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4 3-C) Exercise tolerance test ( peak. VO2)

Treadmill, Bruce protocol, self-limited peak exercise
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Missense Mutations of the BMPRIB (ALK6) Gene
in Childhood Idiopathic Pulmonary
Arterial Hypertension

Ayako Chida, MD; Masaki Shintani, PhD; Tomotaka Nakayama, MD; Yoshiyuki Furutani, PhD;
Emiko Hayama, PhD; Kei Inai, MD, PhD; Tsutomu Saji, MD, PhD;
Shigeaki Nonoyama, MD, PhD; Toshio Nakanishi, MD, PhD

Background: Mutations in the bone morphogenetic protein receptor type 2 (BMPR2) gene, the activin receptor-like
kinase 1 (ALK1) gene, and SMADS gene have been reported in heritable pulmonary arterial hypertension (HPAH)
and in idiopathic pulmonary arterial hypertension (IPAH). However, almost 30% of HPAH cases and 60-90% of IPAH
cases have no mutations in those genes. This suggests that there remain unidentified genes associated with HPAH
and IPAH.

Methods and Resulis: This study screened for mutations in endoglin, SMAD1, SMAD2, SMAD3, SMAD4, SMAD5,
SMADS6, SMAD7?, bone morphogenetic protein receptor type 1A (BMPR1A) and bone morphogenetic protein recep-
tor type 1B (BMPR1B) genes in 43 IPAH patients who had no mutations in BMPR2, ALK1 and SMADS8. Two mis-
sense mutations (¢.479 G>A S160N, ¢.1176 C>A F392L) in BMPR1B were each identified in 2 IPAH patients. Im-
munoblot analysis revealed that the BMPR1B F392L protein promoted SMAD8 phosphorylation. The response to
BMP was analyzed using promoter-reporter activities. The transcriptional activation of the BMPR1B F392L protein
with SMADS increased above that of wild-type BMPR1B with SMADS8, and those of BMPR1B S160N and F392L with
SMADS8 and SMAD4 were each increased above those of the wild-type BMPR1B with SMAD8 and SMADA4.

Conclusions: We identified 2 novel mutations in BMPR1B in 2 patients with IPAH. Our study suggests that BMPR1B
mutations are associated with the pathogenesis of IPAH.

Key Words: BMPR1B; Gain-of-function; Gene mutation; Pulmonary arterial hypertension

severe, potentially fatal disease with an estimated in-

cidence of approximately 1-2 patients per million per
year.! In the absence of treatment, PAH leads to death with a
median survival of 2.8 years for adults.?

P ulmonary arterial hypertension (PAH) is a progressive,

Editorial p2??

The latest classification of PAH, the “Dana Point classifica-
tion”, proposed 5 subgroups of PAH: idiopathic PAH (IPAH);
heritable PAH (HPAH); drug- and toxin-induced PAH; PAH
associated with other diseases such as collagen disease, HIV
infection, portal hypertension, congenital heart disease, schis-
tosomiasis and chronic hemolytic anemia; and persistent pul-
monary hypertension of the newborn (PPHN). IPAH corre-

sponds to sporadic disease in which there is neither a family
history of PAH nor an identified risk factor.?

HPAH is inherited in an autosomal dominant fashion with
10-20% penetrance and affects females approximately twice
as often as males.*

Bone morphogenetic protein (BMP) receptor 2 (BMPR2), a
member of the transforming growth factor (TGF)-f3 superfam-
ily, was identified as a primary gene for HPAH on chromo-
some 2g33 in 2000.5¢ BMPR2 mutations have been identified
in more than 70% of subjects with one or more affected rela-
tives and 11-40% of IPAH.>*

Other studies of the TGF-f superfamily revealed 2 further
genes responsible for PAH. Heterozygous mutations of activin
receptor-like kinase 1 gene (ALK1), located on chromosome
12q13, were demonstrated in patients with hereditary hemor-
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Excluded from
this study

Figure 1. Patient disposition.

rhagic telangiectasia (HHT) in association with PAH in 2001.7
Furthermore, Harrison et al demonstrated a ALK/ mutation
in 1 IPAH patient without a family history of HHT in 2005.8
In addition, we reported 5 ALKI mutations in children with
IPAH/HPAH.® More rarely, mutations in endoglin (ENG)
have been identified in patients with PAH, predominantly with
coexistent HHT. 113

In 2009, we reported the first nonsense mutation of SMADS8
in an IPAH patient who had no mutations in BMPR2 or ALK1.**
In the same year, another group reported that pulmonary hyper-
tension and lung tumorigenesis are promoted in Smad8 mutant
mice, which reinforced our hypothesis that SMADS is involved
in the pathogenesis of IPAH.*

These genetic studies have considerably increased our un-
derstanding of the molecular basis of PAH. However, almost
30% of HPAH cases and 60-90% of IPAH cases have no mu-
tations in BMPR2, ALK1, ENG and SMADS.

