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Deoxy-hemoglobin S polymerization into rigid ﬁbers is the direct cause of the clinical sequelae observed in sickle
cell disease (SCD). The rate of polymerization of sickle hemoglobin is determined primarily by intracellular
hemoglobin concentration, itself dependent on the amount of sickle hemoglobin and on red blood cell (RBC)
volume. Dense, dehydrated RBC (DRBC) are observed in SCD patients, and their number correlates with
hemolytic parameters and complications such as renal dysfunction, leg ulcers and priapism. To identify new
genes involved in RBC hydration in SCD, we performed the ﬁrst genome-wide association study for DRBC in 374
sickle cell anemia (HbSS) patients. We did not ﬁnd genome-wide signiﬁcant results, indicating that variants that
modulate DRBC have modest-to-weak eﬀects. A secondary analysis demonstrated a nominal association
(P = 0.003) between DRBC in SCD patients and a variant associated with mean corpuscular hemoglobin
concentration (MCHC) in non-anemic individuals. This intronic variant controls the expression of ATP2B4, the
main calcium pump in erythrocytes. Our study highlights ATP2B4 as a promising target for modulation of RBC
hydration in SCD patients.
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1. Introduction
Sickle cell disease (SCD) is one of the most common monogenic
diseases in the world. It is caused by a single mutation in the gene that
encodes the β-chain of hemoglobin. Despite this genetic homogeneity,
SCD patients are characterized by extreme clinical heterogeneity,
ranging in presentation from benign mild anemia to devastating
cerebrovascular events. Studies of the natural history of this blood
disorder have improved clinical care such that most SCD patients in
North America and Europe can now expect to reach middle age. Despite
this progress, the life expectancy and quality-of-life of SCD patients is
reduced, as treatment options remain limited, and no widely accessible
curative therapy is available. Moreover, universal genetic screening and
improved care for SCD have been slow to reach the sub-Saharan region,
where the vast majority of SCD patients reside.
Results of seminal observational, epidemiological, biochemical, and

⁎

genetic experiments have led to the emergence of fetal hemoglobin
(HbF) as a key genetic modiﬁer of severity in SCD [1]. The beneﬁcial
eﬀects of hydroxyurea (HU), the only drug currently approved to treat
SCD, are mediated in part by increasing HbF production. Dense,
dehydrated erythrocytes are a hallmark of SCD patients, and red blood
cell density (DRBC) has been investigated as a potential modiﬁer of
patient-to-patient clinical variability in SCD. Patients with elevated
numbers of dense erythrocytes are expected to have clinical courses of
greater severity, because the intracellular concentration of sickle
hemoglobin (HbS) inﬂuences its rate of polymerization after deoxygenation [2]. Indeed, a study carried out in ~500 SCD patients showed
that higher DRBC was associated with increased risk of leg ulcer,
priapism, heart remodeling and renal dysfunction [3,4]. Interestingly,
DRBC is not correlated with HbF, suggesting that therapeutic modulation of DRBC could further reduce complications when combined with
HbF-stimulating agents such as HU.
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Several ion transporters and channels can control directly or
indirectly RBC hydration (and thus density) [5]. Senicapoc, a selective
inhibitor of the calcium-activated potassium Gardos channel, was
shown in a mouse model of SCD to reduce the number of DRBC [6].
A phase III clinical trial of senicapoc in SCD patients similarly decreased
the number of dense red blood cells, but failed to reduce the number of
painful vaso-occlusive crises [7]. Strong interest nonetheless persists in
the identiﬁcation of novel drug targets, inhibition of which would
selectively re-hydrate erythrocytes in SCD patients. Evidence of the
pathologic importance of dehydration in SCD erythrocytes continues to
accumulate [8]. Human genetics can provide an unbiased approach to
discover the role of proteins and biological pathways in RBC hydration.
In this article, we describe results from the ﬁrst genome-wide association study (GWAS) to identify DNA sequence variants associated with
DRBC in SCD patients.
2. Methods
2.1. Ethics statement
Informed consent was obtained for all participants in accordance
with the Declaration of Helsinki. This project was also reviewed and
approved by the Montreal Heart Institute Ethics Committee and the
diﬀerent recruiting centers.
2.2. Samples and DNA genotyping
The GEN-MOD study, a cohort of sickle cell anemia (HbSS) patients
recruited in Paris, France, has been described elsewhere [3]. Hemoglobin proﬁle, complete blood count, and red blood cell density (DRBC)
determination using the phthalate density-distribution technique were
all obtained at steady-state on the same day. 408 GEN-MOD participants were available for our genetic investigation. The DNA of the GENMOD participants was genotyped on the Illumina Inﬁnium HumanOmni2.5Exome-8v1.1 array at the Montreal Heart Institute Pharmacogenomics Center. We used PLINK [9] and other custom scripts to control
the quality of the genotyping dataset: we excluded samples and markers
with genotyping success rate < 95%, markers out of Hardy-Weinberg
Equilibrium (P < 1 × 10− 7) and markers with extreme (high or low)
heterozygosity. We performed multidimensional scaling (MDS) in
PLINK, anchoring these results on projections obtained using reference
populations from the 1000 Genomes Project, to detect and remove
(after visual inspection) population outliers. The Cooperative Study of
Sickle Cell Disease (CSSCD) has been described extensively elsewhere
[10–12]. Genome-wide genotype data generated with the Illumina
Human610-Quad array was available for 1279 CSSCD participants. We
conducted genotype imputation using Minimac3 (v1.0.11) [13] and
reference haplotypes from phase 3 of the 1000 Genomes Project. We
restricted association testing to markers with an imputation quality
r2 > 0.3.
2.3. Statistical analyses
The descriptive statistics of the participants analyzed in this study
are presented in Table 1. Continuous phenotypes (DRBC and mean
Table 1
Descriptive statistics of the GEN-MOD and CSSCD sickle cell disease participants analyzed
in this study. For continuous variables, we provide the mean ± standard deviation and
the number of participants with available data. NA, not available.
Phenotype

