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mortality. One eQTL for RASA3 (rs9525228) was identified, with the risk allele

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Pulmonary Circulation published by John Wiley & Sons Ltd on behalf of Pulmonary Vascular Research Institute.

Pulmonary Circulation. 2023;13:€12227. wileyonlinelibrary.com/journal/pul2 1 of 12
https://doi.org/10.1002/pul2.12227


http://orcid.org/0000-0002-9097-5762
mailto:robmacha@iu.edu
https://onlinelibrary.wiley.com/journal/20458940

2 of 12

PROHASKA ET AL.

KEYWORDS

hypertension

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progres-
sive, fatal disease, affecting 15-50 persons per million
in the United States and Europe, with poorly under-
stood pathogenic mechanisms and no curative treat-
ments available.”” Given that time from symptom
onset to diagnosis may take from 17 to 34 months,>*
improved disease awareness and testing are needed.
Noninvasive biomarkers are a promising diagnostic
option, given their easy access and potential for risk
stratification, targeted disease treatment, and mon-
itoring response to therapy.*”

Sickle cell disease (SCD), one of the most common
inherited monogenetic diseases, affects millions of
individuals worldwide and around 100,000 individuals
in the United States.® Patients with SCD have chronic
hemolysis, a known risk factor for the development of
pulmonary hypertension (PH),”” and may develop
diastolic dysfunction, renal disease, sleep-disordered
breathing, or recurrent thromboembolic disease, all of
which can contribute to the development of SCD-
associated PH.>'® Retrospective studies have found
the prevalence of SCD-associated PH to be between 6%
and 11% using the former definition of PH of a mean
pulmonary artery pressure (mPAP)=225mmHg.'""?
Using the current definition of PH of an mPAP >20
mmHg, the prevalence of SCD-associated PH is likely
considerably higher.

Treatment options are poor for patients with SCD-
associated PH. Depending on the profile and severity
of their hemodynamics, patients with SCD are often
treated similarly to patients with PAH. However, such
treatment is extrapolated from guidelines for patients
with PAH or based on expert consensus.'> The
discovery of new candidate genes and pathways that
could provide novel insights into disease pathogenesis
or serve as risk stratification and prognostic
tools is desirable. SCD-associated PH shares multiple

correlating with PH risk, higher tricuspid regurgitant jet velocity and higher
pulmonary vascular resistance in patients with SCD-associated PH. rs9525228
associated with markers of precapillary PH and decreased survival in individuals
of EA but not AA. In conclusion, RASA3 is a novel candidate gene in SCD-
associated PH and PAH, with RASA3 expression appearing to be protective.
Further studies are ongoing to delineate the role of RASA3 in PH.

pulmonary arterial hypertension, RASA3, sickle cell disease-associated pulmonary

pathogenic pathways with PAH >%'®'371¢ and it is
likely that common disease susceptibility candidate
genes are shared between these conditions.

RASA3 is a ubiquitously expressed GTPase-
activating protein that inhibits R-Ras and Rapl
activity.'”"*! Global loss of RASA3 expression in mice
is embryonically lethal due to failure of vasculogenesis
and severe bleeding.?” Conditional endothelial cell-
specific knockout of RASA3 in mice recapitulates
failure of vascular lumen formation and decreased
vascular complexity. In vitro, loss of RASA3 leads to
decreased endothelial cell adhesion turnover,
decreased migration and permeability, thought to be
mediated by hyperactivation of Rapl.’® Given its
multiple roles, as well as its downstream targets
which have been implicated in the pathogenesis of
PAH, RASA3 may be a critical regulator in the
development of PAH. However, no prior work has
been done evaluating the role of RASA3 within the
context of pulmonary vascular disease. Here we
explore the association of RASA3 genetic variation
with PH risk in three cohorts of patients with SCD-
associated PH and sought to investigate our findings
within a PAH cohort.

METHODS
Study subjects

The study was approved by the institutional review
boards of the participating institutions and all
subjects provided written informed consent. The
University of Illinois at Chicago (UIC) cohort con-
tained 178 subjects with hemoglobin SS, 40 with
hemoglobin SC, 18 with hemoglobin SB* thalassemia,
5 with hemoglobin SE° thalassemia, and 1 with
hemoglobin SO. Ninety-four individuals with elevated
tricuspid regurgitation velocity (TRV) and/or clinical
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suspicion of PH underwent right heart catheterization
(RHC). Ten individuals had precapillary PH defined
as an mPAP>20mmHg and pulmonary capillary
wedge pressure (PCWP)<15mmHg; nine had post-
capillary PH, defined as an mPAP >20 mmHg with a
PCWP > 15mmHg. Seventy-five individuals did not
have PH based on an mPAP <20 mmHg. Absence of
PH was defined as mPAP <20 mmHg if RHC was
performed or TRV < 2.5 m/s if catheterization was not
performed.

The Pulmonary Hypertension and the Hypoxic
Response in SCD (PUSH) Cohort was recruited from
four tertiary medical centers in the United States, with
396 individuals 3-20 years of age screened with
echocardiography as outpatients at routine visits.
Given their young age, none of these individuals
underwent RHC for further evaluation of their
pulmonary hemodynamics.

The Walk-Treatment of Pulmonary Hypertension
and Sickle cell disease with Sildenafil Therapy (Walk-
PHaSST) Cohort was comprised of individuals =12
years old with SCD screened with echocardiography as
outpatients at routine visits at nine US Centers and
one UK Center, with 89.3% of patients over 20 years of
age. Patients recruited at UIC were excluded from this
analysis to avoid overlap with the UIC cohort. A
subgroup of 193 patients with elevated TRV under-
went RHC, with pre- and postcapillary PH defined as
above. Eight individuals had precapillary PH and three
had postcapillary hypertension.

The National Biological Sample and Data Reposi-
tory for Pulmonary Arterial Hypertension (PAH
Biobank) is an NIH-funded consortium of 37 different
centers across the United States collecting data from
over 3000 individuals with PAH (www.pahbiobank.
org). Data were collected from individuals defined as
idiopathic or heritable PAH between October 2012 and
February 2018 from 36 enrolling centers. Only
individuals over 18 years of age were included in this
cohort. Patients were recruited prospectively,
approved by each of the individual institution's
institutional review board, and patients were provided
with written informed consent on enrollment. Enroll-
ment criteria included consecutively screened patients
who met expanded hemodynamic criteria of
mPAP 225 mmHg at rest (30 mmHg with exercise),
PCWP < 18 mmHg (as defined by REVEAL registry*°),
and pulmonary vascular resistance (PVR)2=3 Wood
units (WU). Baseline demographic, clinical, and
hemodynamic data were extracted from the available
clinical data at the time of RHC as previously
described.?* Ancestry data were self-identified at
the time of enrollment (Supporting Information:
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Gene expression profiling of RASA3 from
PBMCs in 171 SCD patients from UIC
cohort
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FIGURE 1 Study overview. eQTL, expression quantitative trait
loci; PAH, pulmonary arterial hypertension; PBMC, peripheral
blood mononuclear cell; PH, Pulmonary hypertension; SCD, sickle
cell disease; SNP, single nucleotide polymorphism.

