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BACKGROUND: Peripheral pulmonary stenosis (PPS) is a condition characterized by the narrowing of the pulmonary arteries,
which impairs blood flow to the lung. The mechanisms underlying PPS pathogenesis remain unclear. Thus, the aim of this
study was to investigate the genetic background of patients with severe PPS to elucidate the pathogenesis of this condition.

METHODS AND RESULTS: We performed genetic testing and functional analyses on a pediatric patient with PPS and Williams
syndrome (WS), followed by genetic testing on 12 patients with WS and mild-to-severe PPS, 50 patients with WS but not PPS,
and 21 patients with severe PPS but not WS. Whole-exome sequencing identified a rare PTGIS nonsense variant (p.E314X)
in a patient with WS and severe PPS. Prostaglandin |, synthase (PTGIS) expression was significantly downregulated and cell
proliferation and migration rates were significantly increased in cells transfected with the PTGIS p.E314X variant-encoding
construct when compared with that in cells transfected with the wild-type PTGIS-encoding construct. p.E314X reduced the
tube formation ability in human pulmonary artery endothelial cells and caspase 3/7 activity in both human pulmonary artery
endothelial cells and human pulmonary artery smooth muscle cells. Compared with healthy controls, patients with PPS ex-
hibited downregulated pulmonary artery endothelial prostaglandin |, synthase levels and urinary prostaglandin | metabolite
levels. We identified another PTGIS rare splice-site variant (c.1358+2T>C) in another pediatric patient with WS and severe PPS.

CONCLUSIONS: In total, 2 rare nonsense/splice-site PTGIS variants were identified in 2 pediatric patients with WS and severe
PPS. PTGIS variants may be involved in PPS pathogenesis, and PTGIS represents an effective therapeutic target.
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vascular stenosis—or narrowing of blood ves- periphery. The incidence of PPS among patients with

Peripheral pulmonary stenosis (PPS) is a form of  artery to the right and left pulmonary arteries and the
sels—that extends from the main pulmonary congenital heart disease is 2% to 3%." Although some
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RESEARCH PERSPECTIVE

What Is New?

e This study identified rare PTGIS variants in 2
pediatric patients with Williams syndrome and
severe peripheral pulmonary stenosis, revealing a
potential association and highlighting prostaglan-
din |, synthase as a promising therapeutic target
for treating peripheral pulmonary stenosis.

What Question Should Be Addressed

Next?

e Subsequent investigations should aim to clarify
the synergistic effect of Wiliams syndrome-
associated 7g11.23 deletions and rare PTGIS
variants in severe peripheral pulmonary steno-
sis development, and conduct further research
on PTGIS variants in peripheral pulmonary ste-
nosis cases without Williams syndrome to iden-
tify novel therapeutic approaches.

Nonstandard Abbreviations and Acronyms

hPAECs human pulmonary artery endothelial
cells

hPASMCs human pulmonary artery smooth
muscle cells

PAH pulmonary arterial hypertension

PPS peripheral pulmonary stenosis

PTGIS prostaglandin |, synthase

WES whole-exome sequencing

ws Williams syndrome

mild PPS cases may resolve spontaneously without
treatment, percutaneous transluminal angioplasty or
surgical intervention is often needed to alleviate mod-
erate PPS, which can require reintervention.! Moreover,
treatment of severe PPS, which has a poor prognosis,
is challenging. In particular, stenosis of the intrapulmo-
nary arteries cannot be treated by surgical interven-
tions and can lead to death.?3

Severe PPS and pulmonary arterial hypertension
(PAH) exhibit similar clinical characteristics. Although
the lesion sites of PPS and PAH are relatively central
and within small pulmonary arteries, respectively, they
both increase pulmonary arterial pressure and induce
right heart failure. Notably, patients initially diagnosed
with PAH are commonly diagnosed with PPS upon
detailed examination. Recently, various pulmonary va-
sodilators, including endothelin receptor antagonists,
phosphodiesterase type 5 inhibitors, soluble gua-
nylate cyclase stimulators, prostacyclin analogs, and
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prostacyclin IP receptor agonists have been developed
for treating PAH and have shown to be effective in im-
proving patient prognosis.* Thus, elucidation of the
correlation between PPS and PAH pathogeneses may
enable the application of PAH therapies to simultane-
ously treat PPS.

This study aimed to improve the prognosis of severe
PPS by elucidating the genetic background of patients
with severe PPS and the underlying mechanisms of
pathogenesis. Additionally, the pathogeneses of PPS
and PAH were comparatively analyzed.

METHODS

Data Availability

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Population

We assessed the clinical profile of the first patient with
PPS and Williams syndrome (WS) (Proband-1) and per-
formed genetic testing and functional analyses of the
disease-related gene candidate as described later in
the article. Furthermore, to identify other patients with
the candidate gene mutation, we performed genetic
testing in an additional 12 patients with mild-to-severe
PPS, 50 patients with WS without PPS, and 21 pa-
tients with severe PPS who did not have WS.

PPS Definition

In this study, severe PPS is defined as (1) a peak pres-
sure gradient >50mmHg on cardiac catheterization or
cardiac ultrasonography in at least 1 branch of the pul-
monary artery® or (2) PPS with right systolic ventricular
pressure elevated above 50mmHg on cardiac catheteri-
zation based on the recommendation of Cuypers et al.®

Genetic Analysis

Genomic DNA was extracted from peripheral blood lym-
phocytes or lymphoblastoid cells using the SepaGene
DNA extraction kits (Sankyo Jyun-yaku, Tokyo, Japan),
following the manufacturer’s instructions.