GEN-MOD (N = 408)

CSSCD (N = 1279)

Males/females
Age, years
DRBC, %
MCHC, g/dL

185/223
30 ± 9
13.1 ± 8.6
34.5 ± 1.8

616/663
13 ± 12
NA
34.6 ± 1.16

corpuscular hemoglobin concentration (MCHC)) were adjusted for sex
and age, and the residuals were normalized using inverse normal
transformation. Because low MCHC can be confounded by the thalassemia trait, we excluded from the analyses participants with αthalassemia or a mean corpuscular hemoglobin (MCH) < 26 pg. We
used linear regression for association testing between single variants
and continuous traits, as implemented in RVtests (v.20140416) [14].
We used Sequence Kernel Association Test (SKAT) [15] and Variable
Threshold (VT) [16] for our gene-based testing using rareMETALS
(v.6.3) [17]. For gene-based testing, we focused our analysis on
genotyped variants with minor allele frequency (MAF) < 5%. We ran
two sets of gene-based analyses: broad set (missense, nonsense, splicesite, frameshift and stop codon) and strict set (all of the above except
missense variants). All genetic association analyses presented in this
study were adjusted for the ten ﬁrst principal components. Furthermore, we applied a genomic control correction to the DRBC GWAS
results.
We deﬁned genome-wide signiﬁcance as α = 5 × 10− 8 and
α = 2.5 × 10− 6 for single-variant and gene-based tests, respectively.
In the post-hoc prioritization analyses (see below), we considered
12,360 erythroid enhancers (α = 4 × 10− 6 after Bonferroni correction) or expression quantitative trait loci (eQTL) for 66 candidate genes
(α = 8 × 10− 4 after Bonferroni correction). For the 84 variants
previously associated with MCHC by GWAS, and their linkage disequilibrium (LD) proxies, we highlighted variants with nominal signiﬁcance (α = 0.05) given the strong prior probability of these loci
contributing to RBC hydration.
2.4. Genetic and functional prioritization of genetic variants
Given the limited statistical power oﬀered by our sample size, we
sought to prioritize variants using independent genetic and functional
genomic information. In GEN-MOD, DRBC is strongly correlated with
MCHC (Pearson's r = 0.63, P = 7 × 10− 41, Supplementary Figs. 1–2).
Although MCHC is not a perfect proxy for DRBC, variants associated
with RBC dehydration are expected to result in increased MCHC. Since
hemoglobin concentration is one of the major factors inﬂuencing sickle
hemoglobin (HbS) polymerization [2], we tested the association of the
top-scoring DRBC variants (PDRBC < 1 × 10− 6) for association with
MCHC in GEN-MOD and the CSSCD. We also tested whether the
variants associated with MCHC in a large genome-wide association
study (GWAS) of European-ancestry non-anemic individuals [18] are
associated with DRBC in SCD participants from GEN-MOD. For this
lookup, we considered not only the sentinel MCHC GWAS variants, but
also all variants in strong LD (r2 > 0.8) in European populations from
the 1000 Genomes Project.
We also prioritized variants that map to erythroid enhancers deﬁned
using DNase I hypersensitive sites and histone tail modiﬁcations [19].
Finally, we queried the GTEx database [20] to retrieve eQTL for 66
candidate genes. These genes were pre-selected based on their known
and suspected roles in erythrocyte hydration. Supplementary Table 1
lists these candidate genes and rationales for their inclusion in the
study.
3. Results
3.1. Genome-wide association study of red blood cell density
After quality-control and genotype imputation, we performed a
genome-wide association study (GWAS) between ~ 31 million DNA
sequence variants and red blood cell density (DRBC) in 374 sickle cell
disease (SCD) patients from the GEN-MOD cohort (Table 1). DRBC was
measured at steady-state during recruitment. For 26 GEN-MOD participants, we also repeated the measure on average 3.2 years later (range:
0.5–9 years) and found no signiﬁcant diﬀerence (paired t-test P = 0.79,
r2 = 0.65), suggesting that DRBC is a stable phenotype. Although our

