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Abstract
Background: Sickle cell anemia (SCA) is a clinically heterogeneous, monogenic
disorder. Medical care has less-than-optimal impact on clinical outcomes in SCA
in Africa due to several factors, including patient accessibility, poor access to
resources, and non-availability of specific effective interventions for SCA.
Methods: Against this background, we investigated 192 African participants
who underwent whole exome sequencing. Participants included 105 SCA
patients spanning variable clinical expression: a “long survivor” group (age over
40 years), a “stroke” group (at least one episode of overt stroke), and a “random”
group (patients younger than 40 years without overt cerebrovascular disease).
Fifty-eight ethnically matched homozygous hemoglobin A controls were also
studied. Findings were validated in an independently recruited sample of 29 SCA
patients. Statistical significance of themutational burden of deleterious and loss-
of-function variants per gene against a null model was estimated for each group,
and gene-set association tests were conducted to test differences between groups.
Results: In the “long survivor” group, deleterious/loss-of-function variants were
enriched in genes including CLCN6 (a voltage-dependent chloride channel for
which rare deleterious variants have been associated with lower blood pres-
sure) and OGHDL (important in arginine metabolism, which is a therapeutic
target in SCA). In the “stroke” group, significant genes implicated were asso-
ciated with increased activity of the blood coagulation cascade and increased
complement activation, for example, SERPINC1, which encodes antithrombin.
Oxidative stress and glutamate biosynthesis pathways were enriched in “long
survivors” group. Published transcriptomic evidence provides functional support
for the role of the identified pathways.
Conclusions: This study provides new gene sets that contribute to variability in
clinical expression of SCA. Identified genes and pathways suggest new avenues
for other interventions.
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1 INTRODUCTION

Sickle cell disease (SCD) is a group of blood disorders
caused by mutations in HBB that promote polymerization
of hemoglobin and sickling of erythrocytes. Themost com-
mon and most clinically severe form of SCD is sickle cell
anemia (SCA [MIM: 603903]) and is caused by homozy-
gosity of the sickle mutation HbS. While the estimated age
of the sickle mutation is ∼7300 years,1 the mutation has
persisted in appreciable frequencies because of the protec-
tion that heterozygotes have against malaria. An estimated
305 800 babies are born each year with SCD worldwide,
with nearly 75% of the births occurring in sub-Saharan
Africa (SSA).2 Despite this high incidence, most SSA coun-
tries lack effective public health programs focused on
SCD.3
Clinical expression of SCD often shows considerable

variation in features such as the severity of anemia, the fre-
quency of painful vaso-occlusive crises, stroke, and mor-
tality. Both genetic and non-genetic factors are known
to influence the severity of SCD. For example, high fetal
hemoglobin (HbF) levels have long been known to be asso-
ciated with less severity4; HbF levels are under genetic
control and are amenable to therapeutic manipulation.5
Similarly, co-inheritance of α-thalassemia is protective
against some SCD-related complications, such as hemol-
ysis, stroke, and kidney disease.6,7 Availability of appro-
priate comprehensive medical care for SCD that combines
newborn screening, penicillin prophylaxis, screening for
stroke risk, transfusion program, and the use of hydrox-
yurea, in high income countries, usually mitigates mor-
bidity and facilitates longer survival of SCD patients.8 This
is, however, not the case in most of SSA, due to the com-
bined effect of inappropriate care and often severe clin-
ical complications,7,9 compounded by other factors such
as malaria, malnutrition, infectious diseases of childhood,
and poverty. Thus, up to 90% of infants with SCD in SSA
are believed to die needlessly by 5 years of age.10
Different HBB (MIM: 141900) haplotypes (Cameroon,

Central African Republic, Benin, Senegal, and Ara-
bian/Indian) have also been associated with variable clini-
cal expression of SCD.2 However, a recent study of sickle
HBB haplotypes based on sequence data rather than
restriction site data led to a reclassification of the classical
haplotypes and found sub-structuring of haplotypes that
may have confounded previous associations of the hap-
lotypes with clinical severity.1 To search the genome for
protein coding genes that affect disease severity, we uti-

lized a whole exome sequence (WES)-based approach to
explore the specific hypothesis that rare gene-associated
and function-altering variants with potentially high pen-
etrance are associated with SCA clinical sub-phenotypes,11
and could lead to the identification of modifiable patho-
physiological pathways. We studied two distinct clinical
SCA groups, a “long survivor” group and a “stroke” group,
which we contrasted with a “random” group to infer criti-
cal genes and pathways. We also contrasted the “long sur-
vivor” and “stroke” groups as extreme phenotypes that are
likely to come from the relatively benign versus the most
severe (respectively) ends of the phenotypic spectrum of
SCA.

2 MATERIALS ANDMETHODS

2.1 Ethics statement

The study was performed in accordance with the guide-
lines of the Helsinki Declaration. Ethical approval was
given by the National Ethical Committee Ministry of Pub-
licHealth, Republic of Cameroon (No 033/CNE/DNM/07);
and the University of Cape Town, Faculty of Health Sci-
ences Human Research Ethics Committee (HREC RE:
132/2010).

2.2 Patients and methods

Recruitment for the discovery group was conducted in
Cameroon at the Yaoundé Central Hospital and Laquin-
tinie Hospital in Douala, as previously described.12 Socio-
demographic and clinical data including blood counts and
hemoglobin (Hb) electrophoresis were obtained on enrol-
ment. The present study was restricted to SCA (ie, HbSS),
the most prevalent and severe form of SCD. This study
design decision was taken to remove the potential con-
founding effect of beta-thalassemia and hemoglobin C,
both of which are associated with milder forms of SCD.
The discovery sample of patients included three groups.
(a) A “long survivor group” comprised SCA patients aged
over 40 years; this cut-off was based on a life expectancy of
43 years for SCA in the Cooperative Study.4 (b) A “stroke”
group comprised SCA patients with at least one clini-
cal episode of overt stroke, a devastating complication of
SCA that is considered to be a proxy of severity4 and is
influenced by genetic modifiers.13 (c) A “random group”
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comprised patients younger than 40 years with no
known cerebrovascular disease and randomly selected
from among clinically stable patients. No patient was on
hydroxyurea, at the time of recruitment. Fifty-eight ethni-
callymatched homozygousHbAA controls were randomly
selected from apparently healthy blood donors recruited in
Yaoundé.14 The replication cohort consisted of adult SCA
patients (age range 18-51 years, mean age 26.1 years) from
the Demographic Republic of Congo (DRC), recruited at
the Haematology Clinic, Groote Schuur Hospital in Cape
Town, South Africa.