Figure 1). Medication history use at the time of
consent, including the use of PAH medications such
as prostacyclin infusion analogs was also captured.?”

Study strategy

The study was designed similarly to previous studies
published by members of our group to compare clinical
manifestations and peripheral blood mononuclear cell
(PBMC) genomic profiles of subjects with SCD."'****” We
analyzed the correlation between PBMC expression of
RASA3 and SCD-associated PH within the UIC cohort.
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We then assessed the genetic association between
expression quantitative trait loci (eQTL) for RASA3
identified in lung tissues from the Genotype-Tissue
Expression (GTEx) project, and PH phenotypes in SCD
patients from the UIC, Walk-PHaSST, and PUSH cohorts.
We then sought to investigate whether our findings were
also applicable to a cohort of individuals with PAH using
data from the PAH Biobank and to associate results with
individuals' ancestry. The study scheme is included in
Figure 1.

Array gene expression profiling and data
processing

Messenger RNA isolated from PBMCs was profiled
using Affymetrix Human gene 2.0 ST array as
described previously.”® Probe sequences were aligned
to human genotype assembly GRCh37 allowing <1
mismatches®® to select those with perfect unique
match. Probes that interrogated multiple genes or
that contained single nucleotide polymorphisms
(SNPs) with 21% minor allele frequency (MAF) in
1000 genomes data of European or African popula-
tions were removed. Annotation was based on
Gencode release 19. Probe level intensities were log®
transformed, background corrected,®® and quantile
normalized.>’ Probe intensity was subtracted by the
corresponding probe mean across samples. Gene-level
expression intensities were summarized as mean
probe intensity within each gene.

Array genotyping and data processing

Genomic DNA isolated from PBMCs was labeled and
hybridized to the Illumina Human 610-Quad SNP
array for Walk-PHaSST and PUSH cohorts and the
Affymetrix Axiom genome-wide Pan-African array for
the UIC cohort. Genotyping and data preprocessing
was as previously described.'® SNP genotypes were
phased®? and imputed®® to 1000 genomes project
phase 3 data using African reference panels.

To assess ancestry of the SCD cohorts, array
genotypes of 199,391 autosomal SNPs available in all
three cohorts were combined with 1000 genomes phase 3
data. The SNPs were pruned to 135,921 SNPs by pairwise
*> 0.3. Principal components analysis was subsequently
applied using Plink version 1.9.**

Among 146 lung eQTL for RASA3 obtained from
single-tissue eQTL of GTEx release 8,>> 98 SNPs with
dosage *>0.9 and expected effective minor allele

count >5 within each of the three SCD cohorts were
extracted. The 98 SNPs were pruned to 9 tagging SNPs
to reduce the burden of multiple comparison. SNP
pruning used a greedy algorithm®®: (1) within the
locus under investigation, the SNP having the most
correlated SNPs (linkage disequilibrium r*> 0.3 was
identified as a tagging SNP; (2) the tagging SNP and its
correlated SNPs were removed; (3) steps 1 and 2 were
repeated for the remaining SNPs until all tagging SNPs
were identified.

Genetic association of RASA3 eQTL with
clinical phenotypes

Genetic association of the RASA3 eQTL with clinical
phenotypes was performed using linear regression for
continuous phenotypes and logistic regression for binary
phenotypes in the UIC, PUSH, and Walk-PHaSST SCD
cohorts with an additive genetic model. Age, gender,
severity of sickle genotype (SS, SB° and SO Arab vs. SC
and SB™), hydroxyurea treatment, and population strati-
fication were included as covariates. Bonferroni-
corrected p <0.05 (nominal p <0.0056) was considered
statistically significant.

Using logistic regression of whole genome genotyping
arrays from PAH Biobank samples, we tested single
marker variants for genetic association with a diagnosis
of PAH and adjusted for sex, age, and 10 principal
components as previously described.”’” PAH outcomes
were associated with indices of severity as well as self-
reported race/ethnicity.?

Statistical analysis of clinical data and
gene expression variation

Linear regression of clinical outcomes was used for
gene expression levels of RASA3 adjusting for age,
gender, severity of sickle genotype, and hydroxyurea
treatment. Proportional hazards (Cox) regression was
used to study relationships between covariates of
interest and mortality. The time-to-event outcome
analyzed was vital status from blood draw until death
or completion of the study, and determined by a
combination of social security death index, follow-up
calls, and review of electronic medical records. The
risk ratio (hazard ratio [HR]) and 95% confidence
interval (CI) for each predictor were determined and
Kaplan-Meier survival curves were calculated. All
analyses were performed using R (version 3.2.0)
software (https://www.r-project.org/) and Prism.
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TABLE 1 Baseline characteristics of sickle cell disease cohorts.

PUSH (n = 396)

Age (SD) 13.0 (7.0-17.0)
Female (%) 164 (48%)
HbSS/HbSE® (%) 264 (78%)
Hydroxyurea (%) 131 (39%)
Recent transfusion (%) 63 (20%)

TRV (SD) 2.30 (2.11-2.45)
TRV 2 2.5 m/s (%) 30 (9.7%)
RHC &

PH (%) a

Precapillary PH (%) &

Postcapillary PH (%) 2

ulmonary Circulation

[Opon Accoss:

UIC (n = 242)
35.0 (27.0-46.0)

Walk-PHaSST (n = 533)
35.3 (25.0-46.7)

144 (60%) 283 (54%)
183 (76%) 403 (77%)
120 (50%) 182 (35%)
a 164 (32%)

2.41 (2.20-2.66) 2.53 (2.30-2.79)

67 (46%) 280 (60%)
94 (39%) 193 (36%)
19 (7.8%) 11 (2.1%)
10 (4.1%) 8 (1.5%)
9 (3.7%) 3 (0.56%)

Abbreviations: HbSp0, sickle cell-f thalassemia; HbSS, sickle cell disease; PH, pulmonary hypertension; RHC, right heart catheterization; TRV, tricuspid

regurgitation jet velocity.