Y. Ilboudo et al.

Fig. 1. Distribution of genome-wide association results with red blood cell density
(DRBC) in 374 sickle cell disease patients. We present results for all imputed markers
(pink), markers that map to erythroid enhancers (purple), markers that are expression
quantitative trait loci (eQTL) for 66 candidate genes implicated in red blood cell
hydration (brown), and markers associated with mean corpuscular hemoglobin concentration (MCHC) from previous genome-wide association studies (green). The grey area
corresponds to the 95% conﬁdence interval. λGC, genomic inﬂation factor.

single variant analysis was adjusted using principal components, we
noted a modest inﬂation of the test statistics (λGC = 1.1, Fig. 1). For
this reason, we corrected the test statistics using genomic control.
Table 2 presents results for loci and associated variants with
PDRBC < 5 × 10− 6. Gene-based testing focused on directly genotyped
coding variants with minor allele frequencies (MAF) < 5% identiﬁed
no signiﬁcant association with DRBC.
The gold standard validation of genetic association studies requires
replication of the initially observed associations for the same phenotype
and variant in an independent cohort. Unfortunately, we are unaware
of any SCD cohorts of suﬃcient size to replicate our DRBC genetic
results. For this reason, we explored the use of mean corpuscular
hemoglobin concentration (MCHC) as a surrogate phenotype. DRBC
and MCHC are highly correlated in SCD patients (Supplementary
Fig. 1), and high DRBC and MCHC each can reﬂect erythrocyte
dehydration. Thus, a variant associated with DRBC might be predicted
also to associate with MCHC.
First, we tested within GEN-MOD itself the association between the
top-scoring variants associated with DRBC and MCHC. As expected for
two correlated traits tested in the same individuals, several variants are
associated with both DRBC and MCHC in GEN-MOD (Table 2). As an
independent validation step, we performed the MCHC genetic association analysis in the Cooperative Study of Sickle Cell Disease (CSSCD).
After excluding participants with α-thalassemia, which may independently aﬀect MCHC, we identiﬁed 584 CSSCD participants with baseline MCHC and genotype data available. Only one of the 15 tested
variants with PDRBC < 5 × 10− 6 in GEN-MOD also had a
PMCHC < 0.05 and consistent direction of eﬀect in the CSSCD: this
variant, rs59264502, is common (MAF = 46%) and intergenic
(Table 2).
3.2. Variant prioritization
We implemented three strategies to increase the probability of
ﬁnding robust genetic associations with DRBC. First, we considered
potentially regulatory variants that map to erythroid enhancers, as