Deletion of the chromosomal region 7q11.23 was
confirmed using multiplex ligation-dependent probe am-
plification (SALSA MLPA Probemix P029 WBS, MRC-
Holland, Amsterdam, Netherlands) with a 3130xI genetic
analyzer (Thermo Fisher Scientific). The DNA sample of
the patient was subjected to whole-exome sequencing
(WES). A sequencing library was constructed using the
SureSelect Human All Exon V6 kit (Agilent Technologies
Inc., Santa Clara, CA, USA). Raw sequence data were
generated using the lllumina NovaSeq6000 platform
(llumina, San Diego, CA, USA) with a standard 150-bp
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paired-end read protocol at Macrogen Japan Corp
(Tokyo, Japan). Sequencing data were processed on
the Genome Reference Consortium Human Build 37
(GRCh37) assembly using the pipeline described ear-
lier.” All procedures were performed according to the
manufacturer’s instructions.

The WES data were filtered using Clinvar (https:/
www.ncbi.nim.nih.gov/clinvar/,  updated  November
5, 2022) and Genome Aggregation Database v3.1.2.
(https://gnomad.broadinstitute.org/) to remove common
polymorphisms, which was confirmed using direct se-
quencing with a 3130xI genetic analyzer (Thermo Fisher
Scientific). The functional effects of the detected variants
were evaluated using Combined Annotation Dependent
Depletion version 1.6 (http://cadd.gs.washington.edu/).
The functions of the candidate genes were determined
using the Online Mendelian Inheritance in Man database
(https://www.omim.org/) and published literature. As the
parents of the 2 probands did not provide consent for
DNA analysis, only the patients’ DNA was analyzed.

In case of a suspected gross deletion/duplication
in the WES, microarray-based comparative genomic
hybridization analysis and droplet digital polymerase
chain reaction (PCR) were performed.8° In microarray-
based comparative genomic hybridization analysis,
the genomic copy numbers of the patients were de-
termined using the GenetiSure Dx Postnatal Assay
(Agilent Technologies, Santa Clara, CA, USA) ac-
cording to the manufacturer’s instructions. Droplet
digital PCR was performed using a QX200 Droplet
Digital PCR System and Quan-taSoft v1.7.4 (Bio-Rad
Laboratories, Hercules, CA, USA). The droplet digital
PCR primers targeting candidate genes were originally
designed as described in Table S1.

Plasmid Construction
The human pCMV-HA-N-prostaglandin I, synthase
(PTGIS) plasmid was constructed following the proto-
cols of a previous study.”® Each variant plasmid was
constructed using a site-directed mutagenesis kit
(Stratagene, CA, USA) according to the manufacturer’s
instructions. Human pulmonary artery endothelial cells
(hPAECs) or human pulmonary artery smooth mus-
cle cells (hPASMCs) were transfected with wild-type
(WT) or variant pCMV-HA-N-PTGIS constructs using
Lipofectamine 3000 reagent (Invitrogen, CA, USA).
hPAECs and hPASMCs were harvested after an ap-
propriate time and used for analysis.
PcDNAS.1(+)-3xFLAG-P2A-EGFP-PTGIS plasmids
were used for immunofluorescence analysis to validate
that transfection occurred successfully.

Cell Preparation and Culture

hPAECs (PromoCell, Heidelberg, Germany) were main-
tained in an endothelial cell growth medium (PromoCell).
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Cells that had been passaged 4 to 12 times were used
for the experiments.

Distal hPASMCs were derived from small vessels
(<2mm in diameter) of lung resection specimens as
described previously."" All hLPASMCs were harvested
from a site distant from the carcinoma. Table S2 shows
the details of patients from whom the cells were de-
rived. None of the patients exhibited pulmonary hy-
pertension or underwent chemotherapy or radiation
therapy. The lung parenchyma was dissected from a
pulmonary arteriole, following the arteriolar tree, to iso-
late vessels with a diameter of 0.5 to 2mm. The ves-
sels were dissected, cut into small fragments, plated
in T25 flasks, and allowed to adhere for 2hours. The
cells were cultured in Dulbecco’s modified Eagle me-
dium/high-glucose (Sigma, St. Louis, MO, USA) sup-
plemented with 10% fetal bovine serum (Gibco, New
York, NY, USA) and 100U/mL penicillin—streptomycin
(Gibco) at 37 °C in a humidified 5% CO, incubator. For
analysis, cells that had been passaged 5 to 9 times
were used.

Based on the findings reported by Pak et al., we ad-
ditionally conducted cell culture under hypoxic condi-
tions.” For hypoxia treatment, transfected hPAECs and
hPASMCs were maintained in 10% O, using a BIONIX
hypoxic culture kit (Sugiyama-Gen, Tokyo, Japan) ac-
cording to the manufacturer’s instructions.

Cell Analysis
Quantitative Real-Time-PCR

Total cellular RNA was extracted from 2.0x10° cells
using an RNeasy Mini Kit (QIAGEN, Hilden, Germany)
according to the manufacturer's instructions. For
PCR analysis, 1ug of RNA was reverse-transcribed to
cDNA using Superscript lll reverse transcriptase and
random hexamer primers (Invitrogen). Real-time PCR
analysis was performed on a Thermo Fisher Scientific
applied Biosystems QuantStudio 5 system (Applied
Biosystems, Foster City, CA, USA) using SYBR Green
PCR Master Mix (Applied Biosystems). The reaction
consisted of 10uL of SYBR Green PCR Master Mix, 1 uL
of a 5mmol/L mix of forward and reverse primers, 8uL
of water, and 1 uL of template cDNA for a total volume of
20puL. Cycling was performed using a QuantStudioTM5
RealTime PCR thermal cycler (Applied Biosystems).
The relative expression of each gene was normalized
against that of 18S rBRNA. The data are presented as the
mean+SD. The primers used for quantitative real-time
PCR analysis are shown in Table S3.