2.3 Sickle cell disease mutation,
β-globin gene cluster haplotypes,
and 3.7 kb α-globin gene deletion

DNAwas extracted from peripheral blood.Molecular anal-
ysis to determine the presence of the sickle mutation was
carried out by polymerase chain reaction (PCR), followed
by DdeI restriction analysis.12 Using published primers
and methods, five restriction fragment length polymor-
phism (RFLP) sites in the β-globin gene clusterwere ampli-
fied to analyze the HBB haplotype background.12 The
3.7 kb α-globin gene deletion was screened using expand-
long template PCR.14

2.3.1 Whole exome sequencing

DNA samples underwent sequencing at Omega Bioser-
vices, Omega Bio-tek, Inc, Emory University, USA. The
Roche Nimblegen SeqCap EZ MedExome v2.0 (∼47 Mb
target), which has enhanced coverage of medically rele-
vant genes, was used for sequence capture. Samples pass-
ing quality control, library preparation, and exome capture
were sequenced on an Illumina HiSeq 4000 sequencer.
Readmapping and alignmentwere performed as described
in the Supporting Information Methods. Because different
calling methods produce large numbers of differing vari-
ants, we adopted an ensemble approach implemented in
VariantMetaCaller15 (see Figure S1 and details in Support-
ing Information Methods).

2.3.2 Variant calling quality control,
annotation, and prioritization

Joint variant calling was conducted from three indepen-
dent callers (Figure S1) on each subject group defined
above and across all samples (Supporting Information
Methods). Before applying the ensemble approach
(VariantMetaCaller15) across the resulting variant set from
three callers (Supporting InformationMethods) from each

independent subjects’ group, we filtered each resulting
VCF file using the GATK tool Variant Filtration.16 Variant
filtering procedures and quality control assessment are as
described in the Supporting Information Methods. Final
call-sets were produced from VariantMetaCaller.17 We
used ANNOVAR to perform gene-based annotation (Sup-
porting Information Methods) on each independent final
call-set per subjects’ group. First, each resulting functional
annotated call set was independently filtered for predicted
functional status. We used 21 in silico prediction tools
(SIFT, LRT, MutationTaster, MutationAssessor, FATHMM,
fathmm-MKL, RadialSVM, LR, PROVEAN, MetaSVM,
MetaLR, CADD, GERP++, DANN, M-CAP, Eigen, Geno-
Canyon, Polyphen2 HVAR, Polyphen2 HDIV, PhyloP, and
SiPhy) to identify variants whose predicted functional
status is “deleterious” (D), “probably damaging” (D),
“disease_causing_automatic” (A) or “disease_causing”
(D). We retained a variant if it had at least 17 predicted
functional status D (Supporting Information Methods).
Second, the retained variants from each data set were
further filtered for rarity, exonic variants, and nonsyn-
onymous mutations, yielding a final candidate list of in
silico predicted mutant variants from each subject group.
We also reported the aggregated SiPhy score from all
identified SNPs within a gene.

2.3.3 Gene-specific differences in SNP
frequencies

To assess gene set differences in frequencies, we first com-
puted SNP-specific allele frequencies. Assuming a popula-
tion evolving under the Wright-Fisher model under selec-
tive neutrality, andwith an expected number of mutations,
we used a stepwise constant effective population size to (1)
compute the allele frequency difference, (2) estimate group
pairwise differences, and (3) compute a test statistic for
which an excess of large values indicated deviation from
the null model (Supporting Information Materials).18 Sec-
ond, assuming SNPs in 40 kb upstream and downstream
(exon) within a gene are close and possibly in Linkage Dis-
equilibrium (LD), SNP-specific unusual allele frequency
summary statistics of SNPs in the defined gene regionwere
aggregated as described in Supporting InformationMateri-
als to obtain gene-specific differences in SNP frequencies.

2.3.4 Burden and rare-variant analyses

Rare variants in a gene or region may influence a pheno-
type in different directions andwith differingmagnitude of
effect.11,19,28 Therefore, gene-set analyses were performed
to determine the associations between genes and pheno-
type as defined by the three participant categories. Gene
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sets of variants comprised non-synonymous, missense,
and stop lost/stop variants (in core in silicomutant genes)
in the exome datasets and in 40 kb upstream and down-
stream (exon) within a gene were mapped within the coor-
dinates of the gene in the human genome build hg19. We
conducted rare variant analysis using the optimal unified
sequence kernel association test (SKAT-O19) in the exome
dataset for our primary comparisons, namely: (a) Long sur-
vivors versus Random SCA (n= 82), (b) Stroke versus Ran-
dom SCA (n = 79), and (c) Stroke versus Long survivors
(n= 59). We also analyzed Stroke versus Controls (n= 81),
Long survivors versus Controls (n= 84), and Random SCA
versus Controls (n = 114). All analyses used an adaptive
minor allele frequency threshold of 1/√2n (where n is the
number of individuals) for definition of “rare variant.”11,19
A total number of 17 285 gene sets had two or more rare
variants and were included in the SKAT-O rare variant
analysis The SKAT-O19 analysis was performed using a
linear weighted kernel with a missingness cutoff of 0.9
and adjustments for covariates including age and princi-
pal components of population stratification. To account for
multiple testing, empirical P-values were calculated after
100 000 permutations; therefore, a P-value of .05 was con-
sidered significant. While permutation testing was used to
adjust for multiple testing for each comparison, we also
considered the fact that we had three primary hypotheses
and adjusting for the number of primary hypotheses led to
our considering P-values < .017 (ie, .05/3) as significant.

2.3.5 Network and enrichment analysis

From the gene lists obtained from the analyses of
deleterious/loss-of-function variants and unusual allele
frequency spectra, we next sought to identify networks
of interactions using a comprehensive human protein-
protein interaction (PPI) network.20 We examined how
the genes in these networks were associated with pheno-
types, pathways, biological processes, and molecular func-
tions. Pathways and networks were drawn from various
bioinformatics databases, including KEGG, Panther, Bio-
carta, Reactome, and the GeneOntology (GO) Consortium
database (Supporting InformationMaterials). Enrichment
analysis was performed using a custom script as well as the
DAVID and PANTHER tools.

3 RESULTS

3.1 Characterization of participants

Clinical characteristics of the 105 Cameroonian SCA
patients are shown in Table 1. The median ages were
44.0, 20.5, and 16.5 years, for the “long survivor,” “stroke,”

and “random” SCA groups, respectively. A total of five of
23 (21.7%) patients had stroke before the age of 16 years.
“Long survivor” SCA patients had significantly lower
leucocyte counts and health care utilization rates. Two
HBB haplotypes (Benin and Cameroon) were observed in
the sample. The overall distribution of haplotypes was not
significantly different among the three groups, although it
should be noted that a greater proportion of the “stroke”
group carried at least one Cameroon haplotype when
compared to the other two groups (38.5% vs 9.1% and
15.4%, Table 1). The distribution of the 3.7 kb α-globin gene
deletion genotypes and mean HbF levels did not differ
significantly among the three groups.
A total number of 8 458 386 variants were called in

the whole exome sequence dataset, of which 80 226 were
exonic, distributed as 0.4% stop loss, 0.3% stop gain, 4.5%
synonymous, and 94% non-synonymous or splice site vari-
ants (Figures 1A,B; Figure S2). Principal component analy-
sis (PCA) of the study sample with the African populations
(AFR) from the 1000 Genomes Project showed that the
study samples clustered separately from the other Africans
(Supporting Information Materials), which is not surpris-
ing because samples from Cameroon were not included
in the 1000 Genomes Project. PCA plots (Figure 1A;
Figure S3) showed no global population differences among
the SCApatients and control groups, that is, cases and con-
trols clustered together (Supporting Information Materi-
als). The replication SCA sample from DRC had a median
age of 26 years and 13.8% (4/29) had a clinically overt
stroke.

