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Background: Sickle cell disease (SCD) is a group of genetic disorders affecting the structure and function of haemoglobin.
Hydroxyurea (HU) stimulates fetal haemoglobin (HbF) and reduces sickle erythrocyte-endothelial cell interaction. However, the
degree of HbF response to HU varies, with HbF expression-associated single nucleotide polymorphisms (SNPs) in quantitative
trait loci (QTL) been implicated. We investigated the relationship between four SNPs (rs11886868, rs6706648, rs7606173 and
158C/T Xmn1) in two QTL (B-cell lymphoma 11A (BCL11A) and Xmn1) and HbF levels in children with SCD in Accra, Ghana.
Methods: A total of 110 children with SCD in steady-state, comprising 64 and 46 SCD children treated with HU (HU+) or with no
history of HU therapy (HU-), respectively, were recruited. HbF levels were measured in peripheral blood by alkali denaturation and
SNPs were genotyped using polymerase chain reaction and restriction fragment length polymorphism.
Results: The presence of SNPs (rs11886868, rs6706648, rs7606173 and −158C/T Xmn1) was identified. Observed heterozygosity and
homozygosity for the derived alleles were 45.7%, 82.6%, 21.7% and 39.1% in rs11886868, rs6706648, rs7606173 and −158C/T Xmn1
polymorphisms, respectively, for the HU+ population. Observed frequencies of the minor alleles were 0.204, 0.477, 0.171 and 0.190
for rs11886868, rs6706648, rs7606173 and −158C/T Xmn1 polymorphisms, respectively. The three BCL11A SNPs in the HU+
population showed homozygous individuals for rs11886868 (CC), rs6706648 (CC) and heterozygous or homozygous mutant
individuals for rs7606173 (CG/GG) having higher HbF values. The combined effect of the SNPs was associated with variance in
HbF levels in the HU+ population. The BCL11A SNP, rs6706648 was strongly associated with HbF levels and the C allele frequency,
with significantly elevated HbF levels.
Conclusion: An association between the various variants and combined effect of SNPs and HbF among children with SCD was found
and confirms the known association between HU intake and increased HbF in SCD.
Keywords: hydroxyurea, single nucleotide polymorphism, sickle cell disease, haemoglobin F

Introduction
Sickle cell disease (SCD) is a group of autosomal recessive blood disorders affecting the structure of haemoglobin and
resulting in acute and chronic complications including recurrent, painful events or vaso-occlusive crises (VOCs), acute
chest syndrome, stroke, and organ dysfunction. These complications are major causes of hospitalizations, morbidity, and
premature mortality. Repeated cycles of red blood cells (RBCs) sickling leading to haemolysis and the multicellular
adhesion process are interlinked mechanisms that contribute to the clinical picture of the disease.1

Hydroxyurea (HU), a ribonucleotide reductase inhibitor, was the first disease-modifying therapy approved for use in
adults and children with SCD. HU depletes intracellular deoxynucleotide triphosphate pools required for DNA synthesis
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and repair.2 One of its main effects is HbF induction leading to significant reductions in VOCs, acute chest syndrome,
hospitalizations and need for blood transfusions.2,3

The benefits of treating SCD patients with HU are well described;2,4–6 however, the increase in HbF in response to
HU therapy varies considerably among patients. The regulation of HbF is a complex genetic trait that is heritable and
genetic/transposable elements linked to the β-globin gene and quantitative trait loci (QTL) on chromosomes govern this
regulation.7–9 Additionally, certain polymorphisms of the −158 C/T Xmn1 and the B-cell lymphoma 11A (BCL11A) are
capable of modulating HbF.10–13 It is possible that these polymorphisms in QTL also modulate or affect the HbF
induction response to HU and may influence response to HU therapy.

Given that HU treatment is lifelong, determining the presence of genetic variations or polymorphisms that may lead
to identification of responder and non-responder phenotypes in SCD patients is important. We hypothesized that SNPs in
BCL11A and Xmn1 gene affect HbF levels induced by HU therapy in SCD patients and investigated the presence or
otherwise of SNPs in BCL11A (rs11886868, rs6706648, rs7606173) and −158C/T Xmn1 among children with SCD and
determined associations between HbF and selected SNPs in the −158C/T Xmn1 and BCL11A loci.