Western Blotting

Western blotting analysis was performed with confluent
human embryonic kidney 293T cells (RIKEN Cell Bank),
which were lysed using radioimmunoprecipitation assay
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buffer containing protease inhibitors (Nacalai Tesque,
Kyoto, Japan). The cell lysates were boiled in sodium do-
decyl sulfate loading buffer and resolved using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis with
a 12% gel. The resolved proteins were transferred to a
polyvinylidene fluoride membrane using the semi-dry
blotting method. The membrane was blocked with 5%
BSA and incubated with anti-PTGIS (ab23668, Abcam,
Cambridge, UK, 1000x) or anti-ACTB antibodies (Sigma,
10000%) in 5% BSA overnight. Next, the membrane
was incubated with horseradish peroxidase-conjugated
goat antirabbit IgG (Kirkegaard & Perry Laboratories,
Gaithersburg, MD, USA) or antimouse IgG (Kirkegaard
& Perry Laboratories) to detect PTGIS or ACTB, respec-
tively. Immunoreactive signals were developed using en-
hanced chemiluminescence and ImageQuant LAS 4000
(GE Healthcare, Chicago, IL, USA).

Cell Viability Assay

The viability of hPAECs or hPASMCs was determined
using a cell proliferation assay with the WST-8 reagent
(Dojindo, Kumamoto, Japan). This assay is based on
the detection of formazan, generated through the cel-
lular mitochondrial dehydrogenase-mediated cleavage
of the tetrazolium salt WST-8.

Caspase 3/7 and Prostacyclin Detection

Transfected hPAECs or hPASMCs were stimulated
with 10ng/mL tumor necrosis factor-a and 20ug/
mL cycloheximide for 3hours to induce apoptosis.
The activity of caspase 3/7 was determined using
the Caspase-Glo® 3/7 Assay System (Promega, WI,
USA), following the manufacturer’s instructions.

As prostacyclin has a short half-life, the amount
of prostacyclin in the culture supernatant of hPAECs
or hPASMCs was monitored by measuring the level
of its stable metabolite, 6-keto-prostaglandin f1alpha
(PGF,,), using an enzyme-linked immunosorbent assay
kit (Cayman Chemical Company, Ann Arbor, Ml, USA).

Tube Formation and Migration Assay
Endothelial tube formation was assessed using the
u-slide 3D Well angiogenesis assay (ibidi, Germany). In
brief, 10uL of Matrigel (BD Biosciences) was spread on
the bottom of a p-slide 3D well and incubated at 37 °C until
the gel solidified. Subsequently, 50uL of suspension con-
taining 1x10* treated hPAECs was cultured on Matrigel.
Photographs were captured under a phase-contrast mi-
croscope (Leica, Wetzlar, Germany) at 4hours.

The migration ability of hPAECs was assessed
using the wound-healing assay. Briefly, 2x10* treated
cells were seeded per well containing Culture-Inserts
(ibidi) overnight; the inserts were removed the next day,
and the culture medium was replaced with serum-free
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medium. Photographs were captured under a phase-
contrast microscope (Leica) at 0, 4, 8, and 24 hours.

Immunostaining of Lung Tissue From
Proband-1

Proband-1 with severe PPS underwent an emergency
right middle lobectomy owing to a ruptured pulmonary
artery pseudoaneurysm at 12years of age. The lung
tissue specimens were subjected to immunostaining.
As most of the lung specimens available in our hos-
pital were collected from adult patients with primary
or metastatic lung cancer, these individuals consti-
tuted a considerable proportion of the control group.
Table S4 shows the details of the patients from whom
the lung tissue was collected. As nicotine inhibits pros-
tacyclin production,'® we selected only nonsmokers as
controls. The normal section of lung tissue from pa-
tients who had undergone pneumonectomy for other
diseases was used. In the cancer control group, lung
tissue sufficiently distant from lung cancer tissue and
pathologically confirmed to be free of cancer cells was
used. Written informed consent was obtained from all
patients or their guardians.

Each paraffin-embedded lung tissue was sliced into
3 to 4-um-thick sections. To perform hematoxylin and
eosin staining, the paraffin-embedded lung tissue sec-
tions were dewaxed with xylene solution, dehydrated
with an alcohol gradient, and washed with water. The
sections were then stained with hematoxylin for 5min-
utes. After the excess dye was washed off, the sections
were acidified with hydrochloric acid and ethanol and
stained with eosin for 5minutes. The excess dye was
washed off, and the sections were dehydrated using an
ethanol gradient and dried. The deparaffinized and rehy-
drated lung tissues were subjected to immunostaining.

Antigen retrieval was performed using an
EnVision FLEX Target retrieval solution (Dako, Agilent
Technologies, CA, USA), following the manufacturer’s
protocol. The sections were incubated with DAKO
Envision ex peroxidase blocking reagent for 5minutes
to block endogenous peroxidase. Next, the sections
were incubated with anti-PTGIS antibodies (ab23668,
Abcam, UK, 800x) for 30 minutes.