#Unavailable data.

RESULTS

RASA3 expression decreased in subjects
with SCD-PH and associated with disease
severity and prognosis

Baseline characteristics of the three different SCD
cohorts are presented in Table 1. The PUSH cohort was
composed entirely of children (under the age of 20),
and the UIC and Walk-PHaSST cohorts were com-
prised primarily of young adults. Over three-
quarters of individuals had hemoglobin SS or hemo-
globin B-thalassemia, and substantial morbidity was
suggested by the need for transfusions. Given the
young age of the PUSH cohort, none of these
individuals underwent RHC for further diagnostic
evaluation. A TRV 2=2.5m/s correlates to a right
ventricular systolic pressure of approximately
30 mmHg; in adult patients with SCD, a TRV 22.5m/
s has been associated with chronic hemolysis, resist-
ance to hydroxyurea therapy and increased risk of
death.” Among children under the age of 20, a
TRV 2 2.6 m/s was correlated with markers of hemoly-
sis and hypoxia, both of which may contribute to the
development of PH.?’ Patients from the three cohorts
were all African Americans with variable percentages
of European ancestry (Suporting Information:
Figure 2).

Using PBMC data from the UIC cohort, estimated
systolic pulmonary artery pressure categories, PH
(mPAP >20 mmHg, PVR>3WU) and PVR were

correlated with RASA3 expression and are presented
in Figure 2. RASA3 expression was significantly lower
in subjects with a TRV 22.5m/s. Using RHC data,
RASA3 expression was significantly lower in indivi-
duals with RHC-confirmed PH compared with indivi-
duals without PH. Prior studies have suggested that a
PVR=22WU is abnormal in individuals with SCD,
given a high baseline cardiac output and low vascular
resistance.’>*®* However, the most recent European
Society of Cardiology and European Respiratory
Society guidelines indicate that a PVR > 2 is abnor-
mal.>® Considering this updated definition and under-
lying high-output cardiac state of patients with SCD,
we used various cutoffs of PVR, and found that RASA3
expression was lower in individuals with higher PVR
using a cutoff of 21.5, 22, or 23 WU. Individuals who
died during follow-up had significantly lower RASA3
expression, a trend that persisted over 12 years of
follow-up (Cox model HR 0.13, 95% CI 0.028-0.6,
p =0.0087, Figure 3).

Association of RASA3 eQTL rs9525228 with
PH susceptibility in SCD

We did not find significant eQTL for RASA3 using the
PBMC expression data of the UIC cohort (data not
shown). We, therefore, examined 146 RASA3 eQTL
identified in lung tissues from the GTEx project. We
extracted 98 eQTL and reduced the number of
association tests by selecting nine SNPs using a greedy
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FIGURE 2 RASA3 expression is lower using different measures of PH severity in SCD. (a): TRV <2.5m/s n =56, TRV > 2.5 m/s n = 60.
(b): No PH n =59, PH n=17.(c): PVR<2 n=61, PVR 22 n=7. PH, pulmonary hypertension; PVR, pulmonary vascular resistance (Wood
units); TRV, tricuspid regurgitation jet velocity.
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FIGURE 3 Lower RASA3 Expression is associated with higher mortality among patients with sickle cell disease. (a) Eighty-five individuals
were characterized as having high RASA3 expression, and 83 individuals were characterized as having low RASA3 expression. (b) At the end of
follow-up, 75 individuals with high RASA3 expression and 64 individuals with low RASA3 expression were still living.

algorithm. These nine SNPs for RASA3 eQTL were markers of PH susceptibility and severity (Table 2).
associated with TRV 22.5m/s or RHC-confirmed PH. The T allele increased PH risk in SCD patients and
Ultimately we identified that the T allele of rs9525228, decreased RASA3 PBMC expression previously seen in
an intronic variant, was significantly associated with the SCD patients with PH in the UIC cohort.
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TABLE 2 159525228 is associated with PH susceptibility and
severity in SCD.

B OR (95% CI) P

TRV 22.5m/s (adult) 0.597
TRV 2 2.6 m/s (PUSH)

1.81 (1.12-2.95)  0.016

PH 1.92 6.81 (2.03-22.84) 0.0019
Precapillary PH 2.54 12.70 (3.07-52.63) 0.00046
Postcapillary PH 1.33 3.79 (0.62-23.26)  0.15
PVR21.5WU 1.68 5.34 (1.4-20.38) 0.014
PVR22.0 WU 1.68 6.97 (1.53-31.71) 0.012
PVR 2 3.0 WU 2.46 11.71 (1.61-85.11) 0.015

Note: Using both noninvasive and invasive methods to screen for PH,
159525228 correlates with markers of precapillary PH. Using a traditional
cutoff of PVR <2 WU for a population with SCD, the median PVR was 1.25
with a 95% CI of 1.00-1.51. Nominal p values are reported.

Abbreviations: CI, confidence intervaL; OR, odds ratio; PH, pulmonary
hypertension; PVR, pulmonary vascular resistance; SCD, sickle cell disease;
TRV, tricuspid regurgitation jet velocity; WU, Wood units.

TABLE 3 Baseline characteristics of PAH Biobank cohort.

n =1491
Age 57.5 (14.5)
Sex, % Female 77.3%
% IPAH/HPAH (n) 49.0 (731)

% APAH (n) 45.5% (678)
% Drug-induced PAH (n) 5.5% (82)
mPAP, mmHg 49.6 (14.0)
PCWP, mmHg 10.1 (4.1)
PVR (WU) 9.98 (5.85)

Note: Where applicable, data are presented as mean, (standard deviation).
Abbreviations: APAH, associated pulmonary arterial hypertension; HPAH,
hereditary pulmonary arterial hypertension; IPAH, idiopathic pulmonary
arterial hypertension; mPAP, mean pulmonary artery pressure; PCWP,
pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance;
‘WU, Wood units.

on Access

Furthermore, there was a trend toward increased
incidence of stroke among patients with the T allele
(p =0.056). The SNP was marginally associated with
RASA3 expression in PBMC samples (p=0.041),
which may be attributed to tissue specificity.