3.1.1 Mutational burden of genes in
discovery samples

Among SCA patients in the discovery sample, we detected
significant differences in the burden of non-synonymous,
function-altering variants (Figure 2A) in a total of
49 genes (Table 2; Tables S1 and S5): 17 genes in the “long
survivor” group (Figure 3; Figure S4A), 19 genes in the
“stroke” group (Figure 3; Figure S5a), and 39 genes in the
“random” group (Figure 3; Figure S6A). Five genes were
found only in the “long survivor” group (ATP2B4 [MIM:
108732], CLCN6 [MIM: 602726], OGDHL [MIM: 617513],
ESR2 [MIM: 601663], and SLC7A8 [MIM: 604235]), and a
different set of five genes were found only in the “stroke”
group (SLC22A5 [MIM: 603377], HGF [MIM: 142409], IVD
[MIM: 607036], ABCC1 [MIM: 158343], and SNTB1 [MIM:
600026]) (Table S1). No genes overlapped between the
“stroke” and “long survivor” groups while also absent
from the “random” group (Table S1; Figure 2A). Six genes
(CPS1 [MIM: 608307], PYGB [MIM: 138550], MARCH10
[MIM: 613337], SLC4A5 [MIM: 609802], NADSYN1 [MIM:
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F IGURE 1 SCA exome map characteristics. A), Percentages of functions covered from 80 226 exonic variants. B, Overall percentage of
variant functions from 8 458 386 variants in discovery and replication cohorts. C) Principal component analysis (PCA) plot of the three Cameroo-
nian SCA sub-groups (“random,” “stroke,” and “long survivor”), and African ancestry samples from 1000 Genomes phase 3 release, indicating
the Cameroonian SCD patients and controls are relatively homogeneous and from similar background. Date fromDRC participants is scattered
in the convex of Western and Eastern African populations, supporting a bantu migration route from west to south Africa21
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TABLE 1 Characteristics of the 105 SCA patients that underwent WES displayed as median (25th to 75th percentiles) or percent (%)

Variables
Random
SCA(N = 56)

SCA with overt
stroke (N = 23)

Long survivor
SCA (N = 26) P-values*

Age (years) 16.5 (9.2-25.7) 20.5 (16.25-25.75) 44 (41-49.5) <.0001
Gender F/M (50/46) 28/28 12/11 15/12 .854
Haematological
indices

RBC (10źš/L) 2.7 (2.2-3.2) 2.9 (2.4-3.5) 3.4 (2.6-3.9) .101

Hb (g/dL) 7.8 (7.1-8.8) 8.2 (7.3-8.8) 8.2(6.8-9.8) .462
MCV (Fl) 84 (78-92.5) 84 (73.2-93.7) 81 (74-89.5) .824
MCHC (g/dL) 33.6 (31.0-36.6) 34.1 (31.7-36.5) 32.8 (30.4-35.1) .420
WBC (109/L) 12.4 (10.3-36.6) 14.4 (10.3-17.8) 9.4 (8.23-12.2) .026
Lymphocytes (109/L) 5.2 (3.9-6.9) 5.5 (3.5-7.9) 3.9 (2.7-4.8) .005
Monocytes (109/L) 1.3 (1.0-1.9) 1.3 (0.8-2.1) 0.9 (0.8-1.3) .022
Platelets (109/L) 342.5

(289.2-342.5)
359.5 (283-440.5) 329 (228.5-452.5) .583

HbA2 (%) 3.7 (3.2-4.2) 4.0 (3.2-4.8) 3.6 (3.2-4.9) .325
HbF (%) 13.1 (2.7-17.3) 10.6 (5.2-13.7) 9.4 (3-14.3) .231

Clinical events Vaso-occlusive crisis
(n/year)

0.6 (1-5) 2 (1-3) 2 (1-3.5) .172

Consultations (n/year) 0.5 (0-5) 1 (0-6) 0 (0-0) .030
Hospitalization
(n/year)

0.3 (0.5-2) 1 (1-2) 0 (0-1.5) .606

Blood transfusion (%) 75.9 85.0 70.0 .315
Stroke (%) 0 100 5.0 <.0001

3.7 α-globin gene
deletion
genotypes

αα / αα 57.8% 58.8% 46.7% .652

αα/ α3.7 31.1% 29.4% 26.7%
α3.7/ α3.7 11.1% 11.8% 26.6%

HBBHaplotypea Benin/Benin 90.9% 61.5% 84.6% .834
Benin/Cameroon 3.0% 38.5% 7.7%
Cameroon/Cameroon 6.1% 0.0% 7.7%

Abbreviations: RBC, red blood cell counts; Hb, hemoglobin; MCV, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; WBC, white
blood cell counts;
aPercentage of individuals not chromosomes.
*P-value in three-way comparisons; significant P-values are bolded.

608285], and CACNA1H [MIM: 607904]) were common to
all three SCA groups (Table S1). Notably, none of the genes
identified among SCA patients (Table S1) were significant
in the HbAA control samples.
Among key candidate genes, with known role in SCA-

related pathophysiology, onlyNADSYN1, which is involved
in glutamine pathways, has significantly common muta-
tions in all three subgroups (Table S1). While SERPINE1
and SERPINA1 involved in coagulation pathways, had
recurrent mutations in the random group only, but not in
the two “extreme” groups. However, gene-set rare-variant
association analyses showed significance difference in
NADSYN1 gene between “Stroke” versus “Random” SCA
(Table 3).

3.1.2 Replication of mutational burden
of genes in an independent sample

The characteristics of the replication cohort (including
clinical events and hematological indices) are shown in
Table S2. In the replication exome dataset, we identified 35
genes withmutations with functional impact as previously
defined (Table S3). Twelve genes from the discovery analy-
sis were replicated (Figure 2A; Table 2). Three genes (HGF,
SNTB1, and SERPINC1 [MIM: 107300]) were found in the
“stroke” group but not in the “long survivor” group (Fig-
ure 2A). Conversely, five genes (CLCN6,OGDHL, COL6A3
[MIM: 120250], INSR [MIM: 147670], and NOS3 [MIM:
163729]) were found in the “long survivor” group but not in
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F IGURE 2 Gene mutations in three Cameroonian SCA sub-groups (only the 12 genes replicated in patients from Congo are represented
here). A, The Venn diagram shows the overlap of the replicated candidate mutations in the three SCA groups. B, Gene-specific genetic differ-
entiation based on identified 49 mutant genes identified (Table S1), among 58 HbAA Cameroonian controls, each SCA patient sub-group, and
the replication cohort of SCA patients from Congo

the “stroke” group. Two genes (NADSYN1 and CACNA1H)
were common to all three groups (Figure 2A).

3.1.3 Pathways and biological processes
associated with genes with high
mutational burdens

The PPI network formed from 17 genes containing high
mutational burdens among the “long survivor” group was
enriched for glutamate metabolism (P = .0035; Figure S4)
and clustered with the fetal liver cell type (P = .0087)
but had no association with any human disease/disorder.