To perform immunofluorescence staining, the depa-
raffinized and rehydrated sections were processed for
antigen retrieval using a standard microwave heating
technique. The sections were incubated in phosphate-
buffered saline with 10% goat serum for 1hours at 25
°C followed by incubation with rabbit polyclonal anti-
PTGIS (@b23668, Abcam, UK, 800x) or mouse mono-
clonal antihuman CD31 antibodies (clone JC70A, DAKO,
50x) for 1hour at 25 °C. Next, the sections were labeled
with Alexa 594-conjugated goat antirabbit IgG or Alexa
488-conjugated goat antimouse IgG (Invitrogen, Tokyo,
Japan) antibodies and observed under a fluorescence
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microscope. The fluorescence signals of PTGIS and
CD31 were analyzed using the ImagedJ software (version
1.53e; National Institutes of Health, Bethesda, MD, USA,;
https://imagej.nih.gov/ij). The control group comprised
tissues from the 6 cases listed in Table S4. The data are
expressed as the PTGIS/CD31 ratio.

Urine Analysis of Proband-1

Urine samples were collected from Proband-1 and 10
healthy male control individuals and stored at —80 °C.
Written informed consent was obtained from all partici-
pants. To avoid the admixture of kidney-derived 6-keto
PGF,, and to measure plasma-derived prostacyclin in urine
samples, prostaglandin | metabolite was used as an indi-
cator." The urinary levels of prostaglandin | metabolite were
measured using enzyme-linked immunosorbent assay
(Cayman Chemical Company). The levels of urinary metab-
olites were normalized to those of urinary creatinine, which
was measured at a central laboratory (SRL Co., Tokyo,
Japan) using the enzymatic creatinine assay method.

Statistical Analysis

Data are presented as the mean+SD. The results of cell vi-
ability, qguantitative real-time PCR analysis, apoptosis assay,
6-keto-PGF, , analysis, prostaglandin | metabolite analysis,
and immunostaining were evaluated using 1-way ANOVA,
followed by Dunnett’s test. Univariate comparisons be-
tween groups were performed using unpaired t tests for
continuous variables. Differences were considered sig-
nificant at P<0.05. All statistical analyses were performed
using JMP Pro 16 (SAS Institute, Cary, NC, USA).

Ethics Approval
This study was approved by the Institutional Review Board
of the Hokkaido University Hospital (Institutional Review
Board approval Nos.: 020-0212 and 022—-0178) and Peking
Union Medical College (Institutional Review Board approval
No.: JS-2880). Written informed consent was obtained
from the guardians of patients with PPS or PAH according
to the regulations of the Declaration of Helsinki.
Experiments on human lung tissues were approved
by the Institutional Review Board of the Hokkaido
University Hospital for clinical research (Institutional
Review Board approval Nos.: 019-0432 and 020-0212).
Informed consent was obtained from all individuals.

Case Presentation of Proband-1

The male patient was delivered without asphyxia at
a gestational age of 37weeks with a body weight of
24109. After birth, the patient had a heart murmur and
was diagnosed with a small secundum atrial septal de-
fect using cardiac ultrasonography. During outpatient
follow-up, the patient was suspected of having WS as
they exhibited typical elfin-like facial features, inguinal
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hernia, congenital heart disease, and stunted growth.
Fluorescence in situ hybridization analysis revealed a
microdeletion in the 7g11.23 region, which confirmed
WS (data not shown). PPS became apparent and
gradually worsened. The patient underwent a cardiac
catheterization test at the age of 7 years. Multiple pe-
ripheral stenoses (Gay type 3) were detected, which
caused the systolic right ventricular pressure to ex-
ceed the systolic left ventricular pressure (105 and
95mmHg, respectively). The peak pressure gradient
from the distal right pulmonary artery to the proximal
right pulmonary artery was 50mmHg, and the peak
pressure gradient from the distal left pulmonary artery
to the proximal left pulmonary artery was 45mmHg.
Percutaneous transluminal pulmonary angioplasty was
not performed because the operative risk was high.

Most PPS cases in patients with WS can resolve
spontaneously. Hence, the patient was followed up
without treatment. At the age of 12years, mechani-
cal ventilation was required owing to pneumonia and
bloody sputum. The patient was diagnosed with a
pseudoaneurysm of the middle lobe branch of the
right pulmonary artery and underwent a right middle
lobectomy. At the age of 15years, the percutaneous
oxygen saturation of the patient decreased to 90%.
Home oxygen therapy was initiated at the age of
16years. However, the percutaneous oxygen satura-
tion level remained low (below 80%) and decreased
to 60% when the patient developed a respiratory
infection.

At the age of 17 years, the patient was admitted to our
department for a second cardiac catheterization. The clin-
ical characteristics of the patient at the time of admission
were as follows: height, 154cm; weight, 60.4kg; heart
rate, 96bpm; blood pressure, 121/78 mmHg; percutane-
ous oxygen saturation, 92% (receiving supplemental ox-
ygen via nasal cannula at 3L/min). Physical examination
revealed a grade 3/6 systolic heart murmur. Chest radiog-
raphy revealed enhanced pulmonary vascular shadows
and right ventricular hypertrophy. Electrocardiography re-
vealed a strain pattern in leads V1 through V3, suggesting
right ventricular pressure overload.

During cardiac catheterization, pulmonary arteriog-
raphy revealed diffuse stenosis of the pulmonary ar-
tery with a thin peripheral side. The diameters of the
narrowest portion of the left and right pulmonary ar-
teries were 0.9 and 1.2mm, respectively. Additionally,
an aneurysm was observed in the left pulmonary
artery, a site on the peripheral side of the stenotic
region (Figure 1A). Chest contrast computed tomog-
raphy showed flattening of the ventricular septum due
to increased right ventricular pressure (Figure 1B).
Pulmonary blood flow scintigraphy showed a hetero-
geneous blood flow deficit (Figure 1C). Catheterization
also revealed elevated pulmonary arterial pressure
(105/38mmHg, mean 66 mmHg) with a cardiac index
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Figure 1. Imaging findings of Proband-1 with severe peripheral pulmonary stenosis.