Association of rs9525228 with disease
severity in subjects with PAH

Given the common features between SCD-associated
PH and PAH we next sought to understand whether
rs9525228 contributes to PAH independent of
SCD. We, therefore, interrogated the SNP in a
cohort of individuals with PAH using data from the
PAH Biobank. Baseline characteristics of this
cohort are shown in Table 3 (additional ancestry
data available in Supporting Information: Figure 1).
In this cohort, of 1181 individuals with available
information, 232 were on dual therapy and 238 were
on triple therapy (including oral or parenteral
prostacyclins). An additional 274 patients were on
any form of a prostacyclin. In the EA cohort,
rs9525228 was associated with higher mPAP
(B=1.52 per T allele, p=0.01), mean right atrial
pressure (mRAP, 8=0.52 per T allele, p=0.04), and
PVR (8=0.54 per T allele, p=0.04). There were no
significant associations between severity measures
and the variant in the AA cohort (Table 4). The MAF
varied significantly between individuals of European
ancestry (MAF =0.21) compared with individuals of
African ancestry (MAF =0.036). There were no
differences between carriers and noncarriers with
functional status as evidenced by 6MWT and NYHA
Functional Class. There was a trend toward decreased
survival between rs9525228 and individuals from EA
(p =0.08) that was not seen among individuals from
AA (Table 5).

TABLE 4 159525228 is associated with PH severity in PAH according to ancestry.
European ancestry African ancestry

Severity measure n B Standard error p n B Standard error P
6MWD 843 —15.33 11.75 0.19 139 4.72 38.89 0.9
CI 979 —0.02 0.06 0.75 144 —0.07 0.16 0.69
mPAP 1488 1.52 0.61 0.01 245 1.35 1.88 0.47
mRAP 1458 0.52 0.25 0.04 241 0.43 0.93 0.65
NYHA functional class 1090 —0.02 0.04 0.58 196 0.09 0.12 0.45
PCWP 1451 0.22 0.19 0.25 196 1.01 0.62 0.11
PVR 1424 0.54 0.26 0.04 196 —0.67 1.03 0.52

Abbreviations: 6MWD, 6 min walk distance; CI, cardiac index; mPAP, mean pulmonary arterial pressure; mRAP, mean right atrial pressure; PAH, pulmonary
arterial hypertension; PCWP, pulmonary capillary wedge pressure; PH, pulmonary hypertension; PVR, pulmonary vascular resistance.
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TABLE 5 Mortality effect of rs9525228 in PAH according to ancestry.

European ancestry

African ancestry

n Deceased HR (95% CI)

Survival 1490 469 1.15 (0.99-1.33)

0.08 245 53

n Deceased HR (95% CI) p

1.24 (0.62-2.48) 0.55

Abbreviations: CI, confidence interval; HR, hazard ratio; PAH, pulmonary arterial hypertension.

DISCUSSION

This is the first study to associate RASA3 with SCD-
associated PH and PAH susceptibility and hemo-
dynamics. Our results suggest that RASA3 may be a
novel biomarker and potential candidate gene for
pulmonary vascular disease. Individuals with SCD-
associated PH had lower PBMC RASA3 expression that
correlated with increased mortality. We also found an
eQTL within the RASA3 gene, rs9525228, which corre-
lates with markers of PH severity in SCD-associated PH
as well as an independent PAH cohort. Among patients
with PAH, rs9525228 and EA, there was a trend toward
increased mortality. This trend was not seen with
patients with PAH and AA.

RASA3 is a GTPase activating protein responsible for
repressing Rapl and Ras activity. RASA3 plays a major
role in erythropoiesis and thrombopoiesis through its
interactions with Ras, regulating proliferation, survival,
differentiation and actin skeleton organization.**™**
RASA3 also mediates platelet signaling via Rapl.'”
Recently, RASA3 was identified as an important regula-
tor of endothelial cell adhesion, permeability, and
vascular lumen formation through its interactions with
Rapl. Conditional knockout of RASA3 in endothelial
cells demonstrated failure of vascular lumen formation
as well as decreased vascular complexity.”* Germline
mutations in RASA3 are embryonic lethal, thought to be
due to a failure of angiogenesis and severe bleeding.*?
Given its varied functions, we postulate that RASA3 is
likely involved in multiple pathways that may contribute
to the development of PH.

This study highlights associations of an eQTL with
markers of PH severity among individuals with SCD-
associated PH and PAH. Among patients with SCD-
associated PH, there was a significant association
between RASA3 expression and mortality, which was
not seen within the PAH Biobank cohort. We found that
in patients with PAH without SCD, there was a
significant association between rs9525228 and hemo-
dynamic markers of severity in the EA cohort. We did
not observe this difference in the AA cohort of
individuals with PAH. This may be due to different
tissue types used in the analysis (PBMC data used for
SCD-associated PH cohort, and lung tissue for PAH

Biobank cohort). However, the lack of replication in the
AA population may suggest limitations including under-
powered analyses (sample size, MAF difference) or may
reflect population-specific differences of SNP contribu-
tions. Future investigations can study the latter with
larger cohorts. However, this observation may still be
generalizable to individuals with SCD-associated PH, as
it is well established that individuals with SCD come
from genetically diverse backgrounds.*>*°

In this study, we use both PBMC as well as lung
tissue for evaluating eQTL analyses. It is well established
that eQTL effects depend on tissue or cell types as well as
environment.>>*”** Previous studies have suggested that
cis-eQTLs are less tissue-specific compared with trans-
eQTLs, and tissues with higher effect sizes are as equally
likely to be those tissues with higher or lower expression
levels for the gene.*** Other studies have suggested
eQTLs from whole blood may commonly share associa-
tions between about half of tested traits,”® suggesting that
blood may be an ideal “beginning point” given its
accessibility and ease to obtain. This also highlights the
need to evaluate gene regulation in disease-relevant
tissues.’® Using single tissue (FDR<0.05) and multi-
tissue analyses (METASOFT, m =1.0), our data suggest
that rs9525228 has a strong correlation with lung tissue
(Supporting Information: Figure 3).

Another intriguing finding is that rs9525228 is
intronic. As genome-wide and whole genome studies
become more commonplace to detect variants of interest,
it is increasingly common to find these SNPs within
introns or intergenic regions.*>>" It is thought that these
areas of the genome may be acting as enhancers,
affecting the function of these disease-associated regula-
tory elements, which may also be extremely tissue-
specific.’’ These regions, however, may simply act as a
marker of the genetic variant responsible for the effect.*
One previous study evaluating rs9525228 within the
context of depression identified this SNP as having
significantly differential binding capabilities at a
dexamethasone-responsive element (NR3C1), suggesting
that this SNP may play a role in the stress response to
PH.>> Using the ENCODE database, we have also
identified rs9525228 at a putative estrogen receptor alpha
binding site, suggesting that there may also be sex
differences associated with the functionality of this SNP
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(Supporting Information: Figure 4). Further work is
needed to elucidate the role of rs9525228, particularly
within the context of the lung.

