
Case Report

Mate-pair sequencing identifies a cryptic BMPR2 mutation in
hereditary pulmonary arterial hypertension

Sarah J. Chalmers1,*, Stephen J. Murphy2,*, Laura L. Thompson3, Nicole L. Hoppman3,
James B. Smadbeck2, Jessica R. Balcom3, Faye R. Harris2, Robert P. Frantz4, George Vasmatzis2

and Mark E. Wylam1

1Division of Pulmonary and Critical Care Medicine, Mayo Clinic College of Medicine, Rochester, MN, USA; 2Biomarker Discovery Program, Center for

Individualized Medicine, Mayo Clinic College of Medicine, Rochester, MN, USA; 3Department of Laboratory Genetics and Genomics, Mayo Clinic College of

Medicine, Rochester, MN, USA; 4Department of Cardiovascular Disease, Mayo Clinic College of Medicine, Rochester, MN, USA

Abstract

Current guidelines suggest screening all patients with idiopathic pulmonary arterial hypertension for genetic aberrations, particu-

larly mutations in Bone Morphogenic Protein Receptor Type II (BMPR2), the gene most commonly implicated in the pathogenesis of

PAH. Herein, we present a novel technique used to identify a pathogenic germline BMPR2 alteration in a 36-year-old female and

family members with hereditary pulmonary arterial hypertension who each screened negative by standard cytogenetics and

molecular genetics testing.
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Case description

A 36-year-old female was referred for evaluation of her
known PAH confirmed via right heart catheterization
(mean pulmonary artery pressure of 53 mmHg, pulmonary
capillary wedge pressure 7 mmHg, and pulmonary vascular
resistance 18 Woods units). Family history was pertinent for
a sister with PAH diagnosed at age 27 and treated with
inhaled prostacyclin analog; mother with PAH diagnosed
at 32 years of age who died at age 33 from PAH-related
complications while awaiting heart and lung transplant;
maternal cousin once removed with PAH diagnosed at the
age of 52; and maternal second cousin who had passed away
during child birth at the age of 23 (Supplemental Figure S1).
Evaluation for a secondary cause of PAH was negative.
A PAH gene sequencing panel including BMPR2 and
additional BMP pathway-associated genes (ACVRL1,
BMPR1B, CAV1, ENG, GDF2, KCNA5, KCNK3, and
SMAD9A) did not identify a pathogenic coding alteration
that could explain the phenotype. Deletion/duplication ana-
lysis of the corresponding coding regions was also negative.

Standard chromosomal analysis was performed to deter-
mine whether a gross chromosomal rearrangement (poten-
tially disrupting a PAH-relevant gene) was present within
the genome; however, a normal (46, XX) karyotype was
observed. Although treatment was initiated with epoproste-
nol, her disease progressed. She underwent heart and lung
transplant and a novel donor versus recipient cell-free DNA
quantitative monitoring of junction sequences was used to
interrogate graft health. Recipient pre-transplant mate-pair
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sequencing (MPseq) revealed a cryptic paracentric inversion
on chromosome 2 with break points within intron 10 of
BMPR2 and intron 6 of PIKFYVE. MPseq was
subsequently performed on her symptomatic sister and
maternal cousin once removed and the same germ-line
chromosomal inversion disrupting the BMRP2 gene was
identified.

Discussion

HPAH, a subset of WHO clinical classification group 1, is
characterized by pre-capillary pulmonary hypertension
without secondary cause and with an identifiable genetic
mutation known to cause pulmonary arterial hypertension
(PAH).1–3

Heterozygous hypomorphic alterations within the
BMPR2 gene are the most common genetic cause of PAH
and via gene sequencing and deletion/duplication analyses,
these BMPR2 alterations are detected in up to 80% of
HPAH and 20% of sporadic PAH cases.4 HPAH is inher-
ited in an autosomal dominant fashion with incomplete, sex-
influenced penetrance (14% penetrance in males and 42% in
females). Over 800 mutations have been identified in
BMPR2; the majority of mutations identified are missense
mutations (25%), frame-shift (23%), re-arrangement (14%),
and splice-site mutations (10%).5–7

The BMPR2 gene is located on chromosome 2 (2q33-34)
and encodes for a transmembrane serine/threonine kin-
ase receptor belonging to the transforming growth
factor beta (TGF-�) superfamily. Normally, BMP signaling
activates SMAD proteins that counteract the effects of
the TGF-� signaling pathway. Diminished expression or
function of BMPR2 impairs BMP signaling and prevents
the appropriate repression of TGF-�. Constitutive acti-
vation of TGF-� signaling drives pulmonary endothelial
metabolism and apoptosis while increasing smooth
muscle proliferation and cell survival leading to plexiform
lesions and increased pulmonary vascular resistance.6,8

Heterozygosity for a BMPR2 mutation is neither neces-
sary nor sufficient to cause HPAH and disease severity
and penetrance with variable age at both diagnosis and
death are likely modified by the specific class of mutation
and its effect on BMPR2 activity as well as disease
modifiers.