Materials and Methods
Study Design, Site and Population
The study was a hospital-based cross-sectional comparative study, conducted at the Paediatric Sickle Cell Clinic (SCC),
of the Department of Child Health (DCH), Korle Bu Teaching Hospital (KBTH) in Accra, Ghana. KBTH is the third-
largest hospital in Africa and the largest referral centre in Ghana with 2000-bed capacity and seventeen clinical and
diagnostic departments, including the DCH. The SCC is a subspecialty outpatient clinic at the DCH with about 5000
SCD children registered and an average weekly attendance of about 60–70 patients.14

The study population consisted of children diagnosed with SCD and registered at the SCC. Children on HU therapy
(HU+) for at least 6 months (aged 1 year or older, in steady state, visiting the SCC for their routine scheduled
evaluations). Steady state was defined as the absence of an acute crisis, no use of blood therapy and no hospital
admission in the preceding three-month period. A comparison group of children with SCD in steady state who had no
history of HU therapy (HU-) and visiting the SCC for their routine follow-up visits were also recruited for the purpose of
comparing selected haematologic indices and genetic data. Clinical severity criteria were the indication for HU therapy in
our study setting at the time the study was conducted. Siblings were excluded to ensure genetic independence. The study
was conducted between March and August 2019 and there were about 500 SCD children on HU at the time of conducting
the study.

Haematology and Fetal Haemoglobin Level Measurement
Haematology analysis was carried out using the Mindray BC-5300®/TM Auto Haematology Analyzer (Mindray, China).
HbF was determined using the alkaline denaturation method as described by Jonxis and Husman15 with slight modifica-
tion. In brief, haemoglobin was converted to cyanomethaemoglobin, and the cyanomethaemoglobin exposed to alkali.
Absorbance of the filtrate containing alkali resistant HbF was taken at 540nm and compared with absorbance of the total
haemoglobin at 540 nm (using the 34 Genesys 10S UV-VIS Spectrophotometer (Thermo Scientific). Haematological
parameters determined were red blood cell (RBC), white blood cells (WBC), mean corpuscular haemoglobin (MCH),
mean corpuscular volume (MCV), mean corpuscular haemoglobin concentration (MCHC), haemoglobin (Hb), fetal
haemoglobin (HbF), platelets (PLT) and hematocrit (HCT).

DNA Isolation and Genotyping
Two genetic loci, Xmn1 and B-cell Lymphoma 11A (BCL11A) determined to be associated with variations in HbF
levels13,16,17 were investigated. Four SNPs in these loci previously reported were genotyped; three in BCL11A locus
(rs11886868, rs7606173, rs6706648) and one in −158 (C>T) Xmn1 (Xmn1).

Molecular analyses were carried out on genomic DNA extracted from whole blood sample using Quick DNA miniprep
kit from Zymo Research (USA). SNPs were genotyped using Polymerase Chain Reaction and Restriction Fragment Length
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Polymorphism (PCR-RFLP) as previously described.11,13 The amplification process was performed using the BIO-RAD
icycler thermal cycler (Bio-Rad, USA). RFLP analysis was carried out using AvaII, MboII, AatII and Xmn1 restriction
enzymes (New England Biolabs, USA) for rs11886868, rs7606173 and rs6706648 and Xmn1, respectively. To detect
rs11886868 (C→T), a 441 bp fragment was amplified and subjected to MboII digestion, which yielded 370bp and 71bp
fragments and the presence of three genotypes: CC, CT, and TT were identified. For rs6706648 (C→T), a 333bp fragment
was amplified and subjected to AatII enzyme digestion which yielded 193 and 140bp fragments showing the presence of
three genotypes: CC, CT, and TT. In the rs7606173 (C→G), a 201bp fragment was amplified and subjected to AvaII digestion
which yielded 110bp and 91bp fragments. The presence of three genotypes: CC, CG, and GG, were identified. For the
−158Gγ (C→T) Xmn1 polymorphism, it was expected that the C alleles produce 122 bp DNA bands and the T alleles
produce 195 bp DNA band and the control, a DNA band of 317 bp. The presence of two genotypes: CC and CT were
identified in this study. The presence of the homozygous mutant TT was not detected in our study population.

Statistical Analysis
Statistical analyses were carried out using Statistical Package for the Social Sciences (SPSS) version 20 (USA),
Haploview 4.2 (http://www.broad.mit.edu/haploview) and Graph Pad Prism 8.3.0(538) (San Diego, California). Data
are presented as mean ±SD and summarized as frequencies and proportions. An independent t-test was used to determine
significant differences between the haematology means in HU+ and HU- groups. Mann–Whitney U-test was used to
determine the differences between the HbF level distribution according to the presence or absence of the minor allele
frequency in SNP. Analysis of variance (ANOVA) with post-hoc testing was done to determine differences between mean
HbF of the genotypes. Chi-square was performed to assess if there were differences in the frequency of SNPs among
groups. Multiple linear regression was used to investigate associations between SNPs. A p-value < 0.05 was considered
statistically significant. Genotype data were inspected using Haploview 4.2. Haploview utilizes EM algorithm to
calculate linkage disequilibrium (LD) coefficients (D’).