A, Pulmonary angiography reveals diffuse, peripheral pulmonary artery stenosis and pulmonary artery aneurysm formation. The
right middle lobe of the lung was resected at the age of 12years. B, Chest contrast computed tomography shows flattening of
the ventricular septum due to increased right ventricular pressure. G, Pulmonary blood flow scintigraphy shows a heterogeneous

blood flow defect.
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of 2.0L/min-m?. Systolic right and left ventricular pres-
sures were 103 and 120mmHg, respectively.

We first considered whether percutaneous
transluminal pulmonary angioplasty was feasible for
this condition. However, we were concerned about
new aneurysms developing and the risk of bleeding
owing to the sudden high pressure on the periph-
eral side after percutaneous transluminal pulmonary
angioplasty. Moreover, surgical treatment was ex-
pected to cause extensive damage to a large por-
tion of the lung parenchyma by the time multiple
peripheral stenoses occurred. Thus, an aggressive
therapeutic intervention was considered challeng-
ing. Accordingly, the individual was monitored as
an outpatient with continuous home oxygen therapy
only. The indications for lung transplantation were
also considered. However, the parents did not wish
to consider this option.

RESULTS

Multiplex ligation-dependent probe amplification re-
vealed a heterozygous deletion in the region associ-
ated with WS (Figure S1). Furthermore, WES-based
copy number analysis revealed a deletion of chromo-
some 7q11.23—typical for WS (Figure S2). Therefore,
the possibility of another disease-causing genetic ab-
normality was examined to detect other factors con-
tributing to severe PPS.

WES did not reveal other pathological variants,
such as RNF213 or JAGT, which are involved in the
onset of PPS.'5'6 However, a PTGIS nonsense vari-
ant (NM_000961: ¢.940 G>T p. Glu314Ter [p.E314X],
rs13306027) was identified in Proband-1 (Figure S3).
The p.E314X variant was located between the trans-
membrane domain and the heme-binding site
(Figure S4)." The Combined Annotation Dependent

Table 1.

PTGIS Rare Variants in PPS and WS

Depletion score was 33. In the Genome Aggregation
Database, the allele frequencies of the variant among all
ethnicities and East Asian individuals were 0.0000394
and 0.0001927, respectively (Table 1).

PTGIS WT, 2 previously reported pathological
PTGIS variants in patients with PAH (c.755G>A p.Arg-
252Glu[p.R252Q) (rs759344518) and ¢.1339G>A p.Al-
ad447Thr [p.A447T] (rs146531327)),° and the PTGIS
p.E314X variant were overexpressed in human embry-
onic kidney 293T cells, hPASMCs, and hPAECs.

Quantitative real-time PCR analysis revealed that
transfection with the PTGIS p.E314X variant construct
downregulated PTGIS mRNA expression in hPAECs
and hPASMCs (Figure S5). Furthermore, western
blotting revealed that the expression of PTGIS in the
PTGIS p.E314X construct-transfected cells was not
significantly different from that in the empty construct-
transfected cells (Figure S6). The successful transfec-
tion of control PTGIS and PTGIS p.E314X plasmids into
hPAECs and hPASMCs was confirmed via immunos-
taining (Figure S7). Moreover, the viability of hPAECs
transfected with the PTGIS variant constructs was sig-
nificantly higher than that of hPAECs transfected with
the WT PTGIS construct (Figure 2A and 2B). However,
transfection with the PTGIS WT, p.A447T, and p.E314X
constructs did not significantly affect hPASMC viability
(Figure 2C and 2D).

The effect of each variant on apoptosis was assessed
by examining caspase 3/7 activity after stimulation with
tumor necrosis factor-a and cycloheximide (Figure 3A
through 3D). Caspase 3/7 activity in PTGIS p.E314X
construct-transfected hPAECs was significantly lower
than that in PTGIS WT construct-transfected hPAECs.
Furthermore, caspase 3/7 activity in PTGIS p.E314X
construct-transfected hPASMCs was significantly
lower than that in PTGIS WT construct-transfected
hPASMCs under hypoxic conditions.

Characteristics of 2 Patients With Severe PPS and PTGIS Rare Variants

Proband no.

Nucleotide
change

1000
genomes

EVS

gnomAD all
ethnicities

gnomAD
East Asian

CADD
score

Clinvar

Cardiac catheterization data

Outcome

1

p.E314X

None

None

0.000039

0.000193

33

Not available

Systolic right ventricular
pressure 105mmHg, systolic left
ventricular pressure 95mmHg,
peak pressure gradient from
distal right pulmonary artery

to proximal right pulmonary
artery 50mmHg, peak pressure
gradient from distal left
pulmonary artery to proximal left
pulmonary artery 45mmHg

Survived

¢.1358+2T>C

None

None

0.000395

0.001

32

Pathogenic

Peak pressure gradient from
distal left pulmonary artery to
proximal left pulmonary artery
88mmHg, main pulmonary
artery 117/29 (70) mmHg

Died

Values other than the CADD score indicate allele frequencies. CADD indicates Combined Annotation Dependent Depletion; EVS, Exome Variant Server;

gnomAD, Genome Aggregation Database; and PPS, peripheral pulmonary stenosis.
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Figure 2. Overexpression of PTGIS variants increases the viability of hPAECs.
Viability of hPAECs cultured under normoxic (21% oxygen) (A, n=7 per group) or hypoxic
(10% oxygen) (B, n=7 per group) conditions analyzed on day 3 post transfection with
the PTGIS WT or variant constructs. Viability of hPASMCs cultured under normoxic
(C, n=7 per group) or hypoxic (D, n=7 per group) conditions analyzed on day 2 post
transfection with the PTGIS WT or variant constructs. The values represent the mean+SD
from independent experiments. Groups were compared using 1-way ANOVA followed by
Dunnett’s test (control=WT). The mean values are represented as a percentage relative
to those in the hPAECs or hPASMCs transfected with the PTGIS WT construct. hPAECs
indicates human pulmonary artery endothelial cells; hPASMCs, human pulmonary artery
smooth muscle cells; PTGIS, prostaglandin |, synthase; and WT, wild-type.