There are a number of limitations to our study. Each
of our cohorts had relatively small numbers, but we
believe that taken together, this improves the strength of
our findings. The patients from our SCD cohorts were
predominantly Black, whereas our PAH cohort was
primarily white, which may limit the generalizability of
our findings to other racial groups. Given the diverse
underlying pathophysiological mechanisms of SCD-
associated PH, a number of individuals from our three
SCD cohorts also had a postcapillary PH component,
which may also influence our results. Not all individuals
within the SCD cohorts underwent RHC, which could
potentially over- or underestimate the true prevalence of
precapillary PH within these three cohorts. Furthermore,
within the PAH cohort, PBMC RASA3 expression was
not measured, but will be performed in future studies.
Importantly, we did not intend to use the PAH Biobank
cohort as a validation cohort, but rather to see whether
genetic variation in RASA3 is also noted within a cohort
of individuals with PAH specifically. Given that there are
few, if any, biomarkers that could be applied in both
SCD-associated PH and PAH, we believe that RASA3
remains a provocative target.

We were only able to stratify rs9525228 within the
ancestry constraints of European or African ancestry, but
the effect of this eQTL on individuals from more varied
ancestries remains unknown. Within the PAH Biobank
cohort, nearly half of the patients had APAH. Given the
diverse etiologies that may cause APAH, this may
account for some of the ancestral differences seen and
is a topic for future studies. Although we used data from
multiple different prospective cohorts, these samples are
subject to enrollment bias, so may not be representative
of the broader PAH population. Another question that
remains unanswered is whether rs9525228 is directly
responsible for the effect seen, or rather is in LD with
another SNP that may be responsible for clinical effects.
Additional studies are ongoing to decipher whether
rs9525228 is the culprit or bystander of this effect.

In conclusion, RASA3 expression appears to be
differentially regulated in individuals with SCD-
associated PH and PAH. Further studies are warranted
to determine how RASA3 may be protective against the
development of PH within these two cohorts, both in
vitro and in vivo. Studies are ongoing regarding the role
of RASA3 in pulmonary artery endothelial cell homeosta-
sis and response to noxious stimuli known to contribute
to the development of PH, as well as the potential
relationship between RASA3 and estrogen. Further
studies are also planned to determine how rs9525228

on Access

may contribute to a higher mortality within the PAH
population.

AUTHOR CONTRIBUTIONS

This study was designed and supervised by Clare C.
Prohaska, Robert S. Stearman, Ankit A. Desai, and RFM.
Clare C. Prohaska, Robert S. Stearman, Ankit A. Desai,
and Roberto F. Machado assembled the figures and wrote
the manuscript. Xu Zhang, Tae-Hwi L. Schwantes-An,
and Robert S. Stearman performed primarily data
analysis. Clare C. Prohaska, Xu Zhang, Robert S.
Stearman, Stanley Hooker, Rick A. Kittles, William C.
Nichols, Micheala A. Aldred, Ankit A. Desai, VRG, and
Roberto F. Machado contributed to study design and data
interpretation. All authors reviewed the manuscript.

ACKNOWLEDGMENTS

This work was supported by the NIH T32HL091816-07
(Clare C. Prohaska), NIH HL105333 (William C.
Nichols), NIH R01HL136603 and RO1HL160941 (Ankit
A. Desai), and NIH RO01HL127342, RO1HL133951,
RO1HL111656-06 and RO1HL158108 (Roberto F.
Machado). All authors accept full responsibility for the
work and conduct of this study.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

ETHICS STATEMENT

The authors assure that this work is original, has not
been previously pushed and has been submitted only to
Pulmonary Circulation. All sources have been clearly
cited and all research ethics guidelines have been
adhered to, without data manipulation. All authorship
has been accurately represented.

ORCID
Clare C. Prohaska
9097-5762

http://orcid.org/0000-0002-

REFERENCES

1. Levine DJ. Pulmonary arterial hypertension: updates in
epidemiology and evaluation of patients. Am J Manag Care.
2021;27(3 Suppl):S35-S41.

2. Beshay S, Sahay S, Humbert M. Evaluation and management
of pulmonary arterial hypertension. Respir Med. 2020;171:
106099.

3. Swinnen K, Quarck R, Godinas L, Belge C, Delcroix M.
Learning from registries in pulmonary arterial hypertension:
pitfalls and recommendations. Eur Respir Rev. 2019;28(154):
190050.

4. Smits AJ, Botros L, Mol MAE, Ziesemer KA, Wilkins MR,
Vonk Noordegraaf A, Bogaard HJ, Aman J. A systematic
review with meta-analysis of biomarkers for detection of


http://orcid.org/0000-0002-9097-5762
http://orcid.org/0000-0002-9097-5762

10 of 12

10.

11.

12.

13.

14.

15.

16.

PROHASKA ET AL.

Pulmonary Circulation

pulmonary arterial Res.
2022;8(2):00009-2022.

Desai AA, Lei Z, Bahroos N, Maienschein-Cline M, Saraf SL,
Zhang X, Shah BN, Nouraie SM, Abbasi T, Patel AR,
Lang RM, Lussier Y, Garcia JGN, Gordeuk VR,
Machado RF. Association of circulating transcriptomic pro-
files with mortality in sickle cell disease. Blood. 2017;129(22):
3009-16.

Brousseau DC, Panepinto JA, Nimmer M, Hoffmann RG. The
number of people with sickle-cell disease in the United States:
national and state estimates. Am J Hematol. 2010;85(1):77-8.
Kato GJ, Steinberg MH, Gladwin MT. Intravascular hemolysis
and the pathophysiology of sickle cell disease. J Clin Invest.
2017;127(3):750-60.

Nouraie M, Lee JS, Zhang Y, Kanias T, Zhao X, Xiong Z,
Oriss TB, Zeng Q, Kato GJ, Gibbs JSR, Hildesheim ME,
Sachdev V, Barst RJ, Machado RF, Hassell KL, Little JA,
Schraufnagel DE, Krishnamurti L, Novelli E, Girgis RE,
Morris CR, Rosenzweig EB, Badesch DB, Lanzkron S,
Castro OL, Goldsmith JC, Gordeuk VR, Gladwin MT. The
relationship between the severity of hemolysis, clinical
manifestations and risk of death in 415 patients with sickle
cell anemia in the US and Europe. Haematologica. 2013;98(3):
464-72.