Results
Demographic and Clinical Data
A total of 110 SCD children in steady state (mean age [±SD] 7.9 [3.1] years) were recruited. A total of 64 (58.2%) were
on HU therapy (HU+). The indications for HU therapy were primary stroke prevention in 29 (45%), recurrent painful
crises in 16 (25%), acute chest syndrome in 11 (17%). Other reasons included secondary stroke prevention and frequent
infections. All participants were receiving routine folic acid supplementation and non-iron containing multivitamins. The
median HU dose and therapy duration of the HU+ group was 500mg/day and 12 months, respectively. Selected
demographic and haematologic parameters of recruited participants in HU+ and HU- groups are shown (Table 1). The
proportion of participants with HbSS genotype was 95.3% and 76.1% in the HU+ and HU- groups, respectively. Among
the HU+ population, HbF levels were significantly increased in HbSS patients compared with the HbSC population (P =
0.015; Supplementary Table 1).

HbF Distribution Among HU+ and HU- Participants
There were significant differences in HbF between the HU+ and HU- groups (Figure 1, p = 0.004).

Allele and Genotype Frequencies and HbF Concentrations
Genotype frequencies of the SNPs investigated were in Hardy-Weinberg equilibrium (χ2 test, p > 0.05, HWpval > 0.001;
Table 2). Genotype frequency analysis performed in HU+ and HU- groups showed comparatively higher frequencies in
the HU+ group (Table 3).

There were no statistical differences observed in the frequency of the SNP genotypes among participants based on
HU intake, or whether they were homozygous, heterozygous, or homozygous mutant (P > 0.05).

HbF concentrations were similar among the genotypes of rs11886868, rs6706648, rs7606173 and Xmn1
(Supplementary Table 2).
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However, analyzing the distribution of HbF values (log-transformed) according to SNP genotypes by using
a dominant model-based analysis (ie, genotypes homozygous for the wild type allele versus homozygous and hetero-
zygous for the mutant allele), Rs 6706648 showed a significant difference in observed HbF levels for the derived and the
ancestral allele (p<0.05) in the HU+ population (Table 4).

The three BCL11A SNPs in HU+ participant group showed heterozygous individuals for rs11886868 (CT), 6706148
(CT) and homozygous individuals for rs7606173 (CC) with the lowest HbF values. In HU- on the other hand,
rs11886868 (CC), rs6706148 (CT), rs7606173 (GG) were observed to have lower HbF levels (Figure 2). For the
statistical significance SNP (rs6706648) observed in HU+, individuals homozygous for the wild type allele showed
higher HbF levels compared to those with the derived allele (Figure 3).

Table 1 Demographic and Haematological Parameters of HU+ and HU- Patients at Recruitment

Parameter HU+ (N=64) HU- (N=46) P-value

Demographic data
Age (years) 8.10 ± 2.90 7.80 ± 3.60 0.698

Weight (kg) 25.5 ± 7.9 24.50 ± 7.20 0.540

Height (cm) 129.40 ± 15.90 123.50 ± 22.90 0.135
HbSS (N=96) 61 35

HbSC (N=14) 3 11

HbF (%) 15.05 ± 11.49 9.06 ± 7.67 0.001
Haematology
Hb (g/dL) 8.46 ± 1.99 8.74 ± 1.55 0.438
RBC (x10^12/L) 2.65 ± 0.66 3.17 ± 0.76 0.000

WBC (x10^9/L) 9.78 ± 3.52 11.48 ± 4.12 0.030

MCH (pg) 32.81 ± 4.5 28.09 ± 3.22 0.000
MCV (fL) 91.84 ± 10.15 78.31 ± 7.63 0.000

PLT (10^9/L) 335.59 ± 113.49 374.36 ± 115.47 0.087

HCT (%) 24.48 ± 4.43 24.40 ± 4.28 0.934

Abbreviations: RBC, red blood cell; WBC, white blood cells; MCH, mean corpuscular haemoglobin; MCV, mean
corpuscular volume; MCHC, mean corpuscular haemoglobin concentration; Hb, haemoglobin; HbF, foetal haemoglobin;
PLT, platelets; HCT, haematocrit; HU+, participants receiving hydroxyurea therapy; HU-, participants with no history of
hydroxyurea therapy.