We hypothesized that other genes that belong to the TGF-8
superfamily or other signal pathways (BMP/MAP kinase
p38 pathway, Toll-like pathway, Rho-kinase pathway, and so
on),'%!” might be associated with the onset of IPAH/HPAH. At
the beginning, we attempted to screen for 10 genes: ENG,
SMADI,SMAD2, SMAD3, SMAD4, SMADS, SMAD6, SMAD?7,
BMP receptor type 1A (BMPRIA) and BMP receptor type 1B
(BMPRIB), involved in the TGF-A/BMP signaling pathway in
IPAH/HPAH patients who had no mutations in BMPR2, ALK
and SMADS.

Methods

Subjects
Seventy-four unrelated IPAH/HPAH patients were recruited
from Tokyo Women’s Medical University, Toho University,

Tohoku University, Kagoshima University, Sakakibara Me-
morial Hospital, National Hospital Organization Nagasaki
Medical Center, Social Insurance Chukyo Hospital, Toyama
University, Keio University, Nagano Children’s Hospital,
Kyoto Second Red Cross Hospital, Tsukuba University, Hok-
kaido Children’s Hospital and Medical Center, Gunma Chil-
dren’s Medical Center, Okinawa Prefectural Nambu Medical
Center and Children’s Medical Center, Okayama University,
Oita University, Shizuoka Children’s Hospital, Kitano Hospi-
tal and Beijing Anzhen Hospital (Figure 1). These subjects in-
clude 21 IPAH/HPAH patients from our previous study ? and
21 patients from the second cohort of another study.* The di-
agnosis of IPAH/HPAH was made through clinical evaluation,
chest radiography, electrocardiography, echocardiography and
cardiac catheterization on the basis of current international
consensus criteria; mean pulmonary artery pressure >25 mmHg
at rest or >30mmHg during exercise.'® Patients with PAH
associated with another disease such as portal hypertension,
congenital heart disease including small ventricular septal de-
fect and atrial septal defect and PPHN were excluded from this
study by trained cardiologists. This study was approved by an
institutional review committee of Tokyo Women’s Medical
University. Written informed consent was obtained from all
patients or their guardians in accordance with the Declaration
of Helsinki.

Molecular Analysis

Genomic DNA was prepared from peripheral blood lympho-
cytes or lymphoblastoid cell lines transformed by the Epstein-
Barr virus, as described previously.!” The BMPR2 and ALKI
coding regions and exon-intron boundaries were amplified
from genomic DNA using primers, as described in previous
reports (PRIMER information was obtained from Deng et
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al®).* Amplified products were purified using the QIAquick
polymerase chain reaction (PCR) purification method (QIA-
GEN, Hilden, Germany) and screened with bi-directional direct
sequencing with a ABI 3130x]1 DNA Analyzer (Applied Bio-
systems, Foster City, CA, USA). Eighteen BMPR2 mutations
and 7 ALK mutations were detected by direct sequencing.
Some of these results were described in previous reports.*'

After direct sequencing of BMPR2 and ALKI, multiplex
ligation-dependent probe amplification (MLPA) was used
to detect exonic deletions/duplications of BMPR2, ALKI and
ENG in 49 patients who had no mutations in BMPR2 and
ALKI. MLPA was performed with 100ng of genomic DNA
according to the manufacturer’s instructions using a SALSA
MLPA HHT/PPH1 probe set (MRC-Holland, Amsterdam, The
Netherlands). Probe amplification products were run on an ABI
3130x1 DNA Analyzer using a GS500 size standard (Applied
Biosystems). MLPA peak plots were visualized using Gene-
Mapper software v4.0 (Applied Biosystems). For each sample,
peak heights of BMPR2 probes were normalized against the
sum of all control peaks. Patients’ samples were then normal-
ized to the mean of 3 normal control samples. MLPA analysis
revealed that 5 of 49 patients had exonic deletions in BMPR2.
Some of these results were described in previous studies.'* The
30 patients who had BMPR2 or ALK I mutations were excluded
from this study.

Among the 44 patients with no mutations in BMPR2 or
ALK, all coding exons and adjacent intronic regions for ENG,
SMADI, SMAD2, SMAD3, SMAD4, SMADS5, SMADG6 and
SMADS were amplified using polymerase chain reaction. PCR
amplified products were purified and directly sequenced like
BMPR2 and ALK1. SMADS nonsense mutation was detected in
1 patient, as described previously.'* After the above mutation
screening, we also screened SMAD7, BMPRIA and BMPRIB
mutations for the remaining 43 patients by direct sequencing
(Figure 1). Available data on the characteristics and hemody-
namic parameters of the 43 patients with IPAH/HPAH are
provided in Table S1 in the online supplement.

All sequences generated were compared with wild-type
BMPR2 (GenBank NM_001204), ALK] (GenBank NM_
000020), ENG (GenBank NM_000118), SMADI (GenBank
NM_005900), SMAD?2 (GenBank NM_005901), SMAD3 (Gen-
Bank NM_005902), SMAD4 (GenBank NM_005359), SMAD5
(GenBank NM_005903), SMADG (GenBank NM_005585),
SMADS8 (GenBank NM_005905), SMAD7 (GenBank NM_
005904), BMPRIA (GenBank NM_009009) and BMPRIB
(GenBank NM_001203). '

When a mutation was detected, we confirmed that it was not
present in 450 healthy controls by direct sequencing.