The PPI network of 19 genes in the “stroke” group
was enriched for the arginine biosynthesis (P = .00078;
Figure S5B), showed an association with hypertension
(P = .00781), and clustered with monocytes (P = .029).
The set of 39 genes with mutations identified from the
“random” group (including the genes in common with
the “long survivor” and “stroke” groups) was enriched
for complement and coagulation cascades (P = 1.129 ×

10−6; Figure S6B), associated with cholesterol level, dia-
betes mellitus, and thrombophilia (P = .00103, .0072,
and .0095, respectively), and clustered with the adrenal
cortex (P = .00018). The three sets of mutations from
all 105 Cameroonian SCA patients (Figure 3A; Table S1)
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TABLE 2 Genes with high burdens of deleterious and loss-of-function mutations in SCA patients in both discovery and replication
samples

Z-scores¥

GeneMax #
SNPs1

Gene
name

cDNA
change£

Protein
change ExAC AFR

ExAC
EUR

“Random”
SCA

“Stroke”
SCA

“Long
survivor”
SCA

Replication
samples

NADSYN1 12 NAD
synthetase 1

c.G175A p.E59K 0 0 15.15 15.15 15.15 16.21

CACNA1H 4 Calcium
channel,
voltage-
dependent,
T type,
alpha 1H
subunit

c.C1538T p.S513L 0 0 15.05 15.18 15.05 17.02

SERPINC1 5 Serpin
peptidase
inhibitor,
clade C,
member 1

c.G973C p.A325P 0 0 19.75 19.75 – 18.54

INSR 3 Insulin
receptor

c.G3311A p.R1104H 0 0 15.83 – 15.83 20.82

NOS3 9 Nitric oxide
synthase 3

c.G1585A p.G529S 0 0 15.73 - 15.73 18.74

COL6A3 9 Collagen, type
VI, alpha 3

c.T7463C p.I2488T 0 0 19.472 – 16.95 17.01

HGF 1 Hepatocyte
growth
factor

c.C1595T p.A532V 0 0 – 19.91 – 18.93

SNTB1 4 Syntrophin,
beta 1

c.A173G p.N58S 0 0 – 19.27 – 16.98

CLCN6 5 Chloride
channel 6

c.G992C p.C331S 0 0 – – 19.058 18.84

OGDHL 5 Oxoglutarate
dehydrogenase-
like

c.C632T p.T211M 0 0 – – 19.95 15.97

CAPN13 4 Calpain 13 c.C336G p.I112M 0 0 18.074 – – 15.76
MYO7B 26 Myosin VIIB c.G77A p.G26D 0.0006 0 17.660 – – 20.14

¥The z-scores are obtained from aggregating the SiPhy (29-way) score based on identified mutants SNPs within genes (See details in Table S5 of all the mutations
found).
£Exonic. nonsynonymous variants that were considered damaging according to 21 different functional scores from the annotation databases, including SIFT,
LRT, MutationTaster, MutationAssessor, FATHMM, fathmm-MKL, RadialSVM, LR, PROVEAN, MetaSVM, MetaLR, CADD, GERP++, DANN, M-CAP, Eigen,
GenoCanyon, Polyphen2 HVAR, Polyphen2 HDIV, PhyloP, and SiPhy, as previously reported.8 Abbreviations: Max #SNPs: Maximum number of nonsynonymous
variants observed among the three SCD groups; SNP: Single Nucleotide Polymorphism; ExAC: Exome Aggregation Consortium; AFR: African; EUR: European.
The reported cDNA change, Protein change, and all ExAc frequencies are from the putative deleterious variants with top SiPhy (29-way) score.

formed a network (Figure 3B) through gene hubs includ-
ing HGF, PLAT [MIM: 173370], F5 [MIM: 612309], F2
[MIM: 176930], ESR2, INSR, RXRG [MIM: 180247], PMS1
[MIM: 600258], and MYOC [MIM: 601652]. These gene
hubs were associated with blood clotting cascade, vita-
min B12 metabolism, and thrombophilia (P = .0000025,
.000039, and .00029, respectively; Figure 3B,C). In the
replication sample, we found enrichment of genes in glu-

tamate metabolism, response to oxidative stress, comple-
ment/coagulation, and hemoglobin synthesis (Figure S7).
In the replication sample, novel findings that were not
seen in the discovery samples were enrichment of genes
in the following pathways: focal adhesion, angiogenesis,
immune response and inflammation, hemoglobin produc-
tion, longevity, nitric oxide, calcium signaling, and heme
metabolism.
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F IGURE 3 Overlapping biological networks of identified candidatemutations in three Cameroonian SCA sub-groups. A, Overlap of three
networks of the identified candidate mutations (Table S1). B, Significant pathways associated with gene hubs. C, Interaction network of top
associated pathways of gene hubs

3.1.4 Gene-set allele frequency
differentiation among groups of SCD
patients and controls

We tested for gene-specific differences in SNP frequencies
among the three SCA groups (Figure 2B, Figures S8 A,
B, and C). Comparing the “long survivor” and “stroke”
groups, we found six genes exhibiting significant differ-
entiation, including VKORC1 ([MIM: 608547] p = 5.44
× 10−7), FGA ([MIM: 134820] P = 3.40 × 10−6), FGFR3
([MIM: 134934] P = 3.45 × 10−6), PIGG ([MIM: 616918]
P = 8.64 × 10−6), HFE2 ([MIM: 608374] P = 1.16 × 10−5),
and P1BA (P = 1.83 × 10−5) (Figure S8C). These genes
were clustered in complement and coagulation cas-
cades (P = .00007; Figure 2A) and expressed in the liver
(P = .0054). Comparing the “long survivor” group and the
rest of the SCA patients (ie, “stroke” and “random”), three
genes exhibited unusual differentiation (Figure S8B),
including CYP21A2, P2RY2 [MIM: 600041], and PLAT
(P= 6.28 × 10−6, 1.22 × 10−5, and 1.97 × 10−5, respectively),
enriched for blood coagulation (P = .0013) (Figures S9A,
and S9C), associated with thrombophilia (P = .006818),
and expressed in the liver (P= .0053). These genes are also

implicated in fibrinolysis and the response to oxygen levels
(GO:0042730 and GO:0070482, respectively; Figure S9C).
Comparing the “stroke” group and the rest of the

SCA patients, we found frequency differences in ITGA2B
[MIM: 607759], CALCA [MIM: 114130], LTC4S [MIM:
246530], EMILIN1 [MIM: 130660], SERPINC1, NPHS1
[MIM: 602716], ACD [MIM: 609377], and USP37 (P = 3.46
× 10−7, 5.36 × 10−7, 3.96 × 10−6, 4.96 × 10−6, 6.22 ×

10−6, 5.85 × 10−6, 1.86 × 10−5, and 1.48 × 10−5, respec-
tively; Figure S8). These genes were enriched for blood
coagulation (P= .00131), and glycosylphosphatidylinositol
anchor biosynthesis (P = .0014), associated with rheuma-
toid arthritis (P = .046) and Fanconi anemia (P = .0467),
and expressed in the liver (P = .0053). In the compari-
son of the controls against each patient group including
“random,” “stroke,” and “long survivor” groups, we found
PLAT and SLC19A2 [MIM: 603941] to be consistently sig-
nificant in gene-specific differences in allele frequencies
across all the comparisons (Table S4). A total of 29, 27, and
23 genes exhibited significantly unusual gene-specific dif-
ferences in allele frequencywith nominal P-values ranging
from 2.5 × 10−5 to .05, in “random,” “stroke,” and “long
survivor” patients’ groups against the Cameroon controls,



10 of 15 WONKAM et al.