Figure 1 Boxplots showing the distribution of HbF levels (log-transformed) among HU+ (n = 64) and HU- (n = 46) groups. Data were compared using Mann–Whitney
U-test.
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Table 2 Description of the SNPs Studied

SNP Position ObsHET PredHET Hwpval MAF Alleles

Xmn1 −158 0.380 0.308 0.0179 0.190 C:T
rs 11886868 60493111 0.370 0.324 0.2505 0.204 C:T

rs6706648 60494905 0.523 0.499 0.7910 0.477 C:T

rs7606173 60498316 0.287 0.284 1.0000 0.171 C:G

Note: SNPs with HWpval > 0.001 were included for next step analyses.
Abbreviations: HWpval, Hardy–Weinberg equilibrium expectations P values; MAF, minor allele frequency; ObsHET, SNPs’ observed
heterozygosity; PredHET, SNPs’ predicted heterozygosity.

Table 3 Genotype Frequencies for SNPs in HU+ and HU- Populations

HU+ HU-

SNP Genotype OF EF OF EF

rs11886868 CC 41 37.7 24 27.3
CT 20 23.2 20 16.8

TT 1 1.2 1 8

X2 1.790
P value 0.409

rs6706648 CC 21 16.2 7 11.8
CT 28 32.4 28 23.6

TT 13 13.3 10 9.7

X2 4.812
P value 0.090

rs7606173 CC 38 42.5 36 31.5
CG 23 17.8 8 13.2

GG 1 1.7 2 1.3

X2 5.393
P value 0.067

Xmn1 CC 14.88 39 38.5 9.94 28 28.5
CT 15.23 23 23.5 7.73 18 17.5

X2 0.046

P value 0.829

Table 4 Distribution of HbF According to SNP Genotypes in HU+ and HU–

HU+ HU-

SNP Mean HbF U-test P-value Mean HbF U-test P-value

11886868
CC 15.30 397.0 0.624 8.33 239.0 0.953

CT + TT 14.30 8.76

6706648
CC 19.43 295.5 0.045 9.12 92.0 0.452

CT + TT 12.74 8.92

7606173
CC 14.05 344.5 0.107 9.19 160.0 0.682

CG + GG 16.52 8.57

Xmnl
CC 14.88 438.5 0.884 9.94 198.0 0.297

CT 15.22 7.73
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The Xmn1 polymorphism also did not show any significance in the distribution of HbF among the genotypes in both
the HU+ and HU- populations, however, heterozygous individuals presented with a higher mean HbF the HU+ group
(Table 3; supplementary Table 2).

Association Analysis Between HbF and SNPs
The SNP variables statistically predicted HbF levels in the HU+ group for the three BCL11A SNPs in an additive genetic
model (F = 2.945, p = 0.040, R2 = 0.132). The average change in % HbF per allele copy of each individual SNP were also
significant in SNP rs11886868 (p = 0.048), and rs6706648 (p = 0.022). Combining all three BCL11A and Xmn1 SNPs in an
additive genetic model, a significant association was observed only in HU+ participants [(F = 2.620, p = 0.044, R2 = 0.155;
Table 5), where the F-statistic determines the overall significance of the linear regression model.] As standalone SNPs, no
significant association were observed with HbF in either HU+ or HU- groups (Supplementary Table 3).

Figure 2 Box plots distribution of HbF levels (log-transformed) within the SNP genotypes for HU- group. Data were compared with Mann–Whitney U-test using a dominant
model (ie, homozygous genotypes for the wild type allele versus homozygous and heterozygous for the mutant allele).
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HU intake thus, significantly predicted HbF levels in participants (F = 5.632, p = 0.019, R2 = 0.050) confirming the
significantly higher HbF values observed in HU+ participants.

Discussion
Foetal haemoglobin (HbF) increase is of clinical relevance given its role in reducing SCD complications. Consistent with
the findings from other studies, the observed reduced WBCs, and platelets in the HU+ participants in our study
participants confirms the cytoreductive effect of HU.18,19 The findings of higher percentage HbF levels in the HU-
treated participants are also consistent with what is generally known about the genetic modifiers of HbF in SCD.

