. HI has been
generally accepted as the predominant molecular mechanism by which a BMPR2 mutation
predisposes to PAH.%2:64 Consistent with this, ~50 to 60% of the reported pathogenic
mutations should result in a premature truncation codon (PTC), which, if it resides in certain
exons will activate the NMD pathway.>2 In addition, various deletions within exons 2 to 13
have been reported, which lead to nonfunctional peptides.6:57 Although it is clear that
alleles resulting in HI effects cause PAH, it is unclear what percentage of BMPR2 mutations
that result in disease have DN effects on BMP signaling.>%:61 In vitro functional studies have
shown DN effects on BMP signaling due to mutations or truncations in the kinase domain of
BMPR246 Although some data suggest that DN mutations are more detrimental than HI
mutations, whether reproducible phenotypic differences will emerge is unknown.5°

Recent work by Hamid et al suggests that, although characterization of the mutation by
NMD status is important, it is not the only component of BMPRZ2 allelic variation that
correlates genotype with phenotype. In fact, the level of production of BMPRZ2transcript by
the remaining wild-type allele, particularly in the setting of HI mutations due to NMD
activation, may be a critical modifier of disease expression. Studying lymphoblastoid cell
lines derived from BMPRZ mutation carriers with four different HI mutations, real-time
PCR assays were used to determine wild-type and mutated BMPRZ2transcript levels. As
expected, HI mutant alleles contribute very little to the total BMPR2 transcript levels (0 to
2.5%), so that the wild-type BMPRZ allele is the major determinant of total transcript
amount. Interestingly, HPAH patients had significantly lower wild-type BMPRZ2transcript
levels compared with unaffected mutation carriers with the same HI mutation. Because the
BMPR2 receptor forms a heteromeric complex with BMPR1a and BMRP1b, deficiency of
the normal BMPR2 receptor could affect the stoichiometric balance on the cell surface,
leading to decreased signaling through the receptor and a greater predisposition to disease
penetrance. This finding that variations in the amount of normal BMPRZ2 transcripts can
affect penetrance supports the concept that, at least among HI mutations, the extent of
transcript production by the wild-type BMPRZ2allele may be a critical modifier of disease
penetrance (see Fig. 3).56

Reduced wild-type transcripts may explain Atkinson et al’s discovery that upon
immunohistochemical staining of lung tissue from HPAH patients there is a near complete
absence of BMPRZ2 protein in those heterozygous for the mutation.6” That is, given the
presence of one mutated germline allele and one normal germline allele, one would expect
to see ~50% the amount of protein produced by the wild-type allele unless the mutation had
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a DN effect—unless affected HI mutation carriers are those with particularly reduced wild-
type BMPRZ2transcript levels. An alternative model is a lung-specific alteration of the wild-
type BMPRZ2 allele by somatic mutation, similar to the loss of a second tumor suppressor
gene in the “two-hit” model of cancer development. However, a search for evidence of
microsatellite instability with somatic loss of function in the remaining wild-type BMPR2
allele has not found this two-hit process to be a likely cause.l’

BMPR2 MUTATIONS AND ADDITIONAL DISEASE MODIFIERS

Reduced penetrance implies that a mutation of the BMPRZ2 gene is required but insufficient
alone for phenotypic expression. Although Hamid et al have shown that variation in levels
generated by the wild-type BMPRZ2 allele can modify disease, it is likely that additional
endogenous and exogenous modifiers also mediate the clinical expression of HPAH.%6 The
most obvious endogenous factors are genetic in origin, especially those involving
biologically relevant candidate genes. Several such genes have been investigated and
implicated, but findings have not been convincingly replicated.5:68-73 |t is unknown
whether these might be genes whose action promotes clinical expression of a BMPRZ2
mutation in those who develop PAH, or whether these are protective modifiers that prevent
disease in the mutation carriers who never develop disease.

Common genetic variations (CVs) (also known as polymorphisms) in the serotonin (5-
hydroxytryp-tamine, 5-HT) pathway, or CVs in the serotonin transporter (SER7) gene, have
been suggested to play a role in HPAH. Serotonin is a cellular mitogen and stimulates
PASMC proliferation through a signaling pathway mediated via SERT.7* Internalization of
5-HT by SERT leads to downstream activation of the MAPK cascade, in part via the
production of reactive oxygen species, which ultimately acts to stimulate transcription of
genes to drive cellular proliferation. PASMCs respond strongly to these stimulatory effects
in vitro.”>76 Thus upregulation of the MAPK cascade as an effect of abnormal serotonin
signaling has garnered attention as a potential antagonist to the growth inhibitory effects of
BMP signaling pathways and possibly confers susceptibility to PAH expression.