Next, the amount of 6-keto-PGF,, in transfected
cells was comparatively analyzed. Under hypoxic con-
ditions, the production of 6-keto-PGF,, in hPAECs
transfected with the PTGIS variant constructs was
significantly downregulated when compared with
that in hPAECs transfected with the PTGIS WT con-
struct (Figure 4A and 4B). In contrast, the production
of 6-keto-PGF,, did not differ significantly between
PTGIS WT construct-transfected and PTGIS variant
construct-transfected hPASMCs (Figure 4C and 4D).

J Am Heart Assoc. 2024;13:e032872. DOI: 10.1161/JAHA.123.032872

Furthermore, we performed a tube formation and
migration assay using hPAECs. hPAECs treated with the
PTGIS p.E314X plasmid were less likely to form branch-
ing vessels, and the branching vessels were shorter than
those of cells treated with the control plasmid (Figure 5A
through 5C). The migration assay revealed that after 8
and 24 hours, hPAECs treated with the PTGIS p.E314X
plasmid exhibited higher migration ability than those
treated with the control plasmid (Figure 5D and 5E). The
tube formation and migration assays conducted using



Chida-Nagai et al

PTGIS Rare Variants in PPS and WS

A hPAECSs cultured under 21%02

P =0.0175
—
P =0.9752

8004 p=0.9458

600

Caspase 3/7 luminescence (RLU)

400- o
3 ".:‘ h o
2004 * o o 3::°
0 T T T T
é\ qf;»(} bﬁ\« ,5\&\.
& ¥ F
QR

PTGIS construct

(9]

hPASMCs cultured under 21%02
P =0.3889

P =0.5937

1500 P =0:4422
°

1000

500

Caspase 3/7 luminescence (RLU)

$ c,'l'o b'-\« \".‘\.
A A
Q < Q

PTGIS construct

B hPAECs cultured under 10%02
P =0.0137

800

600

400

200

Caspase 3/7 luminescence (RLU)

PTGIS construct

D hPASMCs cultured under 10%02
P =0.0055
§ P =0.8310
1500

= P =0.0653

[

(3}

c

3 had I o

2 1000 . °,

c .3. 2

:E; ° : ° :3-'

~ 500 . o%e

&

[

7]

3

g 0 T T T T

(8] (e3 A

éq'ﬁ v“'\ 0\"

QR X

PTGIS construct

Figure 3. PTGIS p.E314X overexpression downregulates caspase 3/7 under

varying oxygen conditions.

Viability of hPAECs cultured under normoxic (A, n=8 per group) or hypoxic (B, n=8
per group) conditions analyzed on day 1 post transfection with PTGIS WT or variant
constructs. Viability of hPASMCs cultured under normoxic (C, n=8 per group) or hypoxic
(D, n=8 per group) conditions analyzed on day 1 post transfection with PTGIS WT or
variant constructs. The values represent the mean+SD from independent experiments.
Groups were compared using 1-way ANOVA followed by Dunnett’s test (control=WT).
Mean values are represented as percentages relative to those in hPAECs or hPASMCs
transfected with the WT PTGIS construct. hPAECs indicates human pulmonary artery
endothelial cells; hPASMCs, human pulmonary artery smooth muscle cells; PTGIS,
prostaglandin |, synthase; RLU, relative luminescence unit; and WT, wild-type.

PTGIS p.A447T and PTGIS p.R252Q plasmids yielded
nearly identical results (Figure S8).

Finally, the pathological changes in the pulmo-
nary arteries and urine of Proband-1 were analyzed.
Hematoxylin and eosin staining revealed irregular
thickening of the intima and edematous thickening be-
tween the intima and media in Proband-1 with PPS.
These changes were accompanied by pulmonary ar-
terial stenosis (Figure 6A). Immunostaining of pulmo-
nary arteries with the anti-PTGIS antibodies revealed
that PTGIS was primarily expressed in the pulmonary

artery endothelium (Figure 6B). Double-color immuno-
fluorescence staining with the anti-CD31 (endothelial
cells) and anti-PTGIS antibodies confirmed that PTGIS
expression in the pulmonary artery endothelium of
Proband-1 with PPS was significantly lower than that
in the pulmonary artery endothelium of the control in-
dividuals (Figure 6C through 6D). The urinary levels of
prostaglandin | metabolites were also compared be-
tween Proband-1 with PPS and healthy controls. The
levels of urinary prostaglandin | metabolites, which
were normalized to the urinary creatinine levels, were

J Am Heart Assoc. 2024;13:e032872. DOI: 10.1161/JAHA.123.032872 9
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significantly downregulated in Proband-1 with PPS
compared with those in the controls (Figure 6E).
Furthermore, a heterozygous splice-site variant,
¢.1358+2 T>C, rs13306026, was identified in 1 patient
with WS and severe PPS (Proband-2). In Clinvar, the
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Figure 4. PTGIS variants downregulate 6-keto-PGF1a in hPAECs under hypoxic
conditions.
Concentration of 6-keto-PGF,, in the culture supernatant of hPAECs cultured under
normoxic (21% oxygen) (A, n=8 per group) or hypoxic (10% oxygen) (B, n=8 per group)
conditions. Concentration of 6-keto-PGF,, in the culture supernatant of hPASMCs
cultured under normoxic (21% oxygen) (C, n=8 per group) or hypoxic (10% oxygen)
(D, n=8 per group) conditions. The values represent the mean+SD from independent
experiments. Groups were compared using 1-way ANOVA followed by Dunnett’s test
(control=WT). hPAECs indicates human pulmonary artery endothelial cells; hPASMCs,
human pulmonary artery smooth muscle cells; PTGIS, prostaglandin |, synthase; WT,

wild-type; and 6-keto-PGF

1o

6-keto-prostaglandin flalpha.