Gladwin MT, Sachdev V, Jison ML, Shizukuda Y, Plehn JF,
Minter K, Brown B, Coles WA, Nichols JS, Ernst I, Hunter LA,
Blackwelder WC, Schechter AN, Rodgers GP, Castro O,
Ognibene FP. Pulmonary hypertension as a risk factor for
death in patients with sickle cell disease. N Engl J Med.
2004:350(9):886-95.

Prohaska CC, Machado RF. The different facets of sickle cell
disease-related pulmonary hypertension. Curr Opin Pulm
Med. 2021;27(5):319-28.

Parent F, Bachir D, Inamo J, Lionnet F, Driss F, Loko G,
Habibi A, Bennani S, Savale L, Adnot S, Maitre B, Yaici A,
Hajji L, O'Callaghan DS, Clerson P, Girot R, Galacteros F,
Simonneau G. A hemodynamic study of pulmonary hyper-
tension in sickle cell disease. N Engl J Med. 2011;365(1):44-53.
Mehari A, Gladwin MT, Tian X, Machado RF, Kato GJ.
Mortality in adults with sickle cell disease and pulmonary
hypertension. JAMA. 2012;307(12):1254-6.

Klings ES, Machado RF, Barst RJ, Morris CR, Mubarak KK,
Gordeuk VR, Kato GJ, Ataga KI, Gibbs JS, Castro O,
Rosenzweig EB, Sood N, Hsu L, Wilson KC, Telen MJ,
DeCastro LM, Krishnamurti L, Steinberg MH, Badesch DB,
Gladwin MT. An official American Thoracic Society clinical
practice guideline: diagnosis, risk stratification, and manage-

hypertension. ERJ  Open

ment of pulmonary hypertension of sickle cell disease. Am
J Respir Crit Care Med. 2014;189(6):727-40.

Machado RF, Farber HW. Pulmonary hypertension associated
with chronic hemolytic anemia and other blood disorders.
Clin Chest Med. 2013;34(4):739-52.

Gordeuk VR, Castro OL, Machado RF. Pathophysiology and
treatment of pulmonary hypertension in sickle cell disease.
Blood. 2016;127(7):820-8.

Zhang X, Zhang W, Ma SF, Desai AA, Saraf S, Miasniakova G,
Sergueeva A, Ammosova T, Xu M, Nekhai S, Abbasi T,
Casanova NG, Steinberg MH, Baldwin CT, Sebastiani P,
Prchal JT, Kittles R, Garcia JGN, Machado RF, Gordeuk VR.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Hypoxic response contributes to altered gene expression and
precapillary pulmonary hypertension in patients with sickle
cell disease. Circulation. 2014;129(16):1650-8.

Stefanini L, Paul DS, Robledo RF, Chan ER, Getz TM,
Campbell RA, Kechele DO, Casari C, Piatt R, Caron KM,
Mackman N, Weyrich AS, Parrott MC, Boulaftali Y,
Adams MD, Peters LL, Bergmeier W. RASA3 is a critical
inhibitor of RAP1-dependent platelet activation. J Clin Invest.
2015;125(4):1419-32.

Lee RH, Ghalloussi D, Harousseau GL, Kenny JP, Kramer PA,
Proamer F, Nieswandt B, Flick MJ, Gachet C, Casari C,
Eckly A, Bergmeier W. Rasa3 deficiency minimally affects
thrombopoiesis but promotes severe thrombocytopenia due to
integrin-dependent  platelet Insight.
2022;7(8):¢155676.

Li H, Prever L, Hsu MY, Lo WT, Margaria JP, De Santis MC,
Zanini C, Forni M, Novelli F, Pece S, Di Fiore PP,
Porporato PE, Martini M, Belabed H, Nazare M, Haucke V,
Gulluni F, Hirsch E. Phosphoinositide conversion inactivates
R-RAS and drives metastases in breast cancer. Adv Sci.
2022;9(9):€2103249.

Molina-Ortiz P, Orban T, Martin M, Habets A, Dequiedt F,
Schurmans S. Rasa3 controls turnover of endothelial cell
adhesion and vascular lumen integrity by a Rapl-dependent
mechanism. PLoS Genet. 2018;14(1):€1007195.

Schurmans S, Polizzi S, Scoumanne A, Sayyed S, Molina-Ortiz
P. The Ras/Rap GTPase activating protein RASA3: from gene
structure to in vivo functions. Adv Biol Regul. 2015;57:153-61.
Iwashita S, Kobayashi M, Kubo Y, Hinohara Y, Sezaki M,
Nakamura K, Suzuki-Migishima R, Yokoyama M, Sato S,
Fukuda M, Ohba M, Kato C, Adachi E, Song SY. Versatile
roles of R-Ras GAP in neurite formation of PC12 cells and
embryonic vascular development. J Biol Chem. 2007;282(6):
3413-7.

Badesch DB, Raskob GE, Elliott CG, Krichman AM,
Farber HW, Frost AE, Barst RJ, Benza RL, Liou TG,
Turner M, Giles S, Feldkircher K, Miller DP, McGoon MD.
Pulmonaryarterial hypertension: baseline characteristics from
the REVEAL Registry. Chest. 2010;137(2):376-87.
Al-Naamani N, Paulus JK, Roberts KE, Pauciulo MW, Lutz K,
Nichols WC, Kawut SM. Racial and ethnic differences in
pulmonary arterial hypertension. Pulm Circ. 2017;7(4):793-6.
Karnes JH, Wiener HW, Schwantes-An TH, Natarajan B,
Sweatt AJ, Chaturvedi A, Arora A, Batai K, Nair V,
Steiner HE, Giles JB, Yu J, Hosseini M, Pauciulo MW,
Lutz KA, Coleman AW, Feldman J, Vanderpool R, Tang H,
Garcia JGN, Yuan JXJ, Kittles R, de Jesus Perez V,
Zamanian RT, Rischard F, Tiwari HK, Nichols WC,
Benza RL, Desai AA. Genetic admixture and survival in
diverse populations with pulmonary arterial hypertension.
Am J Respir Crit Care Med. 2020;201(11):1407-15.

Stearman RS, Bui QM, Speyer G, Handen A, Cornelius AR,
Graham BB, Kim S, Mickler EA, Tuder RM, Chan SY,
Geraci MW. Systems analysis of the human pulmonary
arterial hypertension lung transcriptome. Am J Respir Cell
Mol Biol. 2019;60(6):637-49.

Rhodes CJ, Batai K, Bleda M, Haimel M, Southgate L,
Germain M, Pauciulo MW, Hadinnapola C, Aman J, Girerd B,
Arora A, Knight J, Hanscombe KB, Karnes JH, Kaakinen M,

clearance. JCI



PULMONARY CIRCULATION

11 of 12

28.