After studies implicated this pathway in humans by identifying increased plasma serotonin
levels in 16 patients with PAH,”” Eddahibi et al found increased growth of PASMC in
culture from patients with PAH compared with controls when stimulated by serotonin or
serum, and attributed these mitogenic effects to increased expression of SERT.’8
Furthermore, the authors proposed a clinical link to the molecular cause for SERT
overexpression by finding variations in the SERT gene promoter that associate with severe
PAH. Homozygosity for a long promoter variant (L-allelic variant) was present in ~65% of
patients (LL genotype individuals) with PAH but only 27% of control subjects.’® This
suggested that CVs that affect SERT expression may modulate the penetrance of HPAH.

Machado et al further examined the role of polymorphic variation within the SERT gene to
modify PAH in a case-control study. In contrast to Eddahibi et al, they found no difference
in frequency of SERT gene alleles among any of the groups studied, suggesting that this
SERT polymorphism was not likely to contribute to phenotypic expression of PAH in
subjects with or without BMPR2 mutation. Likewise, genetic variation of the SERT
promoter gene locus did not correlate with differences in age of onset of disease. Nor did
such variation differ by gender, the only known risk factor for development of PAH."%

Willers et al also studied the role of polymorphisms in the SERT gene, specifically the L
allele, in a cohort of patients with IPAH and HPAH compared with controls. The results
were comparable to those of Machado et al in showing no difference in SERT genotype
distribution between groups. However, on subset analysis, HPAH patients homozygous for
the L allele (LL genotype) had an earlier age at diagnosis than other HPAH patients without
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this genotype, and they concluded that unclear interactions between BMPR2 mutations and
polymorphisms in the SERT gene affect disease expression.’2

The balance of signaling among the various members of the TGFp pathway of receptors,
including BMPR2 and TGF receptor signaling, may also modify disease expression.13 It
has been suggested that a reciprocal relationship exists between pathways composed of
members of this superfamily of receptors, with the perturbation of BMPR?2 signaling by a
genetic mutation detrimental to this balance (see Fig. 4).”° Interestingly, TGF signaling
appears enhanced in various forms of pulmonary hypertension, although BMPRZ2 mutations
may alter the cellular response to this activity.89 Zaiman et al recently found reduced
markers of pulmonary vascular remodeling and prevention of disease onset following
inhibition of the TGFp type 1 receptor using the rat monocrotaline model of pulmonary
hypertension.81

Consistent with Zaiman et al’s work and with genetic modifier studies of lung disease in
cystic fibrosis, in a cohort of individuals with varying types of BMPRZ2 mutations, we found
that those subjects with genetic polymorphisms in the gene 7TGAB1 predicted to increase
TGFB pathway activity were more likely to be penetrant.8% Although biologically plausible,
this finding requires replication and validation.

BMPR2 AND ALTERNATIVE CAUSES OF PULMONARY HYPERTENSION

Mutations in BMPRZ2 have not been consistently found in other causes of pulmonary
hypertension. However, pulmonary veno-occlusive disease (PVOD), a rare form of
pulmonary hypertension in which the vascular changes also affect small pulmonary veins
and venules, has been linked to mutations in BMPRZ. This has been confirmed in at least
three independent studies.>782:83

The detection of BMPR2 mutations in PVOD emphasizes that clinical heterogeneity can
result from a BMPRZ mutation. This clinical heterogeneity arises from the ability of
different allelic mutations at a single locus to produce different disease phenotypes. Further,
PVOD and PAH may well represent different ends of the same spectra of disease, with
phenotype influenced by genetic and/or environmental modifiers.82

PAH related to certain drug exposures is well known. Specifically, PAH has been reported
in conjunction with exposure to appetite suppressants, such as fenfluramine and
dexfenfluramine.84:85 Although the exact mechanism of PAH promotion has not been
elucidated, these drugs must serve as environmental triggers to facilitate disease expression,
possibly in genetically susceptible individuals. Individual factors of susceptibility are
particularly plausible given the low numbers of PAH in those exposed to fenfluramine (~1
case per 10,000 people exposed).88 In 9% of unrelated patients with PAH associated with
fenfluramine exposure, Humbert et al found distinct BMPR2 mutations. Interestingly, when
compared with other patients with PAH associated with fenfluramine, patients heterozygous
for a BMPR2Z mutation expressed disease following a significantly shorter interval of
exposure to fenfluramine.5* While rare, the association of drug exposure and BMPR2
mutations in PAH further emphasizes the importance of endogenous and exogenous factors
in the expression of disease.

