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Abstract

High levels of fetal hemoglobin (HbF) reduce sickle cell anemia (SCA) morbidity and mortality. 

HbF levels vary considerably and there is a strong genetic component that influences HbF 

production. Genetic polymorphisms at three quantitative trait loci (QTL): Xmn1-HBG2, HMIP-2 
and BCL11A, have been shown to influence HbF levels and disease severity in SCA. Hydroxyurea 

(HU) is a drug that increases HbF. We investigated the influence of single nucleotide 

polymorphisms (SNPs) at the Xmn1-HBG2 (rs7482144); BCL11A (rs1427407, rs4671393 and 

rs11886868); and HMIP-2 (rs9399137 and rs9402686) loci on baseline and HU-induced HbF 

levels in 111 HbSS patients. We found that both BCL11A and HMIP-2 were associated with 

increased endogenous levels of HbF. Interestingly, we also found that BCL11A was associated 

with higher induction of HbF with HU. This effect was independent of the effect of BCL11A on 

baseline HbF levels. Additional studies will be needed to validate these findings and explain the 

ample inter-individual variations in HbF levels at baseline and HU-induced in patients with SCA.
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1. Introduction

Although sickle cell anemia is a monogenic Mendelian disorder caused by a single point 

mutation, the clinical manifestations of the disease include a striking phenotypic 

heterogeneity. The interplay of many genetic and environmental factors results in a 

remarkable diversity of disease severity. Increased levels of fetal hemoglobin (HbF) are 

known to reduce SCA morbidity and mortality due to the ability of HbF to inhibit sickle Hb 

(HbS) polymerization and overall reduction in the mean corpuscular HbS concentration 

[1,2].

Genome wide association studies have identified 3 major quantitative trait loci (QTL) with 

robust and reproducible association with levels of HbF. These loci are: the Xmn1-HBG2 
polymorphism on chromosome 11p15; the HMIP-2 intergenic region on chromosome 6q23; 

and the BCL11A locus on chromosome 2p16 [3]. These three QTL account for 

approximately 20–50% of the variation in HbF levels in patients with sickle cell anemia 

(SCA), β-thalassemia, and even in healthy adults [4–9]. The drug hydroxyurea (HU) has 

been shown to be an effective agent to stimulate increased levels of HbF in patients with 

SCD. There is limited information available whether the three main QTL associated with 

endogenous HbF levels also affect the induced levels of HbF in SCA patients treated with 

HU.

Although HU reduces morbidity and mortality in adults and pediatric patients with SCA, 

almost one third of patients do not respond with a clinically beneficial increase in HbF. This 

suggests there is an underlying spectrum of quantitative and/or qualitative response to HU 

induced HbF in these patients [10]. Elucidation of specific genetic modifiers associated with 

HU induction of HbF may detect reasons for this phenotypic variability and avoid 

unnecessary exposure to this toxic drug for patients that are predicted to not respond well to 

the drug in advance.

2. Methods

We enrolled patients with SCA (SS) who received regular treatment with HU for at least 6 

months at the Sickle Cell Center of the Hospital de Clínicas de Porto Alegre, Brazil. Patients 

were excluded if they were being treated with any other drugs that stimulate the synthesis of 

HbF (e.g. erythropoietin) or if they had received blood transfusion within 3 months prior to 

the study. The study was approved by the local Institutional Review Board under the number 

100585 and a written informed consent was signed by each patient or their parents.

Of 121 patients enrolled, 111 (56% female) fulfilled the eligibility criteria: age N 3 years old 

and been on HU therapy for at least 6 months. The patient ages ranged from 4 to 54 years of 

age (mean 21 ± 14). Maximum tolerated doses of HU ranged from 8.6–42.8 mg/kg/day 

(mean 23 ± 7.6 mg/kg/day), duration of treatment with HU ranged from 6 to 254 months 
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(mean 102 ± 67 months). HbF was measured by capillary electrophoresis using Sebia 

CAPILLARYS 2 Flex Piercing™ equipment (Cap 2FP; Sebia, Lisses, France). We obtained 

HbF measurements for patients at commencement of HU treatment (BL HbF) and after each 

patient had achieved their maximum tolerated dose (MTD HbF). We calculated the change 

in HbF for each patient from baseline to MTD (delta HbF).