29.

30.

31.

32.

33.

34.

35.

Gall H, Ulrich A, Harbaum L, Cebola I, Ferrer J, Lutz K,
Swietlik EM, Ahmad F, Amouyel P, Archer SL, Argula R,
Austin ED, Badesch D, Bakshi S, Barnett C, Benza R, Bhatt N,
Bogaard HJ, Burger CD, Chakinala M, Church C, Coghlan JG,
Condliffe R, Corris PA, Danesino C, Debette S, Elliott CG,
Elwing J, Eyries M, Fortin T, Franke A, Frantz RP, Frost A,
Garcia JGN, Ghio S, Ghofrani HA, Gibbs JSR, Harley J, He H,
Hill NS, Hirsch R, Houweling AC, Howard LS, Ivy D,
Kiely DG, Klinger J, Kovacs G, Lahm T, Laudes M,
Machado RD, MacKenzie Ross RV, Marsolo K, Martin LJ,
Moledina S, Montani D, Nathan SD, Newnham M,
Olschewski A, Olschewski H, Oudiz RJ, Ouwehand WH,
Peacock AJ, Pepke-Zaba J, Rehman Z, Robbins I, Roden DM,
Rosenzweig EB, Saydain G, Scelsi L, Schilz R, Seeger W,
Shaffer CM, Simms RW, Simon M, Sitbon O,
Suntharalingam J, Tang H, Tchourbanov AY, Thenappan T,
Torres F, Toshner MR, Treacy CM, Vonk Noordegraaf A,
Waisfisz Q, Walsworth AK, Walter RE, Wharton J, White RJ,
Wilt J, Wort SJ, Yung D, Lawrie A, Humbert M, Soubrier F,
Trégouét DA, Prokopenko I, Kittles R, Graf S, Nichols WC,
Trembath RC, Desai AA, Morrell NW, Wilkins MR. Genetic
determinants of risk in pulmonary arterial hypertension:
international genome-wide association studies and meta-
analysis. Lancet Respir Med. 2019;7(3):227-38.

Zhang X, Zhang W, Saraf SL, Nouraie M, Han J, Gowhari M,
Hassan J, Miasnikova G, Sergueeva A, Nekhai S, Kittles R,
Machado RF, Garcia JGN, Gladwin MT, Steinberg MH,
Sebastiani P, McClain DA, Gordeuk VR. Genetic polymor-
phism of APOB is associated with diabetes mellitus in sickle
cell disease. Hum Genet. 2015;134(8):895-904.

Langmead B, Salzberg SL. Fast gapped-read alignment with
Bowtie 2. Nat Methods. 2012;9(4):357-9.

Borevitz JO, Liang D, Plouffe D, Chang HS, Zhu T, Weigel D,
Berry CC, Winzeler E, Chory J. Large-scale identification of
single-feature polymorphisms in complex genomes. Genome
Res. 2003;13(3):513-23.

Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD,
Antonellis KJ, Scherf U, Speed TP. Exploration, normaliza-
tion, and summaries of high density oligonucleotide array
probe level data. Biostatistics. 2003;4(2):249-64.

Delaneau O, Marchini J, Zagury JF. A linear complexity
phasing method for thousands of genomes. Nat Methods.
2011;9(2):179-81.

Howie BN, Donnelly P, Marchini J. A flexible and accurate
genotype imputation method for the next generation of
genome-wide association studies. PLoS Genet. 2009;5(6):
€1000529.

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR,
Bender D, Maller J, Sklar P, de Bakker PIW, Daly MJ,
Sham PC. PLINK: a tool set for whole-genome association and
population-based linkage analyses. Am J Hum Genet.
2007;81(3):559-75.

Aguet F, Barbeira AN, Bonazzola R, Brown A, Castel SE, Jo B,
Kasela S, Kim-Hellmuth S, Liang Y, Oliva M, Parsana PE,
Flynn E, Fresard L, Gaamzon ER, Hamel AR, He Y,
Hormozdiari F, Mohammadi P, Mufoz-Aguirre M, Park Y,
Saha A, Segr¢ AV, Strober BJ, Wen X, Wucher V, Das S, Garrido-
Martin D, Gay NR, Handsaker RE, Hoffman PJ, Kashin S,
Kwong A, Li X, Macarthur D, Rouhana JM, Stephens M,

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Pulmonary Circulation

Todres E, Vifiuela A, Wang G, Zou Y, Brown CD, Cox N,
Dermitzakis E, Engelhardt BE, Getz G, Guigo R, Montgomery SB,
Stranger BE, Im HK, Battle A, Ardlie KG, Lappalainen T. The
GTEx Consortium atlas of genetic regulatory effects across
human tissues. bioRxiv 787903v1. 2019.

Carlson CS, Eberle MA, Rieder MJ, Yi Q, Kruglyak L,
Nickerson DA. Selecting a maximally informative set of single-
nucleotide polymorphisms for association analyses using linkage
disequilibrium. Am J Hum Genet. 2004;74(1):106-20.

Minniti CP, Sable C, Campbell A, Rana S, Ensing G, Dham N,
Onyekwere O, Nouraie M, Kato GJ, Gladwin MT, Castro OL,
Gordeuk VR. Elevated tricuspid regurgitant jet velocity in
children and adolescents with sickle cell disease: association
with hemolysis and hemoglobin oxygen desaturation.
Haematologica. 2009;94(3):340-7.

Sachdev V, Rosing DR, Thein SL. Cardiovascular complica-
tions of sickle cell disease. Trends Cardiovasc Med. 2021;31(3):
187-93.

Humbert M, Kovacs G, Hoeper MM, Badagliacca R, Berger RMF,
Brida M, Carlsen J, Coats AJS, Escribano-Subias P, Ferrari P,
Ferreira DS, Ghofrani HA, Giannakoulas G, Kiely DG, Mayer E,
Meszaros G, Nagavci B, Olsson KM, Pepke-Zaba J, Quint JK,
Rédegran G, Simonneau G, Sitbon O, Tonia T, Toshner M,
Vachiery JL, Vonk Noordegraaf A, Delcroix M, Rosenkranz S,
Schwerzmann M, Dinh-Xuan AT, Bush A, Abdelhamid M,
Aboyans V, Arbustini E, Asteggiano R, Barbera JA, Beghetti M,
Celutkiené J, Cikes M, Condliffe R, de Man F, Falk V, Fauchier L,
Gaine S, Galié N, Gin-Sing W, Granton J, Griinig E, Hassoun PM,
Hellemons M, Jaarsma T, Kjellstrom B, Klok FA, Konradi A,
Koskinas KC, Kotecha D, Lang I, Lewis BS, Linhart A, Lip GYH,
Lochen ML, Mathioudakis AG, Mindham R, Moledina S,
Naeije R, Nielsen JC, Olschewski H, Opitz I, Petersen SE,
Prescott E, Rakisheva A, Reis A, Risti¢ AD, Roche N,
Rodrigues R, Selton-Suty C, Souza R, Swift AJ, Touyz RM,
Ulrich S, Wilkins MR, Wort SJ. 2022 ESC/ERS Guidelines for the
diagnosis and treatment of pulmonary hypertension. Eur Heart J.
2022;43(38):3618-731.