TABLE 3 Significant genes from gene-set rare-variant association analyses

Region Gene

Min. #Rare
Variants
tested

“Stroke”
Versus“Random”
SCA

“Long Survivor”
Versus“Random”
SCA

“Stroke”
Versus“Long
Survivor”

“Random”
SCAVer-
sus“Controls”

1p36.22 CLCN6 19 0.4686 0.0080 0.0527 1.0
1p21.1 COL11A1 69 0.006066 0.6627 0.1376 1.0
1q24.2 F5 12 0.5863 0.5849 0.0287 0.912
1q25.1 SERPINC1 21 0.0716 0.033 0.017 1.0
1q32.1 ATP2B4 13 0.0082 0.0045 0.0554 0.04
2p23.1 CAPN13 11 0.4759 0.0223 0.1827 0.812
2p13.1 SLC4A5 87 0.0462 0.0061 0.0505 0.023
2q34 CPS1 5 0.0737 0.7004 0.0767 0.021
2q37.3 COL6A3 9 0.0104 0.6201 0.0398 0.001
5p15.31 MTRR 3 0.2059 0.0119 0.02263 1.0
5q13.3 HMGCR 9 0.3361 0.4565 0.0453 0.062
5q31.1 SLC22A5 17 0.0478 0.6778 0.0041 0.011
7q21.11 HGF 45 0.0257 0.0063 0.0174 0.041
7q36.1 NOS3 39 0.342 0.0324 0.6525 0.76
8p11.21 PLAT 21 0.4267 0.012 0.4917 0.058
8q24.12 SNTB1 23 0.0228 0.354 0.2357 0.049
10p14 GATA3 12 0.2278 0.0356 0.3434 1.0
11q13.4 NADSYN1 130 0.0172 0.045 0.0247 0.017
14q11.2 SLC7A8 34 0.568 0.0061 0.05819 0.719
14q32.13 SERPINA1 78 0.0392 0.2231 0.0665 0.033
15q21.1 SLC12A1 97 0.0372 0.0848 0.5735 0.013
16p13.3 CACNA1H 134 0.0534 0.0229 0.0139 0.012
16p13.11 ABCC1 209 0.0083 0.0155 0.653 0.0246
17p12 COX10 49 0.3804 0.0143 0.3224 1.0
17q21.31 SLC4A1 156 0.5027 0.472 0.007 0.091
17q23.2 MARCH10 329 0.0375 0.0706 0.0287 0.028
19p13.3 ABCA7 278 0.194 0.0151 0.0884 0.078
19p13.2 INSR 178 0.0106 0.4731 0.0261 0.0191
20p11.21 PYGB 376 0.0257 0.043 0.0282 0.027

Table 3 shows all genes significant at a permutation P < .05 for at least one of the primary comparisons. Genes and P-values significant at adjusted P < .017 are
in bold. Numbers of individuals are: (a) “Stroke’ versus “Random” SCA (n = 79), (b) “Long Survivor” versus” Random” SCA (n = 82), (c) “Stroke” versus” Long
Survivor” (n = 59). “Random” SCA versus “Controls” (n = 114) included as comparison

respectively (Table S4). These genes are enriched with sev-
eral genes identified with recurrent putative deleterious
variants (Table 2 and Table S1) and those that clustered
in hubs of an interaction network (Figure 2; Figures S4,
S5, and S6). Specifically,HBG2 [MIM: 142250] featured sig-
nificant differentiation in allele frequencies with all SCD
patients (P = 1.31 × 10−5, Table S4).

3.1.5 Gene-set rare-variant association
analyses

The main findings from the rare variant association tests
are summarized in Table 3. We found 19 gene sets that

were significantly associated at an adjusted P < .017 in
the comparison of “stroke” versus “random,” “long sur-
vivor” versus “random,” and/or “long survivor” versus
“stroke” (Table 3, Figure 3). Gene sets significantly asso-
ciated with stroke included ATP2B4, COLL11A1, COL6A3,
NADSYN1, ABCC1 [MIM: 158343], and INSRwhile the gene
sets significantly associated with long survival included
CLNC6, SLC24A5 [MIM: 609802], MTRR [MIM: 602568],
HGF, PLAT, SLC7A8, ABCC1, COX10 [MIM: 602125], and
ABCA7 [MIM: 605414]. One gene, ATP2B4, was associ-
ated with both “stroke” and “long survivor” groups. For
the extreme contrast of “stroke” versus “long survivor”,
only four gene sets – SERPINC1, SLC22A5, CACNA1H, and
SLC4A1 [MIM: 109270] – were significant. Notably, these
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TABLE 4 Significant pathways in this study that are also significant in global transcriptomic studies of SCD21,22

Transcriptomic evidence
Pathway identified
in the present study

Lowest P-values in
the present study

Associated
phenotypes

P-values in
original studies Source

Starch and sucrose
metabolism

2.6 × 10−9 molecular risk profile 1.1871 21

One carbon pool by
folate/folate pathway

5.8 × 10−6 molecular risk profile 3.3263 × 10−8 21

Complement and
coagulation cascades

3.9 × 10−8 molecular risk profile 2.73693 × 10−10 21

Complement and
coagulation cascades

3.9 × 10−8 acute crisis in children .016 22

Oxidative Stress 1.8 × 10−6 top severity score in
children

.00442 22

Oxidative Stress 1.8 × 10−6 acute crisis in children 5.6 × 10−4 22

Heme biosynthesis 1.7 × 10−10 top severity score in
children

.00925 22

Heme biosynthesis 1.7 × 10−10 acute crisis in children .005 22

Regulation of cellular
response to stress

1 × 10−09 top severity score in
children

.00008 22

Colorectal cancer/
DNA repair system

.0002 molecular risk profile 1.51002 × 10−12 21

four genes were not significant in the stroke association or
long survival association tests, indicating that additional
information was gained from this comparison.
The significant gene sets in the rare variant association

analyses includedmost of the genes found to harbor recur-
rent deleterious variants in both the discovery and repli-
cation cohort (Table 2) and/or showing unusual allele fre-
quency distributions (Table S4).

3.1.6 Comparison with GWAS of sickle
cell anemia and related traits

To contextualize our findings against the results of GWAS
that have been conducted for sickle cell anemia and
related traits, we queried the NHGRI-EBI GWAS Cat-
alog for all associations related to “sickle cell anemia”
(EFO ID: Orphanet_232) and “haemoglobin F” (EFO ID:
EFO_0004576). None of the genes significant in the present
study (Tables S3 and S4) was significant in the relevant
GWASand vice versa. Therefore, our results represent find-
ings unique to the exome space and not found by GWAS.
We also note that there is no overlap between the genes
in this study and genes significantly associated with HbF
by GWAS. This observation implies that the effect of the
geneswe found to be significantly associatedwith long sur-
vival or stroke in this study are notmediated via HbF levels
(one of the strongest andmost consistently associated SCA
modifiers).

3.1.7 Functional support for identified
pathways from transcriptomic studies

Gene expression provides functional evidence that a path-
way is dysregulated in a disorder. To this end, we queried
the significant pathways identified by sequence analysis in
the present study against the most differentially dysregu-
lated pathways in the two largest studies of global gene
expression profiles in relation to SCD severity.22 Our find-
ings show that most of our significant pathways also show
significant transcriptomic differences in relation to SCD
severity (Table 4), thus providing supportive evidence that
these pathways are important in SCD pathophysiology.

4 DISCUSSION

Our study addresses the issue of genetic modifiers of clini-
cal variation in SCA in SSA using a whole-exome sequenc-
ing approach.We utilized a design that included “long sur-
vivors” (representing patients surviving to the fifth decade
despite the harsh environment and lack of state-of-the-art
medical care) and overt stroke patients (representing one
of the most severe complications of SCA). By including
a “random” comparison group, we provided a reference
comparison group of the “average” SCA patient. This phe-
notype grouping that explicitly recognizes that some com-
plications take time to emerge (eg, stroke- or age-related
complications/mortality) is a methodologic approach that,
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perhaps, could be considered innovative and a strength
of this manuscript. Given that there were no significant
findings among the groups for fetal hemoglobin levels,
classical sickle haplotypes, and α-thalassemia, our study
implicitly controlled for these known factors for clinical
heterogeneity in SCD. However, the lack of significance of
HbF levels, a well-established and strongest known mod-
ifier of SCD childhood complications and that is influ-
enced by genomic variations and therapeutic interven-
tions, probably reflects the fact that the sample studied
have all survived past the “under-5-year-old” mortality
hazards (malaria, bacterial sepsis, diarrheal disease, or
splenic sequestration, etc.).
The main findings point to different gene sets that are

enriched for deleterious and loss-of-function mutations in
phenotypically defined groups of patients and with evi-
dence of genetic association with different phenotypes,
providing support for the complexity of the genetic archi-
tecture of SCD phenotypic variability. Notably, pathways
represented by these genes point to relevant pathophysio-
logical mechanisms, including some that are already ther-
apeutic targets. Our findings of the involvement of glu-
tamine (NADSYN1) and arginine (OGDHL and NOS3) are
novel and noteworthy. Decreased erythrocyte glutamine
levels contribute to alterations in the erythrocyte redox
environment and hemolysis and play a role in the patho-
genesis of pulmonary hypertension in SCD.23 l-Glutamine
was recently approved by the US FDA as a medication
for SCD.24 A non-synonymous variant in the arginine-
fifty homeobox gene (ARGFX) was previously associated
with stroke in SCD.13 Low-dose supplementation with l-
arginine improved liver function, oxidative stress, nitric
oxide metabolite levels, cardiovascular dysfunction, and
sickle cell-related pain.25 CACNA1H is associated with
hypertension and is therapeutically targetable by calcium
channel blockers.26 Thus, our findings using sequence
analysis of African SCA patients has support from prior
studies. Moreover, the findings of vascular and NO signal-
ing variants are consistent with the clinical observations
that long term survival among African Americans patients
are dependent on vasculopathic complications.27
A major finding of this study is the observation that

“long survivor” group was characterized by mutational
burdens in CLCN6 and OGHDL. Rare, deleterious muta-
tions in CLCN6 (a voltage-dependent chloride channel)
have been associated with lower blood pressure.28 Given
that increased blood pressure is a major risk factor for
stroke in SCD,29 this suggests that SCD patients with
CLCN6 mutations live longer due to a reduced risk of
stroke. OGHDL is important in arginine metabolism,
which is a key factor in the hemolysis-endothelial dys-
function observed in SCD and has become a target for
therapeutic interventions as noted above. Interestingly, in

a recent trial in patients with SCD, the median number
of pain crises over 48 weeks was lower among those
who received oral therapy with l-glutamine.30 Vari-
ants in genes involved in complement and coagulation
cascade and fibrinolysis appear to be important for all
SCD patients and particularly for susceptibility to stroke.
It is well known that SCD involves a hypercoagulable
state.3,13 SERPINC1 encodes antithrombin, implicating
loss of SERPINC1 activity with increased blood coagu-
lation. Transcriptomic expression of complement and
coagulation components in circulation was increased
in a cluster of African American SCD patients with
higher severity and mortality rate.21,22 Moreover, there
is evidence of increased complement activation in older
patients with SCD,31 and a complement gene C5mutation
was associated with stroke in SCD patients.13 In summary,
the evidence from this and other studies suggest that
long survival is characterized by mutations that confer
protection for adverse phenotypes (notably stroke) given
that these genes influence intermediate phenotypes for
stroke (including blood pressure and endothelial function)
while the overt stroke phenotype in SCA is associated with
mutations in genes that are involved in the complement
and coagulation cascade. Identification of genes such as
LTC4S, that displayed specific signal of unusual difference
in SNPs frequencies among patients with stoke (Figure
S8A), will deserve future investigations with appropriate
experimental design to explore other genes involved in
leukotriene synthesis pathways, that have long been
associated with SCD pain, airway hyperresponsiveness,
and hospitalization rates.32,33 Specifically, future studies
should investigate leukotriene levels as potential marker
for stroke, in as much as leukotriene antagonists are being
tested in Phase 2 trial for SCD-related comorbidities in
SCD.34
Long survival in SCA is a composite phenotype that

includes factors that decrease mortality-causing events
(eg, strokes) and/or are associated with improved indices
of health (eg, favorable blood pressure and lipid profiles),
which in turn have their own risk factors. While the
present study was not designed to measure most of these
intermediate phenotypes, we note that the genes with
high mutational burden found in the present study were
annotated to functional pathways related to some of
the intermediate phenotypes and also show association
with severity phenotypes in independent transcriptomic
studies (as shown in Table 4). Further studies are needed
to investigate the mechanisms by which these mutational
changes influence the phenotype. We also recommend
that future longitudinal studies with larger sample sizes,
from diverse population groups and settings in Africa,
Europe, and America, should include HbF levels, blood
pressure, markers of oxidative stress, arginine/ glutamine
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levels, blood coagulation markers, and markers of heme
pathways/hemolysis as important clinical variables for
genotype-phenotype association, in relation to long-term
survival.
Involvement of genes in the pathways of vitamin B12

and folate metabolism is expected as these pathways are
important for regulation of erythropoiesis. Subjects with
SCD are at higher risk of cobalamin deficiency, justify-
ing supplementation in clinical practice.35 Identification
of genes involved in mitotic check-point and DNA repair,
starch, and sucrosemetabolism, and solute carriers require
further study to explore their roles in modifying the SCD
phenotype. Similarly, future studies on heme pathways
can explore if hemolysis metabolism or susceptibility are
responsible for findings in this signaling hub in the repli-
cation samples.
To our knowledge, this is the first investigation of clin-