Six widely-known and validated genetic variants were selected from the 3 main HbF 

modifier loci: locus Xmn1-HBG2 (rs7482144); rs1427407, rs4671393 and rs11886868 at 

the BCL11A; rs9399137 and rs9402686 at HMIP-2 [4–9]. These variants have been 

genotyped previously and we performed comparable genotyping methods using Taq-Man™ 

procedure (Applied Biosystems, Foster City, CA).

2.1. Statistical analysis

The Shapiro-Wilk test was applied to check for normal distribution of the data and the 

Bartlett’s test to check for equal variances across samples. None of the three HbF 

phenotypes passed tests for normality; the Box-Cox method [T(Y) = (Yˆlambda − 1)/lambda] 

was used to transform the baseline HbF (lambda = −0.01), MTD HbF (lambda = 0.67), and 

delta HbF (lambda = 0.46) data to allow linear regression analysis.

Differences in quantitative data were analyzed with Student’s t-test and the values were 

given as mean ± standard deviation (SD). Non parametric values were compared with 

Wilcoxon signed-rank test. Correlations (R) between variables were tested using Pearson 

(parametric). The analysis was performed using the software R version 3.2.2 (www.r-

project.org) with the packages “genetics” version 1.3.8.1 and “haplo.stats” version 1.7.6. 

Linear regression was performed to analyze the association of the outcome with the 

BCL11A and HMIP-2 genotypes (multilevel variables). The regression model was fitted at a 

genotype level assuming an additive model and corrected for age and sex. For analysis of 

MTD HbF and delta HbF, the model also included covariate correction for ANC levels at 

MTD. The strength of the correlation is reported as a beta coefficient value that is the 

average change in %HbF per allele copy of the respective SNP. A P-value < 0.05 was 

considered statistically significant.

3. Results

Similar to previous reports of HU treatment, we observed statistically significant 

improvements in several hematological parameters following HU exposure (Table 1) in the 

111 patients analyzed. We did not observe any differences in HbF between males (N = 49) 

and females (N = 62) at either baseline (6.0 ± 5.1 vs. 7.2 ± 6.4, P = 0.29) or MTD (18.3 

± 8.1 vs. 18.0 ± 9.4, P = 0.87). There was a correlation of baseline HbF with MTD HbF 

following hydroxyurea treatment (R = 0.40, P = 0.0004), indicating patients with higher 

baseline HbF tended to have higher MTD HbF values. Interestingly, there was an inverse 

correlation of delta HbF with HbF at baseline (R = −0.22, P = 0.026). All correlations were 

corrected for sex and age.
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3.1. Single nucleotide polymorphism (SNP) analysis

The SNP HBG2-Xmn1-rs7482144 had a very low allele frequency in our Brazilian cohort (1 

heterozygote; minor allele frequency = 0.45%) and was excluded from our study. The five 

other candidate SNPs were all in agreement with Hardy-Weinberg Equilibrium and their 

characteristics are described in Table 2. We used regression analysis to independently test 

association of these five SNPs with baseline HbF, MTD HbF, and delta HbF. The regression 

model for baseline HbF included covariate correction for patient age at start of HU treatment 

and sex. The regression model for MTD and delta incorporated covariate correction for age 

at start of HU, sex and ANC at MTD. For each SNP, the wild-type homozygote genotype 

was used as the reference in the regression models. In a separate analysis, we did not detect 

any correlation between the 5 SNPs studied on any of the other measured hematological 

parameters before or after exposure to HU (data not shown).