deﬁned by DNase I hypersensitive sites and histone modiﬁcations [19].
Among the 12,360 regulatory elements tested, we found no variants
more strongly associated with DRBC than would be expected by chance
(Fig. 1). Second, we retrieved from the GTEx resource [20] expression
quantitative trait loci (eQTL) for 66 candidate genes, selected because
they encode proteins with direct or indirect eﬀects on red blood cell
hydration (Supplementary Table 1). Three of these genes had eQTLs
that were also associated with DRBC in SCD patients from GEN-MOD
(at PDRBC < 8 × 10− 4, Bonferroni correction for 66 genes), although
none were signiﬁcantly associated with MCHC in the CSSCD (Table 2).
These three promising variants control the expression of the Mg2 +
transporter SLC41A3, the cytoskeletal protein SPTB (β-spectrin), and
the mechanosensitive cation channel PIEZO1.
Our ﬁnal strategy to prioritize variants was to exploit the physiological link between DRBC and MCHC. We reasoned that some variants
previously associated with MCHC by GWAS could also inﬂuence DRBC.
A recent meta-analysis carried out in 173,480 participants of European
ancestry identiﬁed 84 DNA sequence variants robustly associated with
MCHC [18]. To accommodate ethnicity diﬀerence, we retrieved DRBC
results for these 84 variants as well as for all variants in strong linkage
disequilibrium (LD, r2 > 0.8 in European-ancestry individuals from
the 1000 Genomes Project). This query highlighted eight variants with
PDRBC < 0.05 (Table 3).
One of these eight variants, rs1203972, is located near the α-globin
locus on chromosome 16. This is promising since the presence of αthalassemia is associated with fewer DRBC [3], although it is unknown
whether this speciﬁc SNP is in LD with an α-thalassemia mutation. The
most common cause of α-thalassemia in individuals of African ancestry
is a 3.7-kb deletion that encompasses one of the genes (HBA2) encoding
the α-chain of hemoglobin. Analyses of whole-genome sequence data
from African populations in the 1000 Genomes Project showed this
deletion is in LD with rs13335629 [21]. However, rs1203972 and
rs13335629 are not in LD in GEN-MOD (r2 = 0.02), nor is rs13335629
associated with DRBC (PDRBC = 0.24).
3.3. ATP2B4 and DRBC in SCD patients
The second interesting result arising from this analysis of MCHCassociated SNPs in the DRBC GWAS data is an intronic SNP at the
ATP2B4 locus. ATP2B4, also known as PMCA4, encodes the main
calcium pump of erythrocytes. We recently showed that this SNP,
rs10751450, strongly associated with MCHC in European populations
[18] and with malaria susceptibility in African populations [22], is an
erythroid-speciﬁc eQTL for ATP2B4 [23].
4. Discussion
DRBC has emerged as a promising biomarker of SCD clinical
severity, but also an interesting target for therapeutic interventions
[3,7,8]. Motivated by the recent genetic success that led to the
identiﬁcation of BCL11A and its role in controlling HbF production
[24], we performed the ﬁrst GWAS for DRBC in SCD patients. Given its
limited sample size, our study design would have allowed us to identify
only genetic variants of strong phenotypic eﬀect. In the absence of such
results, we can conclude that inter-individual variation in DRBC levels
is controlled by common variants of weak eﬀects and/or rare variants
of modest-to-strong eﬀects, a prediction that is consistent with the
genetic architecture of most complex human traits. Performing genetic
investigations with an increased number of SCD patients with DRBC
measures available represents the most straightforward strategy to
identify genetic variants that modulate erythrocyte density.
Despite the absence of genome-wide signiﬁcant associations, biologically-informed post hoc analyses allowed us to prioritize candidate
variants for future investigations. Using the GTEx resource, we found
two common variants that are associated with DRBC in SCD patients
and the expression of two strong candidate genes (Table 2). Indeed, rare
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Table 2
Top single variant association results with red blood cell density (DRBC) in 374 participants from GEN-MOD. We included in this table variants with PDRBC < 5 × 10− 6 or variants that are expression quantitative trait loci (eQTL) for candidate
genes in GTEx and have a PDRBC < 8 × 10− 4 (Methods). Chr:Pos, genomic coordinates on build hg19; REF/ALT, reference and alternate alleles; AF, frequency of the alternate allele; BETA(SE), eﬀect size (for the alternate allele) and standard error
in standard deviation units.
rsID