¢.1358+2 T>C variant is described as a pathogenic
variant in essential hypertension, which causes skip-
ping of exon 9 of PTGIS.® Proband-2 had multiple
PPS; a cardiac catheterization performed at the age
of 12years revealed a high-pressure gradient from the
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Figure 5. Characteristics of hPAECs treated with PTGIS p.E314X or control plasmid.

A, Angiogenetic ability of hPAECs treated with Control or PTGIS p.E314X plasmid. Scale bars: 50 um. Number of junctions (B, n=3 per
group) and length of vessels (C, n=3 per group) per field analyzed using ImagedJ software. The data are presented as the mean+SD.
**P<0.01 (D) Migration ability of hPAECs treated with Control or PTGIS p.E314X plasmid, as determined with a wound-healing assay.
Images captured at 0, 4, 8, and 24 hours. Scale bars: 50um. (E, n=3 per group) Percentage of migration area quantified by ImageJ.
The data are presented as the mean+SD. Groups were compared using an unpaired t test with a 95% CIl. hPAECs indicates human
pulmonary artery endothelial cells; and PTGIS, prostaglandin |, synthase.

distal to proximal left pulmonary artery (88 mmHg) and
high main pulmonary artery pressure (systolic pressure
was 117 mmHg, diastolic pressure was 29 mmHg, and
mean pressure was 70mmHg); the PPS was deemed
to be severe. The patient suffered cardiopulmonary ar-
rest because of severe PPS at age 15years and sub-
sequently died of bacterial infection. Genetic testing
in the family was not possible following the patient’s
death (Table 1).

DISCUSSION

This study identified 2 rare variants of PTGIS, a can-
didate disease-causing gene, in 2 patients with WS
with severe PPS. The findings of this study demon-
strate that the p.E314X variant suppresses PTGIS ex-
pression and cell proliferation in hPAECs and causes
pulmonary arterial stenosis. The presence of PTGIS-p.
E314X leads to impaired formation of normal blood
vessels by PAECs, and increased PAEC migration may

J Am Heart Assoc. 2024;13:e032872. DOI: 10.1161/JAHA.123.032872

contribute to abnormal proliferation in the pulmonary
arterial intima. This supports the pathological observa-
tions noted in Proband-1. Hence, this is the first report
of a genetic association between WS and PTGIS.

PTGIS is located on chromosome 20g13.13.
According to the Human Protein Atlas version 20.1
(https://www.proteinatlas.org/), PTGIS is expressed in
several organs, including the lungs, and cells, includ-
ing smooth muscles. Moreover, single-cell analysis
revealed that PTGIS expression is upregulated in fibro-
blasts and endothelial cells. An immunohistochemical
study reported the expression of PTGIS in vascular en-
dothelial and smooth muscle cells.”® This expression
pattern is consistent with the findings of the current
study.

PTGIS, a member of family 8 of the cytochrome
P450 superfamily,?® catalyzes the conversion of pros-
taglandin H, to prostaglandin 1,. Prostaglandin 1,, also
known as prostacyclin, is a potent vasodilator and in-
hibitor of platelet aggregation.?’ Moreover, several stud-
ies have reported an association between PTGIS and
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Figure 6. Pulmonary artery endothelial PTGIS levels and urinary prostaglandin | metabolites in Proband-1 and healthy
controls.

A, Hematoxylin and eosin staining of pulmonary artery sections of Proband-1; irregular thickening of the intima and edematous
thickening is present between the intima and media. B, Immunostaining analysis: PTGIS is expressed mainly in the pulmonary artery
endothelium. C and D, CD31 immunostaining (green) signal localized to the pulmonary artery endothelium. PTGIS expression (red) is
distinct in the healthy controls and downregulated in Proband-1 with PPS. PTGIS density is normalized to CD31 density. The values
of the control group (n=6) represent the mean+SD. Groups were compared using an unpaired t test (*P<0.05). E, The levels of urinary
prostaglandin | metabolites were significantly downregulated in Proband-1 with PPS compared with those in the controls. The values
of the control group (n=10) represent the mean+SD from healthy controls. The levels of urinary prostaglandin | metabolites were
normalized to those of urinary creatinine. For each participant, the measurement was carried out three times. Groups were compared

using an unpaired t test with a 95% CI. PPS indicates peripheral pulmonary stenosis; and PTGIS, prostaglandin I, synthase.

different cancers, liver fibrosis, and endometriosis. For
example, downregulation of PTGIS expression reduces
prostaglandin |, levels and is associated with aggres-
sive tumor phenotypes and poor disease prognosis.
Similarly, kidney renal papillary cell carcinoma, lung ad-
enocarcinoma, thyroid carcinoma, and uterine corpus
endometrial carcinoma exhibit reduced PTGIS expres-
sion.??23 Zhuang et al. implicated 9 metabolism-related
genes, including PTGIS, in the prognosis of squamous
cell carcinoma of the lung.?* Additionally, increased
PTGIS expression inhibits the activation of hepatic
stellate cells and reduces liver fibrosis.?® Furthermore,
PTGIS protein expression is increased in endometrio-
sis lesions compared with that in normal uterine tissue,
whereas its depletion in animal models of endometriosis
can be therapeutic.?%?” Thus, PTGIS has been linked to
various diseases associated with cell proliferation.