For the three BCL11A SNPs, rs1427407 and rs4671393 were both associated with increased 

baseline and MTD HbF (Fig. 1). When we included covariate correction for baseline HbF, 

the association of the SNPs with higher MTD HbF was diminished but still statistically 

significant (P = 0.004 and P = 0.009 for the rs1427407 and rs4671393, respectively). In 

addition, the two SNPs were associated with increased delta HbF (Table 2). The BCL11A 
rs11886868 only approached statistical significance for association with baseline HbF in our 

cohort but did show association with MTD and delta HbF (Table 2). To analyze the 

combinatorial effect of the BCL11A SNPs, we performed a haplotype analysis of the three 

SNPs. We computed the haplotypes using the expectation-maximization algorithm 

implemented in the haplo.stats R package. The haplotype with the highest frequency had all 

three BCL11A SNPs with the wild-type reference allele (G-G-T, frequency = 59%) and this 

haplotype was used as reference for the analysis. Compared to this reference G-G-T 

haplotype, patients with at least one haplotype carrying all three BCL11A SNPs (T-A-C, 

frequency = 28%) had higher baseline and MTD HbF levels (effect size = 0.15, P = 0.014 

and effect size = 0.28, P = 0.001, respectively). As in the single SNP analysis outlined 

above, covariate correction for baseline HbF diminished the association of the T-A-C 

haplotype with MTD HbF but was still statistically significant (P = 0.016). The T-A-C 

haplotype was also associated with increased delta HbF (effect size = 0.25, P = 0.005).

For HMIP-2, both rs9399137 and rs9402686 SNPs were associated with increased baseline 

HbF and MTD HbF (Fig. 2). Covariate correction for baseline HbF eliminated association of 

the HMIP-2 rs9399137 and rs9402686 SNPs with MTD HbF (P = 0.239 and P = 0.185, 

respectively) and there was no association of either SNP with delta HbF (Table 2). Linkage 

disequilibrium testing showed that the two HMIP-2 SNPs are in strong linkage (D′ = 0.9 

and r2 = 0.90). Haplotype analysis showed that there were three haplotypes present in our 

Brazilian cohort. The haplotype with the highest frequency contained the wild-type alleles 

for both SNPs (T-G, frequency = 84.2%). Compared to this reference T-G haplotype, 

patients with the C-A or T-A haplotypes (frequency = 13.1% and 1.7%, respectively) had 

higher baseline HbF levels (effect size = 0.28, P = 0.0006 and effect size = 0.10, P = 0.0075, 

respectively). Similar to our observations of the individual HMIP-2 SNP analysis, the 

association of the C-A haplotype with MTD HbF lost significance when corrected for 

baseline HbF and there was no association of any HMIP-2 haplotype with delta HbF.
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4. Discussion

This study examined the role of two well-known QTL associated with HbF levels in a large 

cohort of SCA patients in Brazil. Similar to previous studies, we found that the BCL11A and 

HMIP-2 are associated with endogenous levels of HbF in patients with SCA [8,11]. In our 

cohort of patients, the frequency of the HMIP-2 SNPs was higher than other studies looking 

at patients with SCA [12]. In contrast, the frequency of the BCL11A SNPs was lower in our 

cohort and the Xmn1-HBG2 SNP was almost absent. This likely reflects the distinct genetic 

ancestry of our SCA patients based in Porto Alegre, where there may have potentially been 

more admixture of the population with individuals of European ancestry compared to 

African-American or African patients with SCA. Despite these frequency differences, we 

still found that these SNPs were associated with increased levels of HbF. The strength of this 

study was that we also examined whether these same SNPs also affect the induction of HbF 

by hydroxyurea. Our study had >70% power to detect genetic associations with baseline 

HbF and >60% power to detect associations with either MTD or delta HbF.

Hydroxyurea is a well-established agent capable of inducing increased HbF production. 