ical variation in SCD in Africa using a whole-exome
sequencing approach. Strengths of the study include well-
defined clinical groups, inclusion of an independent repli-
cation sample, study sites where treatment is unlikely to
confound outcomes, use of several different but comple-
mentary analytical approaches and linking the identified
genes and pathways to published transcriptomic and ther-
apeutic data. Nonetheless, the study has some limitations.
The stroke group consisted of patients with overt stroke
and would therefore not have captured patients with silent
cerebrovascular events. In addition, we focused on overt
stroke, without brain imaging than could have further sub-
stratified this phenotype as ischemic or hemorrhagic, and
identified subclinical infarcts, that are also found in SCD
in children in Africa.36,37 These sub-classifications could
have allowed differential exploration of genetic protective
and pathophysiologic risk factors, for example, variants in
genes in hemolysis pathways for ischemic stroke, and vari-
ants in genes of vasculopathy, hypertension, and connec-
tive tissues pathways for hemorrhagic stroke. However, it
should be noted that our focus is on a severe event (overt
stroke), not on silent subclinical events, which, by defi-
nition, do not represent severe clinical events. The ideal
study design for outcomes in SCA is a longitudinal study.
In its absence, we have used a “random group” in the
present study to enable us to distinguish between genes
with similar mutation burden in all SCD patients irre-
spective of the clinical severity versus those genes that
exhibit such characteristics in specific extreme groups,
such as “long survivor” and “stroke” patients. Future stud-
ies with a longitudinal design will indeed provide a better
comparison than what is possible with a cross-sectional
study. Also, the sample sizes are relatively modest and
larger sample sizes would probably yield more findings,
as illustrated by the finding of additional genes and path-
ways found in the replication group but not in the dis-

covery group. Nonetheless, the total number of exomes
sequenced in the study represents one of the largest (and
only available from Africa) such datasets for SCA severity
to date.
In summary, we reported a WES study on clinical phe-

notypes of SCA in Africa. We generated a catalogue of
candidate modifier genes that clustered in pathophysio-
logical pathways important in SCA and with implications
for therapeutic intervention. This study fills an important
gap in knowledge by using a WES approach focusing on
deleterious coding variants important in two specific clin-
ical categories of SCA patients (long survival and overt
stroke), in contrast tomost other studies that used a GWAS
approach and often used fetal hemoglobin levels as a proxy
of severity. This study thusmakes significant contributions
to present knowledge of the natural history and clinical
heterogeneity of SCA in SSA,with the potential for inform-
ing the design of new therapeutics.

5 WEB RESOURCES

OnlineMendelian Inheritance inMan: http://www.omim.
org
SKAT: SNP-Set (Sequence) Kernel Association Test:

https://cran.r-project.org/web/packages/SKAT/index.
html

ACKNOWLEDGEMENTS
Conceived and designed the experiments: AW, EC, AA.
Performed the experiments: AW, KN, GP, VJNB. Patient
recruitment, samples and clinical data collection and pro-
cessing: AW, VJNB, KM, GP. Analyzed the data: AW,
EC, KM, GP, AA. Contributed reagents/materials/analysis
tools: AW, EC, NM, DS, CNR. Wrote the paper: AW, EC.
Revised and approved the manuscript: AW, AA, EC, KM,
VJNB, NM, DS, CNR. The molecular experiments of the
study were funded by the National Health Laboratory Ser-
vices (NHLS), South Africa and the National Institutes of
Health, USA grants 1U01HG007459-01 andU24-HL-135600
to AW. CNR, AA, and DS are supported by the Intra-
mural Research Program of the Center for Research on
Genomics and Global Health (CRGGH). CRGGH is sup-
ported by the National Human Genome Research Insti-
tute, the National Institute of Diabetes and Digestive and
Kidney Diseases, the Center for Information Technology,
and the Office of the Director at the National Institutes of
Health (1ZIAHG200362). The funders had no role in study
design, data collection and analysis, decision to publish, or
preparation of the manuscript. The corresponding author
confirms that he has full access to all the data in the study
and has final responsibility for the decision to submit for
publication.

http://www.omim.org
http://www.omim.org
https://cran.r-project.org/web/packages/SKAT/index.html
https://cran.r-project.org/web/packages/SKAT/index.html


14 of 15 WONKAM et al.

DATA AVAILAB IL ITY STATEMENT
The datasets used and/or analysed during the current
study are available from the corresponding author on rea-
sonable request.

CONFL ICT OF INTEREST
The authors declare no competing interests. The authors
alone are responsible for the content and writing of this
article.

ORCID
AmbroiseWonkam https://orcid.org/0000-0003-1420-
9051

REFERENCES
1. Shriner D, Rotimi CN. Whole genome sequence-based haplo-

types reveal single origin of the sickle allele during the Holocene
Wet Phase. Am J Hum Genet. 2017;102:547-556.

2. Piel FB, Hay SI, Gupta S, Weatherall DJ, Williams TN. Global
burden of sickle cell anaemia in children under five, 2010–2050:
modelling based on demographics, excess mortality, and inter-
ventions. PLoS Med. 2013;10:e1001484.

3. McGannPT,HernandezAG,WareRE. Sickle cell anemia in sub-
Saharan Africa: advancing the clinical paradigm through part-
nerships and research. Blood. 2017;129:155-161.

4. Platt OS, Brambilla DJ, Rosse WF, et al. Mortality in sickle cell
disease life expectancy and risk factors for early death. N Engl J
Med. 1994;330:1639-1644.

5. Xu J, Peng C, SankaranVG, et al. Correction of sickle cell disease
in adult mice by interference with fetal hemoglobin silencing.
Science. 2011;334:993-996.

6. Saraf SL, Akingbola TS, Shah BN, et al. Associations of α-
thalassemia and BCL11A with stroke in Nigerian, United States,
and United Kingdom sickle cell anemia cohorts. Blood Advance.
2017;1:693-698.

7. Geard A, Pule GD, Chetcha Chemegni B, et al. Clinical and
genetic predictors of renal dysfunctions in sickle cell anaemia
in Cameroon. Br J Haematol. 2017;178:629-639.

8. Maitra P, Caughey M, Robinson L, et al. Risk factors for
mortality in adult patients with sickle cell disease: a meta-
analysis of studies in North America and Europe. Haematolog-
ica. 2017;102:626-636.

9. Wonkam A, Mnika K, Ngo Bitoungui VJ, et al. Clinical and
genetic factors are associated with pain and hospitalisation rates
in sickle cell anaemia in Cameroon. Br JHaematol. 2018;180:134-
146.

10. Grosse SD, Odame I, Atrash HK, Amendah DD, Piel FB,
Williams TN. Sickle cell disease in Africa: a neglected cause
of early childhood mortality. Am J Prev Med. 2011;41:S398-
S405.

11. Boyle EA, Li YI, Pritchard JK. An expanded view of com-
plex traits: from polygenic to omnigenic. Cell. 2017;169:1177-
1186.