Preparation of Plasmid
Mouse pcDNA3.0-hemagglutinin (HA)-Bmpr1b, human pc-
DNA3.0-6xMyc-SMADS, pcDNA3.0-SMAD4 and BMP-re-
sponsive promoter reporter construct 3GC2-Lux were kindly
provided by Dr K. Miyazono (Tokyo, Japan). 3GC2-Lux con-
tains 3 repeats of a GC-rich sequence derived from the proxi-
mal BMP response element in the Smad6 promoter.?! We pre-
viously utilized the 3GC-Lux reporter gene for functional
analysis of the SMADS mutant in PAH patients.™ In other
reports, 3GC2-Lux has also been used to assess the interaction
of genes belonging to the BMP signal pathway.?>** Mouse
constitutively active (ca) Bmprlb was generated by mutation
of GIn-203 into aspartic acid.

Site-directed mutagenesis was carried out using a site-di-
rected mutagenesis kit (Stratagene, CA, USA). The construct-
ed plasmids were verified by sequencing. The antibodies used

were as follows: anti-HA rat antibody (Roche, Mannheim,
Baden-Wiirttemberg, Germany), anti-Myc rabbit antibody (Cell
Signaling Technology, MA, USA) and anti-phospho-Smad1/
Smad5/Smad8 rabbit antibody (Cell Signaling Technology). A
human BMP4 enzyme-linked immunosorbent assay was from
R&D Systems (Abingdon, Oxon, UK).

Cells, Transfection and Western Blotting

COS1 cells were grown in DMEM/F-12 (Sigma, St. Louis,
MO, USA) supplemented with 10% fetal bovine serum (Gibco,
New York, NY, USA) and 100units/ml penicillin-streptomy-
cin (Gibco). Transfection was performed with a Lipofectamine
2000 reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. For experiments on SMADS
phosphorylation and gene expression, some of the cells were
cultured in DMEM/F12 containing 0.1% FBS for 4h, before
the addition of human BMP4 in DMEM/F-12 containing 0.1%
FBS for 1h. Twenty-four h after transfection, the cells were
lysed in lysis buffer (1 mol/L. Tris-HCI [pH 8.0] 50 mmol/L.,
0.5mol/L EDTA 1 mmol/L [pH8.0], 5mol/L. NaCl 120 mmol/L,
NP-40 0.25%). For Western blotting, the lysates were sepa-
rated on 10% resolving SDS-polyacrylamide gels, and proteins
were transferred to a polyvinylidene fluoride membrane by
semidry blotting. For phospho-SMADS and SMADS de-
tection, the membranes were blocked in TBS-T (50 mmol/L
Tris-HCI [pH 7.6], 137 mmol/L NaCl, 0.1% [w/v] Tween 20)
containing 1% bovine serum albumin (BSA) for 1h at room
temperature. The membranes were rinsed with TBS-T and
incubated with primary antibody against phospho-SMAD1/
SMADS/SMADS (1:5,000), Myc-SMADS (1:30,000) and HA-
BMPRIB (1:2,000) for 1h at room temperature. The mem-
branes were rinsed with TBS-T and incubated with HRP-goat
anti-rabbit IgG (Invitrogen) for phosphor-Smad8 and Smad8
detection, or with anti-rat IgG (Rockland, Pennsylvania, USA)
for BMPRIB detection. Blots were then washed with TBS-T
and bound complexes were detected using enhanced chemilu-
minescence (ImageQuant LAS 4000 mini, GE Healthcare).

Luciferase Assay

COS1 was transfected using the Lipofectamine 2000 re-
agent (Invitrogen) with 3GC2-Lux and wild-type or mutant
pcDNA3.0-BMPRI1B and/or pcDNA3.0-SMADS and/or pc-
DNA3.0-SMAD4. Some of the cells were treated with human
BMP4 in DMEM/F-12 containing 0.1% FBS for 12h. Twenty-
four h after transfection, the cells were harvested. Firefly and
renilla luciferase activities were measured with the Dual lucif-
erase reporter assay (Promega, Madison, WL, USA) following
the manufacturer’s instructions. Results are expressed as the
ratio of firefly luciferase activity to renilla luciferase activity.
All assays were performed in triplicate.

Immunocytochemistry

COSI1 cells grown on glass coverslips were transfected with
wild-type or mutant pcDNA3.0-HA-BMPR1B using the Li-
pofectamine 2000 reagent (Invitrogen). Cells were washed
twice with phosphate-buffered saline (PBS) 48h after trans-
fection. Cells were then fixed for 15 min at room tempera-
ture in 4% paraformaldehyde in PBS and washed 2 times with
PBS. Cells were incubated in 3% BSA in TBS-T for 30 min
at room temperature for blocking nonspecific binding. After
blocking, cells were incubated with anti-HA rat antibody
(Roche, Mannheim, Baden-Wiirttemberg, Germany; 1:3,000),
at room temperature for 1h. After washing, detection was
achieved by incubation with anti-rat IgG antibody CY2 (Rock-
land; 1:3,000). Cells were mounted with Prolong Gold anti-
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