Zhang J, Liu Y, Beard C, Tuveson DA, Jaenisch R, Jacks TE,
Lodish HF. Expression of oncogenic K-ras from its endogen-
ous promoter leads to a partial block of erythroid differentia-
tion and hyperactivation of cytokine-dependent signaling
pathways. Blood. 2007;109(12):5238-41.

Zhang J, Lodish HF. Endogenous K-ras signaling in erythroid
differentiation. Cell Cycle. 2007;6(16):1970-3.

Khalaf WF, White H, Wenning MJ, Orazi A, Kapur R,
Ingram DA. K-Ras is essential for normal fetal liver
erythropoiesis. Blood. 2005;105(9):3538-41.

Kaushansky K. The molecular mechanisms that control
thrombopoiesis. J Clin Invest. 2005;115(12):3339-47.

Robledo RF, Ciciotte SL, Graber JH, Zhao Y, Lambert AlJ,
Gwynn B, Maki NJ, Brindley EC, Hartman E, Blanc L,
Peters LL. Differential effects of RASA3 mutations on
hematopoiesis are profoundly influenced by genetic back-
ground and molecular variant. PLoS Genet. 2020;16(12):
€1008857.

Carneiro-Proietti ABF, Kelly S, Miranda Teixeira C,
Sabino EC, Alencar CS, Capuani L, Salomon Silva TP,
Araujo A, Loureiro P, Maximo C, Lobo C, Flor-Park MV,
Rodrigues DOW, Mota RA, Gongalez TT, Hoppe C,



12 of 12

46.

47.

48.

49.

PROHASKA ET AL.

Pulmonary Circulatio
D ] Open Acces:]
Ferreira JE, Ozahata M, Page GP, Guo Y, Preiss LR,
Brambilla D, Busch MP, Custer B. Clinical and genetic
ancestry profile of a large multi-center sickle cell disease
cohort in Brazil. Br J Haematol. 2018;182(6):895-908.

Cruz PRS, Ananina G, Gil-da-Silva-Lopes VL, Simioni M,
Menaa F, Bezerra MAC, Domingos IF, Araujo AS,
Pellegrino R, Hakonarson H, Costa FF, de Melo MB. Genetic
comparison of sickle cell anaemia cohorts from Brazil and the
United States reveals high levels of divergence. Sci Rep.
2019;9(1):10896.

Zhernakova DV, Deelen P, Vermaat M, van Iterson M,
van Galen M, Arindrarto W, van 't Hof P, Mei H,
van Dijk F, Westra HJ, Bonder MJ, van Rooij J, Verkerk M,
Jhamai PM, Moed M, Kielbasa SM, Bot J, Nooren I, Pool R,
van Dongen J, Hottenga JJ, Stehouwer CDA,
van der Kallen CJH, Schalkwijk CG, Zhernakova A, Li Y,
Tigchelaar EF, de Klein N, Beekman M, Deelen I,
van Heemst D, van den Berg LH, Hofman A,
Uitterlinden AG, van Greevenbroek MMJ, Veldink JH,
Boomsma DI, van Duijn CM, Wijmenga C, Slagboom PE,
Swertz MA, Isaacs A, van Meurs JBJ, Jansen R, Heijmans BT,
't Hoen PAC, Franke L. Identification of context-dependent
expression quantitative trait loci in whole blood. Nat Genet.
2017;49(1):139-45.

Ulrich A, Otero-Nunez P, Wharton J, et al. Expression
quantitative trait locus mapping in pulmonary arterial
hypertension. Genes. 2020;11(11):1247.

Huang J, Chen J, Esparza J, Ding J, Elder JT, Abecasis GR,
Lee YA, Mark Lathrop G, Moffatt MF, Cookson WOC,
Liang L. eQTL mapping identifies insertion- and deletion-
specific eQTLs in multiple tissues. Nat Commun. 2015;6:6821.

50.

51.

52.

Gamazon ER, Segré AV, van de Bunt M, Wen X, Xi HS,
Hormozdiari F, Ongen H, Konkashbaev A, Derks EM,
Aguet F, Quan J, Nicolae DL, Eskin E, Kellis M, Getz G,
McCarthy MI, Dermitzakis ET, Cox NJ, Ardlie KG. Using an
atlas of gene regulation across 44 human tissues to inform
complex disease- and trait-associated variation. Nat Genet.
2018;50(7):956-67.

Heinig M. Using gene expression to annotate cardiovascular
GWAS loci. Front Cardiovasc Med. 2018;5:59.

Penner-Goeke S. Identification of functional genetic variants
modulating the Ludwig-Maximilians-
Universitat Munchen: Munich Germany; 2021.

stress response,

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Prohaska CC, Zhang X,
Schwantes-An T-HL, Stearman RS, Hooker S,
Kittles RA, Aldred MA, Lutz KA, Pauciulo MW,
Nichols WC, Desai AA, Gordeuk VR, Machado RF.
RASA3 is a candidate gene in sickle cell disease-
associated pulmonary hypertension and
pulmonary arterial hypertension. Pulm Circ.
2023;13:e12227. https://doi.org/10.1002/pul2.12227


https://doi.org/10.1002/pul2.12227

	RASA3 is a candidate gene in sickle cell disease-associated pulmonary hypertension and pulmonary arterial hypertension
	INTRODUCTION
	METHODS
	Study subjects
	Study strategy
	Array gene expression profiling and data processing
	Array genotyping and data processing
	Genetic association of RASA3 eQTL with clinical phenotypes
	Statistical analysis of clinical data and gene expression variation

	RESULTS
	RASA3 expression decreased in subjects with SCD-PH and associated with disease severity and prognosis
	Association of RASA3 eQTL rs9525228 with PH susceptibility in SCD
	Association of rs9525228 with disease severity in subjects with PAH

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ETHICS STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION




