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Rationale: An increased tricuspid regurgitation jet velocity (TRV .

2.5 m/s) and pulmonary hypertension defined by right heart cathe-
terization both independently confer increased mortality in sickle
cell disease (SCD).
Objectives: We explored the usefulness of peripheral bloodmononu-
clear cell–derivedgene signatures as biomarkers for an elevatedTRV
in SCD.
Methods: Twenty-sevenpatientswith SCDunderwent echocardiog-
raphy and peripheral blood mononuclear cell isolation for expres-
sion profiling and 112 patients with SCD were genotyped for
single-nucleotide polymorphisms.
Measurements and Main Results: Genome-wide gene and miRNA
expression profiles were correlated against TRV, yielding 631

transcripts and 12 miRNAs. Support vector machine analysis identi-
fied a 10-gene signature including GALNT13 (encoding polypeptide
N-acetylgalactosaminyltransferase 13) that discriminates patients
with and without increased TRV with 100% accuracy. This finding
was then validated in a cohort of patients with SCDwithout (n¼ 10)
andwithpulmonary hypertension (n¼10, 90%accuracy). Increased
TRV-related miRNAs revealed strong in silico binding predictions of
miR-301a to GALNT13 corroborated by microarray analyses demon-
strating an inverse correlation between their expression. A genetic
association study comparing patients with an elevated (n¼ 49) ver-
sus normal (n ¼ 63) TRV revealed five significant single-nucleotide
polymorphisms within GALNT13 (P , 0.005), four trans-acting (P ,

2.13 1027) and one cis-acting (P¼ 0.63 1024) expression quantita-
tive trait locus upstream of the adenosine-A2B receptor gene
(ADORA2B).
Conclusions: These studies validate the clinical usefulness of genomic
signatures as potential biomarkers and highlight ADORA2B and
GALNT13 as potential candidate genes in SCD-associated elevated TRV.

Keywords: microarray; candidate gene approach; eQTL; pulmonary
hypertension

Cardiopulmonary complications represent the major cause of
death in adult patients with sickle cell disease (SCD) with grow-
ing recognition of the role of pulmonary hypertension (PH) in
poor outcomes (1). Although approximately 30% of patients
with SCD have an elevated tricuspid regurgitant jet velocity
(TRV) and, hence, increased right ventricular systolic pressure
(RVSP) on transthoracic echocardiography (TTE), right heart
catheterization (RHC)-confirmed PH is present in approxi-
mately 10% of these patients (2–4). Nonetheless, both RHC-
defined PH and elevated TRV (> 2.5 m/s) on TTE are associated
with increased mortality (1, 2). Hence, the SCD population has
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

An elevated tricuspid regurgitation jet velocity (TRV) on
transthoracic echocardiography and right heart catheteri-
zation (RHC)-defined pulmonary hypertension are both
independently associated with increased mortality in sickle
cell disease.

What This Study Adds to the Field

This study reports a novel gene signature for an elevated
TRV, which is supported by integrated genomic and genetic
approaches and validated in an independent cohort of
patients with sickle cell disease and RHC-defined PH.
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a predictable risk for the development of both an elevated TRV
and RHC-confirmed PH and represents a group that may benefit
from accurate diagnosis and treatment. Unfortunately, identifica-
tion of PH in SCD frequently requires invasive RHC for confir-
mation, and current noninvasive tests of detecting PH lack
optimal sensitivity and specificity (5).

The molecular processes influencing hemoglobin S (HbS)
polymerization are well understood (6); however, the broad
cardiovascular phenotypic heterogeneity of cardiovascular out-
comes in SCD are less well characterized. Patients with SCD
bearing the same HbS genetic mutation differ in their suscepti-
bility to PH development (7), implicating modifier genes,
single nucleotide polymorphisms (SNPs), and miRNAs that
may contribute to this diversity. Prior studies have used gene
expression profiles from peripheral blood mononuclear cells
(PBMC) to better understand and characterize patients with
SCD compared with healthy control subjects or patients with
SCD without hydroxyurea treatment (8). Additionally, genome-
wide association studies (GWAS) have reported significant associ-
ations of genetic markers with hemoglobin F level, overall severity
in SCD, and other variables (7, 9). We hypothesized that genetic
variability and PBMC-based genomic expression patterns in
SCD may reveal unique expression profiles that not only pro-
vide insight into complex SCD cardiovascular complications but
also could serve as important biomarkers to identify SCD pop-
ulations with or at risk for PH. We report a novel gene signature
that predicts an elevated TRV in SCD validated by integration
of genome-wide miRNA expression and genetic data. This signa-
ture was then validated against an independent SCD cohort with
both an elevated TRV and RHC-confirmed PH. These studies
support the specificity of this genomic biomarker for elevated
TRV in SCD and highlight the potential clinical usefulness of
these translational and integrative approaches.

METHODS

Subjects

Subjects from the University of Chicago (UC), the National Institutes of
Health (NIH), and Howard University were recruited from adult SCD
outpatient programs. Details of trial registration and TTE measure-
ments are provided in the online supplement. Subjects provided written
consent to participate in this study with the approval by the respective
institutional human subjects review boards. The “discovery cohort”
included 27 clinically stable African American subjects with homozy-
gous SCD (HbSS demonstrated by high-performance liquid chromato-
graphic separation or gel electrophoresis) recruited at the UC who all
underwent prospective TTE as part of a research protocol regardless of
clinical symptoms. The “validation cohort” consisted of 20 African
American subjects with stable SCD (all HbSS) participating in the
NIH SCD PH screening study (4) who all underwent prospective
TTE, with a subset of patients with an elevated TRV (> 2.5 m/s with
a clinical suspicion of PH [i.e., 6-min walk distance , 500 m, unex-
plained dyspnea or desaturation, or both]) who underwent a screening
protocol for PH with RHC. For the current study, 20 patients were
selected from this screening cohort, 10 of whom had a TRV less than
2.5 m/s and no clinical suspicion for PH and the remaining 10 or whom
had an elevated TRV greater than or equal to 2.5 m/s and RHC-proven
pulmonary arterial hypertension (n ¼ 5, defined as a resting mean
pulmonary artery pressure [mPAP]> 25 mm Hg with a wedge pressure
of < 15 mm Hg) or pulmonary venous hypertension (n ¼ 5, defined as
PH with wedge pressure . 15 mm Hg). The former subgroup of
patients with a normal TRV did not undergo RHC and hence repre-
sents a population with a low likelihood of having PH. A third sub-
group (n ¼ 112) of African American subjects with steady-state SCD
(all Hb SS) from both the UC (including 27 subjects from the discovery
cohort plus 23 newly recruited subjects) and the Howard University
cohort (n ¼ 62) all underwent prospective TTE and were used to
perform a candidate gene SNP analysis. Subjects from all centers were

excluded if they were clinically unstable, defined by having vasoocclu-
sive crisis, acute chest syndrome, or unscheduled blood transfusions
within 3 weeks of the study.

Microarray Preparation and Analysis

Both the discovery and validation cohorts underwent microarray gene
and mature miRNA (isolated from PBMCs as described in the online
supplement and previously [10]) expression analysis submitted to Gene
Expression Omnibus (accession #: GSE38528). Platforms, labeling, hy-
bridization, quality control, and data normalization are presented in
the online supplement. In the discovery cohort, Spearman rank corre-
lation test was first used to detect the relationship between gene (or
miRNA) expression level and TRV (correlation coefficient recorded as
rT) and RVSP (correlation coefficient recorded as rR) severity. Genes
with rR

2 greater than 0.15 and rT
2 greater than 0.15 were considered as

potentially differentially expressed. Differential expression of miRNAs
used a threshold of rR

2 greater than 0.15 or rT
2 greater than 0.15.

Identification of a Gene Signature for Increased TRV

To identify a gene signature useful in the diagnosis of an elevated TRV,
a machine learning algorithm based on support vector machine analysis
(SVM) (11) was applied to further filter the differentially regulated gene
subset from the discovery cohort yielding the top discriminating genes.
The details of this analysis are discussed in the online supplement. The
gene signature generated from the discovery cohort was then cross-
examined against the validation cohort using an identical SVM-based
approach to determine the predictive capacity for RHC-defined PH.

Genotypic Data and Association Analysis

We genotypedDNA samples from 112 subjects (49 with TRV> 2.5 m/s,
63 with TRV , 2.5 m/s). Further details regarding genotype calls,
analysis, and mapping expression quantitative trait locus mapping
(eQTL) are provided in the online supplement. Briefly, TRV was

TABLE 1. CHARACTERISTICS OF PATIENTS IN THE
DISCOVERY COHORT

Discovery Cohort (n ¼ 27)

Elevated

TRV (n ¼ 18)

Normal

TRV (n ¼ 9) P Value

Age, yr 34.7 6 8.1 29.5 6 6.2 0.10

Female/male 13/5 3/6 0.05

Genotype, Hgb SS 18 9 NA

BMI, kg/m2 21.9 6 2 22.6 6 4 0.64

SBP, mm Hg 119 6 19 115 6 14 0.60

DBP, mm Hg 69 6 13 59 6 13 0.06

Hydroxyurea therapy, % 88.9 88.9 1.00

History of ACS, % 100 77.8 0.10

.20 Blood transfusions, % 50 7 0.23

10–20 Blood transfusions 4 1 0.63

,10 Blood transfusions 5 1 0.13

WBC, 1023/mm3 10.0 6 3.1 11.1 6 5.1 0.49

Hemoglobin, g/dl 8.1 6 1.1 7.4 6 1.1 0.17

Platelets, 1023/mm3 383 6 94 346 6 113 0.39

BUN, mg/dl 11 6 7.4 10.4 6 7.6 0.86

Creatinine, mg/dl 0.85 6 0.6 0.73 6 0.3 0.59

Total bilirubin, mg/dl 2.3 6 1.5 3.5 6 2.5 0.15

Alkaline phosphatase, U/L 104 6 49 134 6 89 0.28

ALT, U/L 27.5 6 17 24.3 6 14 0.63

AST, U/L 42.1 6 18 38.7 6 15 0.65

Ferritin, mg/L 2,204 6 2,910 1,664 6 1,546 0.61

Hemoglobin A, % 26 6 26 11 6 14 0.15

Hemoglobin S, % 63 6 23 77 6 12 0.12

Hemoglobin F, % 7 6 5 8 6 6 0.64

Average TRV, m/s 2.7 6 0.3 2.1 6 0.2 ,0.01

Definition of abbreviations: ACS ¼ acute chest syndrome; ALT ¼ alanine ami-

notransferase; AST ¼ aspartate aminotransferase; BMI ¼ body mass index; BUN ¼
blood urea nitrogen; DBP ¼ diastolic blood pressure; Hgb SS ¼ hemoglobin SS;

SBP ¼ systolic blood pressure; TRV ¼ tricuspid regurgitation jet velocity; WBC ¼
white blood cell count.
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analyzed as a categorical variable (elevated TRV vs. normal TRV)
using classical association test (x2 test) adjusting for sex. Given the
strong evidence of association of the signature genes with an elevated
TRV from expression profiling, we evaluated the genetic contribution
of the signature genes and chose a relatively lenient cutoff of P , 0.005
(corresponding to a false discovery rate less than 50% after the con-
servative Bonferroni correction for individual genes) to identify SNPs
significantly associated with the TRV phenotype. In addition, we map-
ped eQTLs for the signature genes to evaluate the genetic contribution
to their regulation.

Reverse Transcriptase Quantitative Polymerase

Chain Reaction

Selection of three differentially expressed transcripts and three miRNAs
for confirmation and validation by reverse transcriptase quantitative
polymerase chain reaction (RT-qPCR) are further discussed in the
online supplement.

RESULTS

Study Populations

Table 1 displays the characteristics of the discovery cohort.
There were no significant differences in the majority of varia-
bles between the patients with an elevated and normal TRV.
Significantly greater number of women exhibited increased
TRV, as previously observed (12). Table 2 displays the distin-
guishing features of patients with RHC-defined PH versus those
patients with low suspicion for PH in the validation cohort.
Patients with PH in the validation cohort were significantly
older and were associated with increased systemic blood pres-
sures, decreased leukocytosis, increased presence of renal dys-
function, increased alkaline phosphatase levels, increased
ferritin levels, and increased hemoglobin F and S levels when

compared with the patients with low suspicion for PH. Many of
these findings have been previously reported (12, 13) in patients
with PH in SCD and are believed to represent markers for
increased SCD severity and poor outcomes.

When comparing patients with an elevated TRV in the dis-
covery cohort against patients with RHC-defined PH in the val-
idation cohort, patients with PH were significantly older, with
fewer lifetime blood transfusions, reduced white blood cell
(WBC) count, increased renal dysfunction, and increased hemo-
globin F levels (Table 2). These data further provide evidence
for increased overall severity of SCD in the PH subset of
patients in the validation cohort compared with patients with
an elevated TRV in the discovery cohort and, hence, two dis-
tinct cohorts. A comparison of echocardiographic parameters
did not show significant differences between the cohorts (see
Table E1 in the online supplement).

Of the 10 patients with RHC-defined PH, 5 revealed hemo-
dynamic profiles consistent with PAH (mPAP was . 25 mm Hg
and wedge pressure was , 15 mm Hg) and 5 showed evidence
of pulmonary venous hypertension (PVH) (Table E2). The fre-
quency of these subgroups is consistent with what has been
previously published in the hemodynamic profiles of patients
with SCD with PH (2, 14). A comparison of hemodynamic val-
ues between patients with PAH and PVH did not reveal signif-
icant differences in right atrial pressures, pulmonary artery
pressure, or cardiac output/cardiac index.

Identification of a Molecular Signature Associated with

an Elevated TRV

Although there was strong evidence of clustering within the el-
evated versus normal TRV comparison in the discovery cohort,

TABLE 2. CHARACTERISTICS OF PATIENTS IN THE VALIDATION COHORT

Validation Cohort (n ¼ 20) Discovery vs. Validation

PH (n ¼ 10) Normal TRV (n ¼ 10) P Value P Value*

Age, yr 49.3 6 7.4 30.2 6 8.0 ,0.01 ,0.01

Female/male 4/6 7/3 0.43 0.14

Genotype, Hgb SS 10 10 NA NA

BMI, kg/m2 27.2 6 13 20.5 6 3 0.08 0.12

SBP, mm Hg 132 6 19 114 6 12 0.01 0.09

DBP, mm Hg 77 6 14 65 6 11 0.03 0.16

Hydroxyurea therapy, % 5 8 0.69 0.04

History of ACS, % 8 8 0.13 0.06

.20 Blood transfusions, % 1 2 0.58 0.02

10-20 Blood transfusions, % 5 3 0.21 0.25

,10 Blood transfusions, % 3 1 0.22 1.00

WBC, 1023/mm3 6.2 6 2.4 8.3 6 2.5 0.03 0.01

Hemoglobin, g/dl 8.4 6 1.2 9.1 6 1.6 0.2 0.41

Platelets, 1023/mm3 315 6 134 326 6 104 0.79 0.11

BUN, mg/dl 29.9 6 22 6.5 6 1.5 ,0.01 ,0.01

Creatinine, mg/dl 2.5 6 2.7 0.6 6 0.1 ,0.01 0.01

Total bilirubin, mg/dl 1.5 6 1.4 2.3 6 1.1 0.10 0.14

Alkaline phosphatase, U/L 151 6 98 97 6 26 0.05 0.14

ALT, U/L 37 6 20 34 6 13 0.59 0.052

AST, U/L 48 6 41 41 6 14 0.54 0.58

Ferritin, mg/L 1,959 6 1,518 718 6 597 0.03 0.84

Hemoglobin A, % 37 6 38 20 6 25 0.15 0.34

Hemoglobin S, % 43 6 29 66 6 22 0.02 0.04

Hemoglobin F, % 19 6 11 10 6 7 0.02 ,0.01

Average TRV, m/s 2.9 6 0.5 2.3 6 0.1 ,0.01 0.25

Definition of abbreviations: ACS ¼ acute chest syndrome; ALT ¼ alanine aminotransferase; AST ¼ aspartate aminotrans-

ferase; BMI ¼ body mass index; BUN ¼ blood urea nitrogen; DBP ¼ diastolic blood pressure; Hgb SS ¼ hemoglobin SS;

PH ¼ pulmonary hypertension; SBP ¼ systolic blood pressure; TRV ¼ tricuspid regurgitation jet velocity; WBC ¼white blood

cell count.

* Comparison between patients with an elevated TRV in the discovery cohort against patients with right heart catheterization–

defined PH in the validation cohort.
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unsupervised analysis of the microarray data was unable to dis-
tinguish elevated TRV in SCD with adequate sensitivity or spec-
ificity. We therefore performed a supervised analysis (Spearman
correlation test) of the microarray data from the discovery co-
hort identifying the top 631 differentially expressed transcripts
correlating with increasing TRV and RVSP as estimated on
TTE. Applying SVM analysis to this subset of differentially reg-
ulated genes within the discovery cohort, a signature containing
10 genes distinguished subjects with an elevated TRV from those
with normal TRV with 100% accuracy (Figure E1). The corre-
lation coefficient values for each of these signature genes against
RVSP or TRV are provided in Table E3. Spearman correlation
confirmed down-regulation of all signature genes with increasing
TRV or RVSP (Figure 1).

Figure 2A demonstrates the RT-qPCR results for three se-
lected signature genes for an elevated TRV from the discovery
cohort. Expression values of each gene showed reduced expres-
sion with increasing RVSP consistent with the microarray data
(RT-qPCR, square of correlation coefficient rR for ADORA2B,
20.44; GALNT13, 20.50; ADC, 20.36).

Validation of the Molecular Signature Associated

with an Elevated TRV in SCD in Patients

with Pulmonary Hypertension

The gene signature for an elevated TRV generated from the dis-
covery cohort was then assessed in the validation cohort of
patients with RHC-defined PH (n ¼ 10) and with low suspicion
for PH (n ¼ 10) using SVM analysis. The signature demon-
strated a sensitivity of 90% and a specificity of 90% in this
cohort, with an overall accuracy of 90% to discriminate PH in
SCD. The positive and negative predictive values for the signa-
ture were also 90%.

Functional Analysis of Differentially Regulated Genes

and Comparison to Published Pulmonary

Hypertension Literature

Biological pathway analysis of the top 631 TRV-correlated genes
from the discovery cohort revealWnt signaling, axon guidance, cal-
cium signaling, neuroactive ligand–receptor interaction, vascular
smooth muscle contraction, cancer, NOD-like receptor signaling,

Figure 1. Spearman correlation plot for genes within the signature for an elevated tricuspid regurgitation jet velocity (TRV). The correlation graphs

depict the relationship between the expression values of the 10 signature genes plotted against either estimated right ventricular systolic pressure
(RVSP) or TRV. These plots confirm the down-regulation of all 10 genes with increasing TRV or RVSP severity.
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andprimary bile acid biosynthesis pathways as themost significantly
represented in patients with elevated TRV (Figure 3). Themajority
of these pathways have been linked to PH, further strengthening the
association of the microarray data to PH in SCD (15, 16). Ingenuity
analysis for the select elevated TRV signature genes, ADORA2B
(adenosine A2B receptor) and GALNT13 (UDP-N-acetyl-a-D-
galactosamine:polypeptide N-acetylgalactosaminyltransferase 13
or GalNAc-T13), provide further insights into potential gene–
gene and pathway interactions (Figure E2). Integrating the 631-
gene set for an elevated TRV, ADORA2B-related networks in-
volved carbohydrate metabolism and cell signaling, whereas
GALNT13-related networks were linked to cancer, cellular pro-
liferation, and genetic disorders.

The top 631 correlated genes with an elevated TRVwere next
blasted against previously published PAH-specific microarray
data (17) and against SCD-specific microarray data (distinguish-
ing cases from African American control subjects [8]). For the
latter comparison, a two-gene intersection was identified (vac-
cinia related kinase 2, proteasome subunit, a type 3). Although
there are no prior published studies that have explored micro-
array expression profiles of PH or elevated TRV in SCD, com-
parison of the 631 dysregulated genes for an elevated TRV to
published dysregulated genes in patients with PAH revealed
greater than 50 common genes (17). Such a large overlap of
genes provides further evidence of the genes that have surfaced
from the current study for an elevated TRV and their potential
for predicting PH in SCD (Table E4).

A Pubmatrix evaluation of identified signature genes against
known PH search terms revealed established (ADORA2B,
ADC) and potentially novel candidate genes (GALNT13,
C1QBP) involved in PH pathophysiology (Table 3). For example,
ADORA2B exhibited 27 citations and ADC exhibited 58

citations when cross-referenced to PH, whereas GALNT13
and C1QBP failed to have a single PH citation. The presence
of signature genes for an elevated TRV that are also cited in PH
literature also strengthens signature specificity for PH in SCD,
whereas the presence of novel genes provides avenues for fur-
ther exploration of PH development in SCD.

Survey of Genetic Variants in the Molecular

Signature Genes

We next queried the genetic variation of the signature genes as-
sociatedwith an elevatedTRVphenotype by leveraging a dataset
from a cohort of 112 patients with SCD. Table E5 displays the
clinical characteristics of these patients. The samples were

Figure 2. Validation by reverse transcriptase
quantitative polymerase chain reaction (RT-

qPCR) of selected genes and miRNAs. Three

signature genes (ADORA2B, C1QBP, ADC) and

three miRNAs were selected for further vali-
dation by RT-qPCR. (A) Expression values of

all three genes correlated with the changes in

right ventricular systolic pressure (RVSP) and
closely mirror the observed correlation by the

microarray data. (B, C) Expression values of

three miRNAs from the discovery cohort and

the validation cohort, respectively, which cor-
related with the changes in RVSP and closely

mirror the observed correlation by the micro-

array data.

Figure 3. Pathway analysis of genes associated with an elevated tricus-

pid regurgitation jet velocity (TRV). Pathway analysis of the 631 ele-
vated TRV-associated genes reveals Wnt signaling, axon guidance,

calcium signaling, neuroactive ligand–receptor interaction, vascular

smooth muscle contraction, and cancer pathways as the most signifi-

cantly represented in patients with SCD.
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confirmed for homogeneity by performing principal component
analysis using a panel of ancestry informative markers (18). We
evaluated associations between 412 informative SNPs within
these signature genes and the TRV phenotype. In total, five
SNPs within GALNT13 and one SNP within PRELP were
found to be associated with the TRV phenotype (P , 0.005,
Table 4). This robust overrepresentation of GALNT13 SNPs
further supports the notion of genetic contribution to the po-
tential role of GALNT13 in determining an elevated TRV phe-
notype in SCD. In addition, the allele frequencies of these
variants in patients with SCD without the TRV phenotype ap-
pear to be comparable to the frequencies in a panel of African
American healthy individuals (ASW, African ancestry from
Southwest United States) (dbSNP v131).

To further assess the effects of genetic variation in SCD on
gene expression (i.e., eQTL in PBMCs), we integrated data from
24 patients from the discovery cohort with available gene expres-
sion profiling and genotypic data to derive eQTLs associated
with the signature genes (false discovery rate , 5% with
Bonferroni correction). Notably, three trans-acting eQTLs
were identified for SAM domain–containing prostate-derived
Ets factor (SPDEF), and each was in proximity to calcium-
sensing receptor and cystatin A genes (rs10934581, rs7633800,
rs7633667, rs2268443, P ¼ 2.1 3 1027). One trans-acting eQTL
was found to be associated with the expression of chromosome
9 open reading frame 16 (c9orf16, rs3864785, P ¼ 4.8 3 1028).
In addition, one cis-acting eQTL residing upstream of the
ADORA2B gene (an established PH and SCD candidate gene)
(rs7208480, P ¼ 0.6 3 1024) was identified.

miRNA Array Analysis and Functional Profiling of Top

Elevated TRV-associated miRNAs

Given the established role of miRNAs in the regulation of gene
expression, we also interrogated the potential usefulness of
miRNA expression profiling as a clinical tool to predict an

elevated TRV in SCD. Although evidence of clustering exists
within the elevated TRV comparison set in the discovery cohort,
unsupervised analysis of the miRNAmicroarray data was unable
to distinguish elevated TRV in SCD with adequate sensitivity or
specificity (Figure E3). We therefore performed a supervised
analysis (Spearman correlation test) of the microarray data iden-
tifying 12 unique miRNAs with the strongest correlation against
TRV and RVSP severity (Figure 4). The correlation coefficient
values for each of these top 12 miRNAs are listed in Table E6.
Figure 2B demonstrates the RT-qPCR results for three selected
signature miRNAs from the discovery cohort. Expression val-
ues of all three miRNAs were consistent with the microarray
data (from RT-qPCR, correlation coefficient rR for miR-301a,
0.64; miR-19a, 0.54; and miR-21, 0.43). To further validate these
miRNA expression data, RT-qPCR of these three miRNAs was
performed in the validation cohort. Figure 2C demonstrates
consistent expression the three miRNAs (miR-301a, 0.35; mir-
19a, 0.39; and miR-21, 0.66) in the validation cohort compared
with the discovery cohort, further establishing the association of
these miRNAs to both an elevated TRV and PH in SCD.

miRNA-mRNA In Silico and Integrative Analysis

We next searched for a list of predicted mRNA targets for the
top 12 elevated TRV-related miRNAs using data provided by
www.microrna.org, with filtering based on a stringent mirSVR
score threshold to select the top binding miRNA-mRNA pairs.
Given the large size of predicted mRNA target lists (hundreds
to thousands per miRNA), we intersected these predicted
transcripts against the microarray-observed 631 transcripts
best correlated with an elevated TRV revealing a total of 89
miRNA-mRNA pairs. We then further filtered these 89 pairs
based on an inverse expression profile pattern as would be pre-
dicted by a conventional miRNA to mRNA relationship, yield-
ing a total of 29 unique miRNA-mRNA pairs (positively and
negatively significantly correlated from the microarray dataset)

TABLE 3. PUBMATRIX EVALUATION OF ELEVATED TRICUSPID REGURGITATION JET VELOCITY–DRIVEN GENES IN SICKLE CELL DISEASE
ACROSS PULMONARY HYPERTENSION–RELATED SEARCH TERMS

Gene Names Gene Symbol PH

Vascular

Remodeling Inflammation Cancer Angiogenesis Hypoxia NO IR

Myosin light chain 10, regulatory MYL10 1 2 3 14 2 5 6 0

Adenosine A2b receptor ADORA2B 27 4 88 51 17 50 31 25

Complement component 1, q subcomponent binding protein C1QBP 0 1 35 33 0 0 1 2

Arginine decarboxylase ADC 58 0 369 2,030 16 231 58 86

Proline/arginine-rich end leucine-rich repeat protein PRELP 0 1 1 2 0 0 0 0

SAM pointed domain containing ets transcription factor SPDEF 0 0 3 39 2 0 0 0

Polypeptide N-acetylgalactosaminyltransferase 13 GALNT13 0 0 0 15 0 0 0 0

Solute carrier family 27, member 5 SLC27A5 0 0 0 2 0 0 0 0

N-acetyltransferase 8-like NAT8L 0 0 0 0 0 0 0 0

Chrom 9 open reading frame 16 C9orf16 0 0 0 1 0 0 0 0

Definition of abbreviations: IR ¼ ischemia reperfusion; NO ¼ nitric oxide; PH ¼ pulmonary hypertension.

TABLE 4. TOP SINGLE-NUCLEOTIDE POLYMORPHISMS WITHIN SIGNATURE GENES ASSOCIATED WITH
ELEVATED TRICUSPID REGURGITATION JET VELOCITY

SNP Signature Gene Ref Allele P Value P Value* OR

Freq SCD High

TRV Cases

Freq SCD

Control Freq ASW Function

rs799813 GALNT13 C 0.001 0.002 0.28 0.094 0.27 0.25 Intronic

rs2794452 PRELP C 0.001 0.013 0.42 0.34 0.55 0.58 Upstream

rs10497120 GALNT13 C 0.001 0.001 2.76 0.33 0.15 0.13 Upstream

rs13407922 GALNT13 A 0.002 0.003 3.08 0.24 0.095 0.14 Intronic

rs16833378 GALNT13 G 0.003 0.003 0.26 0.061 0.20 0.11 Upstream

rs9808145 GALNT13 A 0.004 0.006 2.97 0.22 0.089 0.13 Intronic

Definition of abbreviations: ASW ¼ African ancestry from Southwest United States; Freq ¼ frequency; OR ¼ odds ratio; Ref ¼
reference; SCD ¼ sickle cell disease.

* Adjusted for cohort.
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(Table 5). From these 29 filtered pairs, GALNT13, an elevated
TRV signature gene, again emerged as a leading potential can-
didate gene demonstrating an association with miR-301a, as
predicted by in silico analyses and as observed in our microarray
data with significant inverse correlation with expression (Table 5).

DISCUSSION

An elevated estimated pulmonary artery systolic pressure is in-
dependently associated with increased mortality in patients with
SCD (1, 19), yet reliable biomarkers and novel targets are not
currently available. We now report the first PBMC-derived
novel gene signature for an elevated TRV in SCD derived from
a discovery cohort with validation in an independent replicate
cohort of patients with SCD with confirmed PH by RHC. The
current study also represents the first integration of genome-
wide mRNA and miRNA expression profiling and genetic data
in SCD. These robust bioinformatic analyses further validate
the genomic signature for both an elevated TRV and PH and
identified candidate genes potentially associated with these
SCD phenotypes.

Based on the evaluation of an elevated TRV phenotype as
a continuous variable, the derived gene signature supports the
notion of a discrete echo-defined elevated TRV phenotype in

SCD and suggests potential clinical usefulness as a biomarker
for this phenotype. The validation cohort was characterized by ad-
ditional parameters of increased SCD severity in comparison to
the discovery cohort (including renal dysfunction, relatively low
WBC count, and older age), thereby further empowering the pre-
dictive capacity of the signature for an elevated TRV to broadly
apply to varied SCD populations in contrast to a unique popula-
tion in a single center. In addition, the RHC-defined PH phe-
notype in the validation cohort strengthens the potential
predictability of the molecular signature for PH as well as an el-
evated TRV. This signature was found to be composed of both
novel and established PH candidate genes as evidenced by lit-
erature mining and the PubMed search tool. For example,
ADORA2B, a candidate gene known to modify the severity
of SCD (20, 21), was recently identified via metabolomic pro-
filing of a transgenic SCD mouse model with excessive aden-
osine signaling through the ADORA2B leading to sickling and
hemolysis (22), processes known to be independently corre-
lated with the presence of PH in SCD (13, 23). Furthermore,
ADC, another signature gene, which decarboxylates L-arginine
to agmatine, is an established PAH candidate gene (24) and is
potentially involved in SCD-related PH (25). In fact, circulating
modified forms of L-arginine, obligate substrates of the nitric
oxide synthases (NOS) that disrupt NO production, are elevated

Figure 4. Spearman correlation graphs for top miRNAs associated with an elevated tricuspid regurgitation jet velocity (TRV). The correlation graphs

depict the relationship between the expression values of the top 12 miRNAs plotted against either right ventricular systolic pressure (RVSP) (top rows)
or TRV (bottom rows).
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with increasing severity of PH in SCD (25). Given the decreas-
ing expression of ADC in PBMCs with increasing TRV we
observed, the role of circulating PBMCs in the induction of
the NOS pathway observed in patients with SCD and PH must
be considered. Therefore, within the 10-gene signature, the
presence of established candidate genes from both PH and
SCD-related literature independently strengthen the validity
of this molecular biomarker for an elevated TRV and possibly
PH.