Chr:Pos

REF/ALT

GEN-MOD, DRBC (N = 374)

GEN-MOD, MCHC (N = 317)

CSSCD, MCHC (N = 584)

AF

BETA (SE)

P-value

BETA (SE)

P-value

AF

BETA (SE)

P-value

Gene

Annotation

Top association results
rs4234795
4:7210802
rs9714060
3:195487476
rs146893001
9:112181617
rs7216169
17:5219511
rs543023132
6:155973785
rs144995469
14:57199082
rs74989317
21:35296139
rs73108077
20:30006859
rs114402357
13:22493635
rs77141833
1:159825190
rs62015549
15:71671418
rs76513454
1:218861569
rs139628543
2:239053045
rs59264502
13:106846272
rs147900370
1:115552925

A/G
A/G
T/C
C/T
GTTTT/G
C/T
T/A
T/C
C/T
T/C
C/T
G/C
A/C
AT/A
A/C

0.94
0.43
0.01
0.22
0.02
0.03
0.04
0.06
0.01
0.03
0.01
0.01
0.06
0.46
0.04

− 0.84 (0.15)
− 0.39 (0.08)
− 2.04 (0.4)
0.45 (0.09)
− 1.54 (0.3)
− 1.15 (0.23)
− 0.99 (0.2)
− 0.83 (0.17)
2.03 (0.4)
− 1.12 (0.22)
− 2.44 (0.49)
− 2.17 (0.43)
0.75 (0.15)
0.37 (0.08)
− 0.92 (0.18)

1.99 × 10− 7
7.43 × 10− 7
1.29 × 10− 6
1.36 × 10− 7
1.37 × 10− 6
1.48 × 10− 6
1.53 × 10− 6
1.75 × 10− 6
1.78 × 10− 6
1.80 × 10–6
1.89 × 10− 6
1.97 × 10− 6
1.99 × 10− 6
2.39 × 10− 6
2.44 × 10− 6

−0.46 (0.17)
−0.11 (0.08)
−1.33 (0.6)
0.25 (0.1)
−0.68 (0.36)
−0.32 (0.26)
−0.42 (0.2)
−0.22 (0.2)
1.1 (0.45)
−0.44 (0.28)
−1.07 (0.73)
−0.93 (0.73)
0.22 (0.17)
0.21 (0.08)
−0.35 (0.21)

0.0062
0.19
0.028
0.0087
0.061
0.22
0.041
0.27
0.015
0.12
0.15
0.20
0.19
0.011
0.0905849

0.94
0.44
0.004
0.22
0.022
0.033
0.045
0.063
0.016
0.032
0.015
NA
0.05
0.47
0.038

0.03 (0.13)
− 0.01 (0.07)
− 0.06 (0.48)
0.05 (0.08)
− 0.15 (0.21)
0.36 (0.18)
− 0.21 (0.15)
− 0.07 (0.13)
0.28 (0.25)
0.08 (0.18)
− 0.25 (0.26)
NA
0.08 (0.14)
0.14 (0.06)
− 0.09 (0.17)

0.80
0.93
0.90
0.54
0.47
0.039
0.17
0.58
0.26
0.66
0.33
NA
0.59
0.030
0.59

SORCS2
MUC4
PTPN3
RABEP1
–
–
LINC00649
DEFB122
–
VSIG8
THSD4
–
KLHL30
–
–

Intron
Intron
Intron
Intron
Intergenic
Intergenic
Intron
Downstream
Intergenic
Intron
Intron
Intergenic
Intron
Intergenic
Intergenic

eQTL for candidate genes
rs62270871
3:125672365
rs146977005
14:65305030
rs8048714
16:88809773

G/A
G/GA
G/C

0.51
0.28
0.72

0.33 (0.07)
− 0.33 (0.09)
− 0.3 (0.08)

2.60 × 10− 5
5.5 × 10− 4
7.3 × 10− 4

0.14 (0.08)
−0.10 (0.09)
0.08 (0.1)

0.11
0.26
0.45

0.47
0.75
0.25

0.02 (0.07)
0.11 (0.07)
0.14 (0.07)