There is little known about the factors that contribute to the wide variability observed in 

individual response to hydroxyurea, even when patients are of similar ages and receiving 

similar dosages of the drug. Previous studies found that individual MTD HbF responses are 

correlated with baseline hematocrit, WBC, ARC and HbF levels as well as time of exposure 

to hydroxyurea [13]. In our cohort, only baseline HbF levels were associated with final HbF 

levels (Fig. 3). We observed an inverse relationship between baseline HbF and delta HbF 

values in response to hydroxyurea treatment. This suggested that, although patients with 

higher baseline HbF tended to have higher absolute final HbF values, the absolute drug-

induced change tends to be smaller in patients with higher baseline HbF values. In our SNP 

analysis, the three BCL11A SNPs showed association with MTD HbF (even when corrected 

for baseline HbF levels) and with delta HbF. Furthermore, BCL11A may also contribute to 

hydroxyurea induction of HbF, independently of its effect on endogenous HbF levels.

BCL11A is a negative regulator of HbF expression. Individuals with any of the established 

BCL11A SNPs are known to have decreased expression of BCL11A, which results in 

increased HbF production [8,11,14]. In patients treated with hydroxyurea, BCL11A 
expression has been shown to be reduced after patients have reached their maximum 

tolerated dose [15]. This effect was most evident in patients without the BCL11A SNPs but 

it seemed that BCL11A had a limited role in hydroxyurea induction of HbF. In these same 

patients, there was no association of the BCL11A SNPs with MTD HbF or delta HbF [16]. 

In contrast, we have found that, in our Brazilian cohort, patients with the BCL11A SNPs 

have an improved response to hydroxyurea. With no phenotype data correction or data 

transformation, the average delta HbF was 13.3 ± 7.9% versus 10.6 ± 8.3% for patients with 

and without the BCL11A variants, respectively. Although this effect size is relatively small, 

it is an interesting finding that warrants further validation.

In conclusion, we have shown that BCL11A and HMIP-2 are potent QTL associated with 

endogenous HbF levels in our Brazilian cohort. We also showed that patients with the 

BCL11A SNPs have a favorable probability of producing more HbF in response to 
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hydroxyurea treatment. Genetic studies examining larger populations with SCA on HU are 

needed to better assess the specific variants in the SNPs we studied and other genetic 

modifiers related to HbF expression and variability in HU response.
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Fig. 1. 
Effect of BCL11A SNPs on fetal hemoglobin (HbF) levels at baseline and maximum 

tolerated dose of hydroxyurea (MTD). A) Effect of rs1427407 on baseline HbF. B) Effect of 

rs4671393 on baseline HbF. C) Effect of rs11886868 on baseline HbF. D) Effect of 

rs1427407 on HbF at MTD. E) Effect of rs4671393 on HbF at MTD. F) Effect of 

rs11886868 on HbF at MTD. The line represents the median and the diamond the mean of 

the untransformed HbF (%). n.s., not statistically significant. *P < 0.05; **P < 0.01.
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Fig. 2. 
Effect of HMIP-2 SNPs on HbF at baseline and hydroxyurea MTD. A) Effect of rs9399137 

on baseline HbF. B) Effect of rs9402686 on baseline HbF. C. Effect of rs9399137 on HbF at 

MTD. D. Effect of rs9402686 on HbF at MTD. Each plot shows the untransformed HbF 

levels of the three genotypes. The line represents the median and the diamond the mean of 

the HbF (%). *P < 0.05; **P < 0.01; ***P < 0.001.

Friedrisch et al. Page 9

Blood Cells Mol Dis. Author manuscript; available in PMC 2018 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Distribution of fetal hemoglobin (HbF). Data is shown untransformed and transformed using 

Box-Cox method. A) Distribution of HbF at baseline. B) Distribution of HbF at maximum 

tolerated dose (MTD). C) Distribution of delta HbF (HbF at MTD – HbF at baseline). P: P-

value of the Shapiro-Wilk test.
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