However, the response to HU therapy is variable and HbF, is known to be influenced by many genetic loci inside or
outside the β-globin gene cluster,8,20 with SNPs in QTLs such as Xmn1, and BCL11A playing major roles in HbF level
variations in SCD patients.8,16,21–23

Figure 3 Box plots distribution of HbF levels (log-transformed) within the SNP genotypes for HU+ group. Data were compared with Mann–Whitney U-test using
a dominant model (ie, homozygous genotypes for the wild type allele versus homozygous and heterozygous for the mutant allele).
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We identified the presence of rs11886868, rs6706648, rs7606173 and Xmn1 SNPs among our study population. The
frequency of the SNP genotypes was comparable in both HU+ and HU- populations for all the SNPs studied. Consistent with
other studies,24 we observed that carriers with double copy of the T (mutant) allele of rs11886868 had higher HbF levels
compared to those with at least one copy of the C (wild type or ancestral) allele in both the HU+ and HU- populations. It is
known that rs11886868 might affect HbF through linkage disequilibrium (LD) with other nearby SNPs in the BCL11A loci25

and in addition, the region between MYB and HBSIL region.26 Our study was focused on determining SNPs in two major
loci (Xmn1 and BCL11A, rs11886868, rs6706648 and rs7606173). For the rs6706648 SNP, carriers of the T (mutant) allele
in the HU+ population had lower mean HbF compared to those with the C allele (p = 0.045), while the reverse trend was
observed with the HU- population. This is consistent with findings from a recent study in which the CC genotype presented
increased HbF (> 15%) whereas CT and T showed decreased HbF,25 and which may suggest the presence of the T (mutant)
allele is likely associated with a lower HbF response irrespective of HU intake status, while CC genotype is likely to be
associated with a higher HU response. The minor allele (G) of the rs7606173 SNP was found to be associated with higher
HbF in the HU+ group, with the homozygous form having the highest level, suggesting the possibility of potentially higher
HbF levels in SCD patients with the derived allele. While it remains unclear whether HU directly affects BCL11A
expression, it can be speculated that decreased BCL11A expression following HU therapy may be expected to increase
HbF levels in developing erythroid cells, as BCK11A is a negative regulator of HbF expression,27 with some types of
BCL11A SNP associated with decreased expression and increased HbF production.20,28

The most frequent genotype with the Xmn1 polymorphism observed was homozygosity (CC) for the absence of the Xmnl
site in both HU+ and HU- populations. The homozygous mutant (TT), similar to the findings from a recent study29 was also
not observed in our study, thus limiting our ability to draw any conclusions on the influence of this genotype on HbF.

In our association studies, the four SNPs (rs11886868, rs6706648, rs7606173 and the Xmn1) when combined in an
additive genetic model, predicted HbF levels in the HU+ population, albeit by 15.5%, with the most significant being
rs6706648 and rs11886868. The association between HbF levels and polymorphisms presented by SNPs in BCL11A
gene and the Xmn1 gene has been demonstrated in different populations.11,16,25–27,29–35 While HbF regulation is highly
diversified and genetically controlled, reproducing association studies across different populations, particularly of diverse
genetic backgrounds and environmental setting is likely to produce different observations in different studies.
Interestingly, we observed a slightly reduced Hb level in the HU+ group and speculate that, this could be due to
crenation and subsequent lysing of RBC’s since HU plays a role in RBC differentiation.19

Conclusion
Our data support and confirm the known association between HU intake and HbF increase in SCD patients. The presence
of rs 11886868, rs6706648 rs7606173 and −158C/T Xmn1 polymorphism were identified in SCD patients in Ghana, and
we have shown that the combined effect of rs 11886868, rs6706648 rs7606173 and −158C/T Xmn1 polymorphism is
associated with HbF increase in HU+ patients. As HU use is being expanded for patients with SCD in Ghana,

Table 5 Multiple Linear Regression Models of Genetic Polymorphisms for Analysis of Association Between SNPs and HbF Levels for
HU+ and HU- Participants

HbF

HU+ HU-

SNP β p-value R2 Model p-value β p-value R2 Model p-value

rs11886868 0.313 0.039 0.155 0.044 0.076 0.644 0.051 0.726

rs6706648 −0.377 0.014 −0.206 0.207
rs7606173 0.181 0.146 −0.004 0.980

xmn1 −0.556 0.217 −0.097 0.556

Notes: β is the beta coefficient that represents the average change in % HbF per allele copy of each individual SNP (effect size). Dependent variable: log transformed HbF,
predictors (constant): rs118866868, rs6706648, rs7606173 and xmn1 SNP. Data were compared using multiple linear regression method.
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understanding inter-individual variability for HU response is important and therefore, developing a robust predictive
model for these genetic modifiers may prove useful in clinical decision-making in SCD.
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