The genomic signature in PBMCs for an elevated TRV rep-
resents expression changes that may not directly reflect the dy-
namics of the pulmonary vascular microenvironment in PH or in
patients with an elevated TRV. However, the role of these
circulating cells in biomarker discovery and their potential con-
tribution to the pathobiology of SCD and PAH have both been
well established (8, 10, 26, 27). Circulating blood cells may carry
disease-specific information due to genetics or due to alterations
in their local environment. The gene expression of PBMCs may
also represent the specificity of SCD and PH because of inflam-
matory and immune mechanisms that likely play important
roles in their development. A relatively low WBC count as
evidenced in the validation PH cohort in Table 2 may represent
a cause or effect of the severity of SCD disease when associated
with PH, which can result in generating a distinct population of
PBMCs with a unique expression profile distinguishing those
with and without PH. Although this WBC count difference is
also observed between those with an elevated TRV in the dis-
covery cohort and those with RHC-defined PH in the validation
cohort, the signature remains accurate in predicting both phe-
notypes. This latter observation argues against the role of WBC
counts in defining PBMC expression profiling and warrants fur-
ther studies to determine if any mechanistic association exists.

Despite potential limitations, our studies highlight the poten-
tial for individual signature genes to participate in the pathophys-
iology of an elevated TRV and PH in SCD. The signature gene,
GALNT13, was identified as a target for the elevated TRV-
associated miRNA (miR-301a) with significant correlation be-
tween miRNA-GALNT13 expression. Furthermore, multiple
GALNT13-associated SNPs were linked to an elevated TRV
phenotype. GALNT13 encodes a glycosyltransferase enzyme
responsible for the synthesis of O-glycan (28, 29). Given that
aberrant glycosylation patterns are a hallmark of the tumor
phenotype influencing proliferation, invasion, angiogenesis,
and metastasis (30–33), processes known to be involved in pul-
monary vascular remodeling, GALNT13 may be speculated as
a novel candidate in SCD with an elevated TRV and PH.

The finding of dysregulated miRNA expression in patients
with SCD and an elevated TRV suggests an elevated TRV
may result in altered miRNA expression profiles. Among the
12 most dysregulated miRNAs in the discovery cohort, miR-
21, miR-19a, miR-15a, and miR-125b have previously been
found to be dysregulated in different cellular processes that con-
tribute to pulmonary vascular remodeling, including apoptosis,
cell proliferation, and angiogenesis (34–38). A recent report
also described increased vascular cell proliferation in hereditary
PAH as a consequence of decreased levels of miR-21 (39),
consistent with the trends of miR-21 expression in increasing
TRV observed in this study. Notably, miR-15a and miR-19a are
associated with increases in hemoglobin F levels, regulation of
hematopoiesis, and vascular flow processes directly involved
with SCD pathophysiology (37, 40). Data from this study com-
bined with this background highlight the potential roles for
miR-15a, miR19a, and miR-21 in SCD-related PH and further
validate the miRNA signature for an elevated TRV in SCD.

TABLE 5. INTEGRATED ANALYSIS OF MIRNA AND GENE EXPRESSION PROFILING

miRNA mirSVR Score Gene Symbol Gene Name Correlation Gene vs miRNA P Value

miR-21 20.75 CFTR Cystic fibrosis transmembrane conductance regulator 20.36 0.026

miR-21 20.55 KIAA1804 Mixed lineage kinase 4 20.37 0.019

miR-21 20.95 PRR18 Proline rich 18 20.46 0.004

miR-30a 20.62 PARG1 Rho GTPase activating protein 29 20.42 0.007

miR-301a 20.68 GALNT13 Polypeptide N-acetylgalactosaminyltransferase 13 20.36 0.024

miR-142-5p 21.08 GRM5 Glutamate receptor, metabotropic 5 20.37 0.022

miR-142-5p 20.86 SHC4 SHC (Src homology 2 domain) family, member 4 20.42 0.007

miR-142-5p 20.79 CNTN5 Contactin 5 20.32 0.050

miR-142-5p 20.88 ADSSL1 Adenylosuccinate synthase like 1 20.43 0.007

miR-142-5p 21.29 LMX1A LIM homeobox transcription factor 1, alpha 20.43 0.007

miR-142-5p 21.11 EPDR1 Ependymin related protein 1 (zebrafish) 20.41 0.009

miR-142-5p 20.58 TCF7L1 Transcription factor 7-like 1 (T-cell specific) 20.40 0.012

miR-324-3p 20.99 EI24 Etoposide induced 2.4 mRNA 20.38 0.017

miR-626 20.93 RBM23 RNA binding motif protein 23 0.33 0.042

miR-1285 20.56 PRDM10 PR domain containing 10 20.36 0.026

miR-1285 20.77 ARF6 ADP-ribosylation factor 6 20.39 0.015

miR-1285 21.05 GPATCH8 G patch domain containing 8 20.32 0.047

miR-1285 20.78 PRMT3 Protein arginine methyltransferase 3 20.35 0.029

miR-1285 20.92 PATL1 Protein associated with topoisomerase II - 1 20.32 0.046

miR-1285 20.76 TFCP2 Transcription factor CP2 20.37 0.022

miR-1285 20.59 PTPN2 Protein tyrosine phosphatase, non-receptor type 2 20.37 0.021