Roberts et al found BMPRZ variations in 6% of 106 children and adults with congenital
heart disease, regardless of pulmonary vascular pressures, but no studies have been
undertaken using the expanded genetic analyses currently available.8” Because the BMP
pathway activity is known to be important in the embryologic development of the
cardiovascular system, further studies are warranted.

Semin Respir Crit Care Med. Author manuscript; available in PMC 2013 August 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 10

GENETIC IMPLICATIONS FOR CLINICAL EVALUATION AND THERAPY

Information on the impact of BMPRZ genotype upon clinical outcomes and therapeutic
response in PAH has steadily increased over the past several years. For instance, a small
proportion of PAH patients have good long-term response to calcium channel blockers as
predicted by vasoreactivity testing, so Elliott et al retrospectively compared the results of
vasoreactivity testing with known BMPRZ2 mutations (specifically, nonsynonymous BMPR2
sequence variations).2 They found that patients with HPAH or IPAH with non-synonymous
BMPRZ sequence variations were less likely to demonstrate vasoreactivity by standard
testing.2# In a cohort of adult and pediatric patients with PAH and a BMPRZ2 mutation,
Rosenzweig and colleagues found similar results, as well as worse hemodynamic
parameters.2’

Interestingly, Sztrymf et al reported that having certain BMPRZ2 mutations is associated with
a more aggressive form of PAH. By examining their large registry of individuals with PAH
in France, they found that 20% of patients without a family history of PAH had a detectable
mutation in BMPRZ, suggesting that hereditable disease may be more common than
currently appreciated. They also found that subjects with a BMPR2 mutation had a more
severe form of the disease, based on an earlier age at diagnosis and more severe
hemodynamic abnormalities than those lacking a mutation. Although survival was
comparable in both groups, patients with BMPR2 mutation were more likely to be treated
with parenteral prostacyclin therapy or undergo lung transplantation.23

Additional studies are needed to enable correlation of genotype and phenotype because of
the heterogeneous molecular basis of reduced penetrance seen in PAH.88 In addition, they
provide clinical evidence that not all BMPRZ mutations result in equal effects. Therefore, as
noted earlier, HI mutations may result in less severe disease than those resulting in DN
effects. Also, kindred individuals with the same BMPRZ2 mutation may have different
polymorphic alleles or environmental exposures that modify the penetrance and severity of
their shared BMPRZ mutations. One day, patients and their physicians may be able to
implement a management strategy that is based in part upon one’s genotype and
environmental exposures.88

GENETIC TESTING AND SCREENING THOSE AT RISK

The issue of genetic testing on a clinical basis is challenging. As an autosomal dominant
disease, the siblings or children of patients with HPAH, or of known heterozygotes for a
BMPRZ2 mutation, have an overall risk of 50% to inherit the disease-causing allele. With
reduced penetrance such that ~20% of carriers will develop disease, this yields an estimated
risk of 10% (50% x 20%) to express disease for each child of a BMPRZ2 mutation carrier.
Thus the majority of firstdegree relatives (i.e., parent, sibling, or child) will be asymptomatic
even though 50% will be carriers of a BMPRZ mutation.

A negative test result for the BMPRZ mutation for a family member of an affected BMPRZ
carrier is reassuring. If negative, an individual PAH family member’s risk of disease falls
from 1 in 10 (~10%, noted above) to that of the population, which is ~1 in 1,000,000
(100,000-fold risk reduction). However, if an asymptomatic individual at risk is found to
carry the known familial BMPR2Z mutation, because of reduced penetrance the risk increases
only twofold (from ~10 to ~20%) to express clinical disease throughout their lifetime.

Genetic testing on a clinical basis for HPAH is currently available. It is most efficiently used
for unaffected individuals with a known family history of PAH, or PAH patients. Laboratory
evaluation for a BMPRZ mutation should start with full sequencing of all 13 exons,
including splice junctions. Advanced methods, such as MLPA, may be needed to identify

Semin Respir Crit Care Med. Author manuscript; available in PMC 2013 August 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Austin et al.