Current methods to detect coding sequence mutations
include direct Sanger or massively parallel sequencing
(such as next-generation whole exome or custom panel
sequencing) which can detect 55% of BMPR2 mutations
in patients with FPAH.9 Exonic deletions/duplications not
detected by direct sequencing can be detected by targeted
comparative genomic hybridization array technology
(aCGH)10 and multiplex ligation-dependent probe amplifi-
cation (MLPA).11 These tests classically capture exonic and
exon-intron boundary sequences of HPAH-associated genes
and determine mutations, small deletions and insertions, as
well as larger copy gains and losses that alter gene coding

regions. However, a subpopulation of HPAH patients pre-
sent with no detectable genetic variation.

In this report we used MPseq, a next-generation whole
genome sequencing-based technology, specifically optimized
to detect structural chromosome alterations including dele-
tions, duplications, translocations and inversions.12 This
technique utilizes a unique library preparation protocol
which involves circularization of fragmented DNA such
that DNA regions physically separated within the genome
are now juxtaposed and in an inverted orientation. These
DNA regions are sequenced and mapped back to a reference
genome. Discordant mate pair reads (those that map at an
unexpected distance or orientation within the genome) are
indicative of a structural chromosome aberration between
the two reads (Supplemental Figure S2). As MPseq utilizes
long-insert paired end reads, it provides greater bridged
coverage of the genome, allowing for whole genome assess-
ments at a reduced cost.12,13 In our case, MPseq revealed
normal diploid coverage across the patient’s genome, but
identified a junction between the BMPR2 and PIKFYVE
genes on the long arm of chromosome 2 (Supplemental
Figure S3). The MPseq junction plot reveals two sets of
discordant MPseq reads that map at an inappropriate orien-
tation (red-red and blue-blue) and distance within the
genome. These MPseq reads span the two breakpoints
within BMPR2 intron 6 and PIKFYVE intron 10, indicative
of a balanced inversion of �5.7 Mb of chromosome 2
(Fig 1). No novel gene–gene fusion peptides would be pre-
dicted from this inversion, with the resultant genomes pre-
dicting truncation of both genes. The physiological outcome
of the BMP2R peptides would be a predicted truncating loss
of function, with potential inhibition of the wild-type allele
copy function through dimerization.

Interestingly, the sister of our patient was also diagnosed
with an atypical low-grade glioma with identified mutations
in several genes (IDH1, TERT, CIC, and FUBP1) but not in
BMPR2. BMPR2 is known to play a role in glial stem cell
differentiation and glioblastoma, and has been suggested
as a therapeutic target in patients with glioblastoma
multiforme.14

We used MPseq data to identify identical rearrangements
within this family. Alternative techniques to validate the
detected structural variant include Sanger sequencing
across the breakpoint junction, break apart FISH, or
nucleotide mass spectrometry. However, we have previously
demonstrated that MPseq performs superiorly to FISH in
characterizing particularly complex genomic abnormal-
ities.15 We propose that MPseq be considered in cases of
HPAP which screen negative with standard genetic tests as
well as in a future study of sporadic cases of PAP.

In summary, MPseq successfully identified a novel,
pathogenic alteration in BMPR2 in a family with severe
HPAH. Importantly, this cryptic inversion of chromosome
2 is undetectable by classic cytogenetics or targeted molecu-
lar analyses. MPseq is a technique that may help identify
previously unidentified pathogenic alterations in patients
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with HPAH and other lung diseases, such as familial idio-
pathic pulmonary fibrosis, thereby enabling both tailored
genetic counseling and the use of targeted gene therapies
in the future. As such, MPseq could be considered for all
patients in which standard genetic techniques failed to iden-
tify a pathogenic variant. Overall these findings highlight the
clinical utility and value of high-resolution techniques like
MPSeq in the molecular characterization of human disease to
allow for informed genetic counseling regarding carrier status
and in the future may allow for gene targeted therapy.6

Conflict of interest

The author(s) declare that there is no conflict of interest. The

authors alone are responsible for the content and writing of the
paper.

Ethics approval

Our Institutional Review Board approved this study (18-5164). We

obtained written consent from the patients.

Funding

This work was supported by funding from William J. von Liebig

Center for Transplantation and Clinical Regeneration Scholarly
Award Program, Mayo Clinic Transplant Research Center.

ORCID iD

Mark E. Wylam https://orcid.org/0000-0002-8859-4231

Supplemental material

Supplemental material for this article is available online.

References
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Fig. 1. Junction plot illustrating the rearrangement connecting the BMPR2 and PIKFYVE genes on chromosome 2. The upper and lower panels

present the BMPR2 2q33.2 and PIKFYVE 2q34 regions, respectively. Genes illustrated as blue lines with exon positions indicated. Black lines cross

the upper and lower panels linking the individual supporting fragment reads spanning the junctions, coloured red or blue indicating mapping to the

forward or reverse strands, respectively. A balanced inversion is predicted by the two distinct mapping patterns of fragments (red–red and blue–

blue) with the positions of the breakpoints indicated by the green arrows. The red–red event connects the 50 end of BMP2R exons 1 to 10 with 50

end of FIKFYVE exon 6 to 1 in reverse orientation, truncating both genes with no productive fusion predicted. The blue–blue event connects the

30 end of BMP2R exons 13 to 11 with 30 end of FIKFYVE from exons 8. The shaded grey areas indicate the coverage across each region, with the

genome wide predicted 2N coverage level indicated by the green dotted line.
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