0.71
0.15
0.056

ALG1L
SPTB
PIEZO1

Intron; eQTL for SLC41A3
Intron; eQTL for SPTB
Intron; eQTL for PIEZO1
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Table 3
Top association results between variants previously associated with mean corpuscular hemoglobin concentration (MCHC) in non-anemic European-ancestry individuals and red blood cell
density in 374 sickle cell disease patients. We included in this table variants with nominal PDRBC < 0.05. Chr:Pos, genomic coordinates on build hg19; REF/ALT, reference and alternate
alleles; AF, frequency of the alternate allele; BETA (SE), eﬀect size (for the alternate allele) and standard error in standard deviation units.
rsID

rs144514173
rs10751450
rs148303943
rs11421513
rs1203972
rs201794926
rs34514965
rs5875087

Chr:Pos

1:205246482
1:203650945
6:16263455
6:13901073
16:283232
8:145710909
19:13071559
6:26118437

REF/ALT

TTTTG/T
C/T
T/C
G/GT
T/C
G/GA
T/TG
CA/C

GEN-MOD, DRBC (N = 374)
AF

BETA (SE)

P-value

0.11
0.64
0.85
0.69
0.66
0.49
0.83
0.91

0.37 (0.12)
−0.25 (0.08)
−0.32 (0.11)
−0.23 (0.08)
−0.22 (0.08)
0.18 (0.07)
0.21 (0.1)
−0.27 (0.13)

0.0029
0.0031
0.0057
0.0074
0.0082
0.021
0.043
0.045

Mendelian mutations in SPTB and PIEZO1 cause hereditary spherocytosis and xerocytosis, respectively, two disorders of RBC volume
homeostasis. Whether these two promising associations represent true
signals will require replication in independent samples.
Additionally, our study showed that DRBC and HbF are independent
traits. Indeed, they were not correlated (Pearson's r = −0.09,
P = 0.088). Therefore, when we tested common DNA sequence variants
at the BCL11A, HBS1L-MYB and the β-globin loci known to strongly
inﬂuence HbF levels [1], we found no signiﬁcant associations with
DRBC (P > 0.05). However, we noticed a nominal association between
a low-frequency intronic variant in HBS1L (rs116460276, MAF = 4%)
and DRBC (P = 0.009). This association might simply reﬂect the
pleiotropy of this locus, which is associated with HbF but also with
several other RBC parameters [18], likely through an eﬀect on MYB, a
key transcription factor during erythropoiesis [25]. Thus, it remains
entirely possible that a dual therapeutic intervention that would aim to
increase HbF as well as reduce DRBC would show additive beneﬁts in
improving SCD clinical outcomes.
Interestingly, we found an association between an intronic variant
in ATP2B4 and DRBC in SCD patients. The same association signal is
strongly associated with MCHC in non-anemic Europeans and malaria
susceptibility in Africans [18,22]. Furthermore, we have functionally
validated that this variant controls ATP2B4 expression in human
erythroblasts [23]. ATP2B4 encodes for PMCA4, the main RBC plasma
membrane ATPase pump that transports Ca2 + ions outside the cells.
Intracellular calcium concentration is important for RBC volume
control since the Gardos channel, which is the principal channel that
regulates potassium and water loss, is calcium-dependent. A clinical
trial of the Gardos channel inhibitor, senicapoc, in SCD patients
improved RBC hydration but failed to meet the mandated clinical
endpoint of decreased pain crisis [7]. Our results highlight ATP2B4/
PMCA4 as an alternate target for strategies to minimize RBC dehydration by regulating Ca2 + concentration without directly interfering with
the Gardos channel itself. This would require the development of an
ATP2B4/PMCA4-speciﬁc activator, or a strategy to augment ATP2B4
expression in RBC. It might also be worth exploring how genetic
variation at the ATP2B4 locus, which is associated with DRBC in SCD
patients, could be used as a companion pharmacogenetic test to identify
patients more likely to beneﬁt from new drugs that would increase RBC
hydration. This could easily be implemented within future clinical
trials.
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Gene

Annotation

TMCC2
ATP2B4
GMPR
–
LUC7L
PPP1R16A
GADD45GIP1
HIST1H2BC

Downstream
Intron
Intron
Intergenic
Upstream
Intron
Upstream
Intron
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