miR-1285 20.98 KDM2B lysine (K)-specific demethylase 2B 20.37 0.022

miR-1285 20.91 TBK1 TANK-binding kinase 1 20.34 0.032

miR-1285 21.29 VPS35 Vacuolar protein sorting 35 homolog (Saccharomyces cerevisiae) 20.37 0.020

miR-1285 21.20 SC5DL Sterol-C5-desaturase 20.45 0.004

miR-1285 21.10 CSTF3 Cleavage stimulation factor, 39 pre-RNA, subunit 3 20.42 0.007

miR-1285 21.20 CP110 CP110 protein 20.36 0.023

miR-1285 20.77 PIBF1 Progesterone immunomodulatory binding factor 1 20.38 0.018

miR-1285 20.56 UHRF2 Ubiquitin-like with PHD and ring finger domains 2 20.34 0.033

Definition of abbreviations: SCD ¼ sickle cell disease; TRV ¼ tricuspid regurgitation jet velocity.

The table reflects the top miRNA–gene pairs expressed in patients with an elevated TRV in SCD based on their individual significant correlations with TRV from

expression profiling, strong in silico binding prediction scores, and demonstration of a positive or negative correlation to each other based on their observed expression

from the microarray data.

366 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 186 2012



Pathway analyses of the differentially regulated genes for an
elevated TRV comparison set revealed involvement of estab-
lished PH processes, including Wnt signaling, calcium signaling,
vascular smooth muscle contraction, cancer pathways, and pri-
mary bile acid biosynthesis pathways (41–44), although these
have yet to be explored in PH associated with SCD. Axon
guidance and NOD-like receptor signaling appear to represent
novel pathways involved in the elevated TRV phenotype. Pub-
matrix evaluation of the candidate genes in the molecular sig-
nature further underscored the novelty of many involved genes
(MYL10 and C1QBP in PH) while validating several genes
recognized to be associated with PH (ADORA2B, ADC). Be-
yond pathway analyses, this study is the first to integrate avail-
able published microarray analyses of human SCD and PAH
studies. The presence of several overlapping genes between the
current study in an elevated TRV setting and previous PH stud-
ies has further strengthened the specificity of our differentially
regulated genes.

We used a candidate gene approach to SNP discovery in our
signature genes. Although we studied a small cohort in this anal-
ysis, genetic variants have been found to be associated with SCD-
related elevated TRV in this study, suggesting that there could be
genetic contribution to this trait and further strengthening the
case for association between the candidate genes that surfaced
from expression profiling of circulating cells to the elevated
TRV phenotype. However, the downstream mechanisms of ac-
tion have not been fully elucidated. The genotyping platform
captures the general genetic variation, and most of these SNPs
were located either intronic or upstream from the gene. There-
fore, the associated SNPs could be linked to certain untyped
causal SNPs, and further fine-mapping and functional validation
are warranted to elucidate their roles. Additionally, knowledge
of intermediate steps can also provide perspective on disease
pathogenesis, while also providing further evidence for the spec-
ificity of the molecular signature. To begin to address these ques-
tions, the effects of genetic variation on PBMC gene expression
eQTL in patients with an elevated TRV were assessed. An ex-
ample is the finding of the cis-acting eQTL and its association
with the expression of ADORA2B, a previously established
SCD candidate gene that was also a signature gene. This cis-
acting eQTL may represent a novel potential intermediate gene
that connects the genetic variant with the development of an
elevated TRV in SCD.

Limitations to this study include the small sample size of our
cohorts, which emphasizes the requirement of a larger sample
cohort for translation of the molecular signature into clinical
practice and raises the possibility of overfitting the gene signa-
ture data for an elevated TRV.We attempted to address this con-
cern by validating the gene signature in a separate and distinctive
SCD-PH cohort. Despite differences in characteristics observed
across the discovery and validation cohorts, representing pheno-
typic and geographic differences as well as limited sample size,
the signature remained powerfully predictive, with 90% accu-
racy. This validation cohort also exhibited an overrepresentation
of RHC-defined PH in SCD compared with the established prev-
alence of PH in SCD and furthermore did not achieve an ade-
quate sample size to interpret predictions of the signature for
PAH and PVH. Therefore, given these limitations, the value
of this signature for predicting PH in SCD also needs to be care-
fully assessed and further investigated to confirm these prelim-
inary findings. Finally, it is unknown whether the identified gene
expression differences generated by comparing patients with and
without an elevated TRV are a result of an elevated TRV or if
these genes are related to the pathogenesis of the underlying dis-
ease, especially given their derivation from a circulating pool
of cells. Nonetheless, we can speculate a potential mechanistic

role for these circulating cells given the documented roles and
pathways of some of the signature genes in SCD and in PH. Ul-
timately, the usefulness of the signature as an independent mo-
lecular biomarker or in conjunction with TRV as a noninvasive
imaging biomarker remains and demands its further clinical ap-
plication in a prospective fashion.
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