J Am Heart Assoc. 2024;13:e032872. DOI: 10.1161/JAHA.123.032872

Nakayama et al. identified PTGIS as a candidate
gene for essential hypertension. They reported that a
splice-site variant of PTGIS, generated through exon
9 skipping, encoded a truncated protein in 1 patient
with essential hypertension. The siblings of the pro-
band had the same splicing variant and exhibited hy-
pertension.'® Moreover, in 2020, Jing et al. identified
3 rare PTGIS loss-of-function variants (c.521+1G>A,
p.R252Q, and p.A447T) in patients with idiopathic
PAH.® The current study identified a nonsense variant
of PTGIS in a pediatric patient with PPS. This find-
ing suggests that PPS and PAH may share similar
pathogenesis mechanisms and origins. The Genome
Aggregation Database analysis results indicated that
the pathogenic variants of PTGIS were rare and were
detected marginally more frequently in East Asian in-
dividuals than in other racial groups.
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Jing et al. also reported that treatment with iloprost,
a prostaglandin |,-replenishing drug, significantly de-
creased pulmonary vascular resistance in patients
with PAH harboring the PTGIS variants p.R252Q and
p.A447T.° Therefore, patients with PPS carrying PTGIS
pathogenic variants may also benefit from treatment
with PTGIS-replenishing drugs. Hence, drugs used to
treat PAH can be repurposed to treat PPS. However,
drug repositioning should be implemented with care
as PTGIS-replenishing drugs may aggravate pulmo-
nary artery pseudoaneurysms in cases similar to our
Proband-1.

Jing et al. also analyzed the culture supernatant
of pulmonary microvascular endothelial cells and re-
ported that the antiapoptotic effects of the PTGIS
variants p.R252Q and p.A447T were diminished com-
pared with those of PTGIS WT variants.® p.R252Q and
p.A447T are involved in the remodeling of small pulmo-
nary arteries.® In the current study, caspase 3/7 activity
in hPAECs and hPASMCs transfected with the PTGIS
p.E314X construct was significantly lower than that in
hPAECs and hPASMCs transfected with the PTGIS
WT construct. However, caspase 3/7 activity in the
PTGIS WT construct-transfected cells was similar to
that in cells transfected with the PTGIS p.R252Q and
p.A447T variant constructs. Moreover, we found that
the p.E314X variant may act on the central pulmonary
artery. However, there have been no reports of WS
being associated with PAH. Hence, differences in the
location of the variant may influence the phenotypic
differences and the pathogenesis of PPS and PAH.

This study has several limitations. First, the contri-
bution of WS to the severity of PPS is unknown. Most
PPS in WS is mild with most cases found to resolve
spontaneously.?” However, in our patients with identi-
fied rare PTGIS variants, severe PPS did not improve
but rather worsened. Based on the results of this study,
the severity of PPS in these 2 patients with WS cannot
be solely explained by WS. No other patients with WS
in our study who lacked PTGIS pathogenic variants ex-
hibited severe PPS. Thus, further studies are required
to clarify the roles of the WS-associated 7g11.23 dele-
tion and PTGIS rare variants, as well as the individual
contribution of PTGIS rare variants, in the development
of severe PPS. In addition, we detected rare PTGIS
variants in only 2 patients with PPS. Hence, further re-
search is required to ascertain whether other patients
with PPS have these rare PTGIS variants. Second, PPS
might be as severe in PPS patients with RNF213 or
JAGT pathogenic variants as in the 2 cases presented
here.'*'® Although the relationship between the PTGIS
and these 2 genes could not be established in the pres-
ent study, we recommend investigating PPS patients
with RNF213 or JAGT mutations for the coexistence
of PTGIS pathogenic variants. Third, genetic analyses
could not be performed on the family members of the

J Am Heart Assoc. 2024;13:e032872. DOI: 10.1161/JAHA.123.032872
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patients because of the lack of consent. Furthermore,
it is imperative to investigate the impact of pathogenic
PTGIS variants on both hPAECs and hPASMCs under
c-culture conditions in future studies. Finally, we were
unable to detect PTGIS variants in PPS cases without
WS. Hence, research on PTGIS variants and functional
analysis in patients with PPS without WS are required
to further elucidate the underlying pathology.

We recognize the uncertainty regarding the ob-
served differences under normal and hypoxic condi-
tionsin Figures 2 and 3. However, as pulmonary arteries
are naturally exposed to low oxygen conditions, cultur-
ing cells under hypoxic conditions is considered to be
more physiologically relevant. This choice may account
for the observed variations in results.

CONCLUSIONS

In conclusion, a rare nonsense PTGIS (p.E314X) variant
was identified in a patient with WS with severe PPS.
hPAECs with PTGIS p.E314X demonstrated increased
viability and migration ability when compared with
those harboring WT PTGIS, as well as reduced tube
formation ability. Decreased caspase 3/7 expression
was also observed in both hPAECs and hPASMCs
harboring this variant. Compared with those in the
healthy controls, the pulmonary artery endothelial
PTGIS expression levels and urinary prostaglandin
| metabolites were downregulated in the patient with
PPS. Furthermore, we identified another rare PTGIS
splice-site variant in a patient with WS with severe
PPS. Based on previous reports, the 2 patients found
to have PTGIS pathogenic variants may respond to
prostaglandin |, drugs. This study provides important
insights regarding the pathogenesis of PPS, which
may inform the development of novel therapeutic strat-
egies for PPS.
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