12. Wonkam A, Bitoungui VJN, Vorster AA, et al. et al. Association
of variants at BCL11A and HBS1L-MYB with hemoglobin F and

hospitalization rates among sickle cell patients in Cameroon.
PLoS ONE. 2014;9:e92506.

13. Flanagan JM, Sheehan V, Linder H, et al. Genetic mapping and
exome sequencing identify 2 mutations associated with stroke
protection in pediatric patients with sickle cell anemia. Blood.
2013;121:3237-3245.

14. Rumaney MB, Bitoungui VJN, Vorster AA, et al. The co-
inheritance of alpha-thalassemia and sickle cell anemia is asso-
ciatedwith better hematological indices and lower consultations
rate in Cameroonian patients and could improve their survival.
PLoS ONE. 2014;9:e100516.

15. Gézsi A, Bolgár B, Marx P, Sarkozy P, Szalai C, Antal P. Vari-
antMetaCaller: automated fusion of variant calling pipelines for
quantitative, precision-based filtering. BMCGenom. 2015;16:875.

16. McKenna A, Hanna M, Banks E, et al. The Genome Analysis
Toolkit: a MapReduce framework for analyzing next-generation
DNA sequencing data. Genome Res. 2010;20:1297-1303.

17. Sifrim A, et al. eXtasy: variant prioritization by genomic data
fusion. Nat Methods. 2013;10:1083.

18. Neale BM, Rivas MA, Voight BF, et al. Testing for an unusual
distribution of rare variants. PLOS Genet. 2011;7:e1001322.

19. Ionita-Laza I, Lee S, Makarov V, Buxbaum J, Lin X. Sequence
kernel association tests for the combined effect of rare and com-
mon variants. American Journal of Hum Genet. 2013;92:841-853.

20. Chimusa ER, Mbiyavanga M, Mazandu GK, Mulder NJ. ancG-
WAS: a post genome-wide association study method for inter-
action, pathway and ancestry analysis in homogeneous and
admixed populations. Bioinformatics. 2015;32:549-556.

21. Tishkoff SA, et al. The genetic structure and history of Africans
and African Americans. Science. 2009;324:1035-1044.

22. Desai AA, Lei Z, BahroosN, et al. Association of circulating tran-
scriptomic profiles with mortality in sickle cell disease. Blood.
2017;129:3009-3016.

23. Hounkpe BW, Fiusa MML, Colella MP, et al. Role of innate
immunity-triggered pathways in the pathogenesis of Sickle Cell
Disease: a meta-analysis of gene expression studies. Sci Rep.
2015;5:17822.

24. Morris CR, Kuypers FA, Lavrisha L, et al. A randomized,
placebo-controlled trial of arginine therapy for the treatment of
childrenwith sickle cell disease hospitalizedwith vaso-occlusive
pain episodes. Haematologica. 2013;98:1375-1382.

25. Wilmore DW. Food and Drug Administration approval of glu-
tamine for sickle cell disease: success and precautions in glu-
tamine research. J Parenter Enteral Nutr. 2017;41:912-917.

26. Shilo NR, Morris CR. Pathways to pulmonary hypertension in
sickle cell disease: the search for prevention and early interven-
tion. Expert Rev of Hematol. 2017;10:875-890.

27. D1 Hamideh, Alvarez O. Sickle cell disease related mortal-
ity in the United States (1999-2009). Pediatr Blood Cancer.
2013;60:1482-1486.

28. Adeyemo A, Gerry N, Chen G, et al. A genome-wide association
study of hypertension and blood pressure in African Americans.
PLoS Genet. 2009;5:e1000564.

29. Cheng YC, Cole JW, Kittner SJ, Mitchell BD. Genetics of
ischemic stroke in young adults. Circulation: Cardiovascular
Genetics. 2014;7:383-392.

30. Niihara Y, Miller ST, Kanter J, et al. A phase 3 trial of l-
glutamine in sickle cell disease. N Engl J Med. 2018;379(3):
226-235.

https://orcid.org/0000-0003-1420-9051
https://orcid.org/0000-0003-1420-9051
https://orcid.org/0000-0003-1420-9051


WONKAM et al. 15 of 15

31. Gavriilaki E, MainouM, Christodoulou I, et al. In vitro evidence
of complement activation in patients with sickle cell disease.
Haematologica. 2017;102:e481-e482.

32. Eiymo Mwa Mpollo MS, Brandt EB, Shanmukhappa SK,
et al. Placenta growth factor augments airway hyperrespon-
siveness via leukotrienes and IL-13. J Clin Invest. 2016;126:
571-584.

33. Setty BN, Stuart MJ, Dampier C, Brodecki D. Allen JL Hypox-
aemia in sickle cell disease: biomarker modulation and rele-
vance to pathophysiology. Lancet. 2003;362:1450-1455.

34. Field JJ, Kassim A, Brandow A, et al. Phase 2 trial of mon-
telukast for prevention of pain in sickle cell disease. Blood Adv.
2020;4:1159-1165.

35. Dixit R, Nettem S, Madan SS, et al. Folate supplementation
in people with sickle cell disease. Cochrane Database Syst Rev.
2018;3:CD011130.

36. Kija EN, Saunders DE, Munubhi E, Darekar A, et al. Transcra-
nial Doppler and magnetic resonance in Tanzanian children
with sickle cell disease. Stroke. 2019;50:1719-1726.

37. GreenNS,MunubeD, Bangirana P, et al. Burden of neurological
and neurocognitive impairment in pediatric sickle cell anemia
in Uganda (BRAIN SAFE): a cross-sectional study. BMCPediatr.
2019;19:381.

SUPPORT ING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

How to cite this article: Wonkam A, Chimusa
ER, Mnika K, et al. Genetic modifiers of long-term
survival in sickle cell anemia. Clin Transl Med.
2020;10:e152. https://doi.org/10.1002/ctm2.152

https://doi.org/10.1002/ctm2.152

	Genetic modifiers of long-term survival in sickle cell anemia
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Ethics statement
	2.2 | Patients and methods
	2.3 | Sickle cell disease mutation, &#x03B2;&#x2010;globin gene cluster haplotypes, and 3.7&#x00A0;kb &#x03B1;&#x2010;globin gene deletion
	2.3.1 | Whole exome sequencing
	2.3.2 | Variant calling quality control, annotation, and prioritization
	2.3.3 | Gene-specific differences in SNP frequencies
	2.3.4 | Burden and rare-variant analyses
	2.3.5 | Network and enrichment analysis


	3 | RESULTS
	3.1 | Characterization of participants
	3.1.1 | Mutational burden of genes in discovery samples
	3.1.2 | Replication of mutational burden of genes in an independent sample
	3.1.3 | Pathways and biological processes associated with genes with high mutational burdens
	3.1.4 | Gene-set allele frequency differentiation among groups of SCD patients and controls
	3.1.5 | Gene-set rare-variant association analyses
	3.1.6 | Comparison with GWAS of sickle cell anemia and related traits
	3.1.7 | Functional support for identified pathways from transcriptomic studies


	4 | DISCUSSION
	5 | WEB RESOURCES
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	CONFLICT OF INTEREST
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