Page 11

some mutations, which involve deletions or duplications missed by genomic sequencing.3
Also, cDNA sequencing may be required to detect some mutations found deep in introns
that perturb splicing. Genetic testing should only be provided in concert with professional
genetic counseling by experienced counselors available before and after test results are
available.1%89 It is important to consider that a positive test for a BMPR2 mutation in a
subject with IPAH converts the concept of disease from one of a “sporadic” finding to that
of a heritable family disease; this situation can be terrifying for the family because kin are at
risk to harbor the same mutation. Not surprisingly, the major reason subjects give for testing
is to provide information to their children.0

BMPRZ2 mutations are usually family-specific, without a common recurring mutation type.
Given the vast number of potential mutations in the large BMPRZ gene (~300 are currently
known), screening for a mutation is most efficient in an affected patient with IPAH or
FPAH, so that the specific mutation in their family can be identified, if present. There is no
rationale for clinical genetic testing of relatives of a PAH patient unless a mutation is
identified in the patient sample.

Current screening recommendations for asymptomatic family members of patients with
HPAH include a surveillance echocardiogram at 3- to 5-year intervals.8° Based upon studies
of families with HPAH, investigators in Germany proposed a screening process utilizing
estimation of systolic pulmonary artery pressure at rest and during exercise by
echocardiography. Specifically, Grunig et al reported an abnormal pulmonary artery
pressure response to hypoxia during echocardiographic evaluation in individuals deemed at
risk to develop PAH based upon a known BMPR2 mutation or a possible “risk haplotype.”91
The development of echocardiography and other advanced imaging modalities is critical to
improve the earlier detection of PAH in at-risk individuals. However, the use of stress
echocardiography as a screening tool for PAH has not been widely accepted and requires
more extensive evaluation and independent confirmation. As such, it is not currently
recommended for general use.

CONCLUSION AND FUTURE DIRECTIONS

Tremendous progress in the evaluation of PAH has been made in relation to the genetic
underpinnings of this disease. The discovery that mutations in the BMPRZ2 gene underlie the
majority of cases of HPAH and an important subset of cases of IPAH has energized the field
and prompted significant progress in understanding the molecular basis of PAH. So, too, has
the association of HPAH in HHT with genes that encode additional members of the TGFp
superfamily of receptors. However, much work is still needed to elucidate the cause(s) of the
reduced penetrance and variable expressivity of BMPR2 mutations, including the identity
and role of various genetic and environmental modifiers of disease expression. In addition,
studies should strive to elucidate the role of gender, the strongest disease modifier known.

The identification of novel genes and proteins involved in disease pathogenesis and
progression, such as those involved in the serotonin and TGF- signaling pathways, is an
area of intense study. The endogenous and exogenous influences that converge to promote
pulmonary vasculature-specific cellular proliferation and vascular remodeling require
further investigation. Hopefully, a greater understanding of the genetic and molecular
mechanisms of PAH will lead to earlier diagnosis, advanced pharmacogenetics, and perhaps
one day in the future, disease prevention.
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Figure 1.

Pedigree of an extended kindred with heritable pulmonary arterial hypertension (HPAH) due
to a BMPRZ2 mutation with reduced penetrance. This pedigree contains 16 total patients (11
females, 5 males) with HPAH, as well as 10 known heterozygotes (obligate carriers). Solid
symbols represent individuals with disease. Circles represent women, squares represent men.
Line through symbol represents death. Dot inside symbol represents obligate carrier of the
BMPR2 mutation. Numbers below symbols represent age at death or current living age.
Numbers inside symbols represent numbers of unaffected siblings of each gender. S inside
symbol represents stillbirth. Diamond symbol represents sex unknown.
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Figure 2.

Age at diagnosis and death from pulmonary arterial hypertension in a French series of
BMPRZ2 mutation carriers and noncarriers. Age at diagnosis (P < 0.001) and age at death (p
= 0.003) are lower in BMPRZ2 mutation carriers, as compared with noncarriers. Adapted
from Sztrymf et al.23 Reproduced with permission of American Journal of Respiratory and

Critical Care Medicine.
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Figure3.

Wild-type BMPRZtranscript levels, as measured by relative real-time polymerase chain
reaction (PCR) analysis, in affected and unaffected BMPR2 mutation carriers. This study
includes four distinct families with four different types of BMPRZ2 mutations predicted to
have a haploinsufficient effect due to the activation of the nonsense-mediated decay
pathway. Note the lower relative BMPRZ2 expression among affected carriers, as compared
with unaffected carriers. Adapted from Hamid et al.®8 Reproduced with permission of John
Wiley & Sons, Inc.
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Figure4.

A delicate balance between BMPR2 pathway and TGFp pathway signaling modulates
proproliferative and apop-totic forces. A BMPR2 mutation may perturb this balance,
resulting in disease expression.
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