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Abstract

Background—TFetal hemoglobin (HbF) levels in sickle cell anemia patients vary. We genotyped
polymorphisms in the erythroid-specific enhancer of BCL11A to see if they might account for the

very high HbF associated with the Arab-Indian (Al) haplotype and Benin haplotype of sickle cell

anemia.

Methods and Results—Six BCL112A enhancer SNPs and their haplotypes were studied in
Saudi Arabs from the Eastern Province and Indian patients with Al haplotype (HbF ~20%),
African Americans (HbF ~7%), and Saudi Arabs from the Southwestern Province (HbF ~12%).
Four SNPs (rs1427407, rs6706648, rs6738440, and rs7606173) and their haplotypes were
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consistently associated with HbF levels. The distributions of haplotypes differ in the 3 cohorts but
not their genetic effects: the haplotype TCAG was associated with the lowest HbF level and the
haplotype GTAC was associated with the highest HbF level and differences in HbF levels between
carriers of these haplotypes in all cohorts was approximately 6%.

Conclusions—Common HbF BCL11A enhancer haplotypes in patients with African origin and
Al sickle cell anemia have similar effects on HbF but they do not explain their differences in HbF.

Introduction

Fetal hemoglobin (HbF) is the predominant modulator of the phenotype of sickle cell
anemia. By inhibiting sickle hemoglobin (HbS) polymerization it reduces the tissue injury
and hemolytic anemia exemplifying this disease.14 HbF levels and the distribution of HbF
concentrations in sickle erythrocytes are highly variable. The genetic regulation of HbF was
first associated with the haplotype of the p-globin gene (HBB) cluster suggesting the
importance of cis-acting regulation.® 6 In the Middle East and in India the HbS gene is often
on an autochthonous Arab-Indian (Al) HBB haplotype that is associated with HbF levels
more than twice as high as those found with African origin haplotypes, see Figure 1.7 8
This is clinically important as the youngest individuals with the Al haplotype have the
mildest phenotype of all sickle cell anemia patients, although when their HbF level falls
from about 30% in children to 15-20% in adults the disease becomes more severe.%14 Saudi
Arabs with the African origin Benin haplotype have HbF levels nearly twice that of non-
Avrab patients with this haplotype.15 Within each haplotype group there is considerable
heterogeneity of HbF,5 6 16 suggesting that trans-acting elements also effect y-globin gene
(HBG) expression.

One trans-acting element is BCL11A, a repressor of y-globin gene expression.10. 17-21
Functional studies have shown that BCL11A expression is regulated by erythroid-specific
enhancers in its 29 intron. The enhancer elements contain 3 DNase hypersensitive sites
(DHS) Icated +62, +58 and +55 kb from the transcription initiation site.19 Two SNP
haplotypes of the enhancer elements were associated with HbF levels in African American
patients with sickle cell anemia. The strongest association with HbF levels in African
Americans with sickle cell anemia was with rs1427407 in DHS +62.

The cause of high HbF in the Al haplotype and the Saudi Benin haplotype is unexplained
and could be due to increased HBG expression mediated by cis- or trans-acting regulators.
We focused on BCL11A enhancer polymorphisms and examined the association of their
haplotypes with HbF levels in Saudi and Indian patients with the Al haplotype and Saudi
HbS homozygotes with the Benin haplotype, and compared these results to those of African
American patients with sickle cell anemia.

Materials and Methods

Study Populations and HbF Measurement

SNPs in BCL11A enhancers were genotyped directly or imputed from genome-wide SNP
analysis in the following cohorts (Table 1):
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1. 894 African American HbS homozygotes, diverse haplotypes, from the
Cooperative Study of Sickle Cell Disease (CSSCD), aged > 5 years.?2

2. 96 Saudi HbS homozygotes mostly with the Benin haplotype from the
Southwestern Province of Saudi Arabia (Saudi W), aged 4-55 years, not taking
hydroxyurea. (Saudi W)

3. 110 Saudi HbS homozygotes all with Al haplotype from the Eastern Province of
Saudi Arabia, aged 11-59 years, not taking hydroxyurea (Saudi E).16

4. 44 Indian HbS homozygotes all with the Al haplotype, age 10-32 years, not taking
hydroxyurea.

HbF: HbF was measured in all Saudi samples using high performance liquid
chromatography (HPLC) or capillary electrophoresis. HbF in the CSSCD was measured by
alkali denaturation.23 HbF in Indian patients was measured by HPLC both in India and at
Boston University.

HbS mutation and HBB haplotype: Homozygosity for the HbS gene was confirmed using
amplification refractory mutation system analysis.2* HbS homozygosity in the CSSCD
cohort was based on clinical and hematologic studies. The Al haplotype was ascertained by
analysis of rs7482144 (Xmn1 C-T restriction site 158 bp 5’ to HBG2), rs3834466 (Hinc2
restriction site 5’ to HBE1 and the C-T SNP 68 bp 5’ to HBD.2%> SNPs: Targeted genotyping
of BCL11A enhancer SNPs was done with tetra-primer ARMS-PCR, TagMan assays and
Sanger sequencing.

Imputation of genotypes: To derive haplotypes of these SNPs in cohorts where direct
genotyping was not done we imputed to 1000 Genomes level data from genome-wide SNP
data obtained using Illumina technology. (Supplementary material)

Data analysis

Data are described by mean and standard deviation. Single SNP associations were estimated
using sex and age adjusted linear regression with additive genetic effects, and the B allele in
the forward strand was the coded allele (Table 2). A mixed effect model with kinship
coefficients implemented in the coxme package of the R statistical software was used to
analyze the association between HbF levels and SNPs of Saudi W samples, since some
subjects were related. HbF levels were approximately normally distributed in the Saudi E
and Indian samples (See Supplement Figure S1), and a cubic root transformation was used
for normalizing the HbF levels of CSSCD samples as in.22 HoF levels of Saudi W samples
were also normalized using a cubic root transformation, Linkage disequilibrium was
evaluated using the program HaploView. Haplotype analysis was conducted using the
haplo.stats package in the R software.2® The program uses a two-step EM algorithm to
iteratively update the probability of subjects haplotypes, based on coefficient of the age and
sex adjusted regression model, and to update the coefficients of the regression model based
on the posterior probability of a subject haplotype. The analysis was conducted in the
combined Saudi E and Indian samples and, separately, in the Saudi W and CSSCD samples
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using linear regression adjusted for age and sex. Haplotype pairs for each subject were
inferred based on the most likely haplotypes and the distribution of HbF was displayed using
boxplots. To test if the effect of haplotype pairs changed substantially in the different
cohorts, a multivariable regression model of the HbF levels versus haplotype pairs was
fitted, using age, sex, indicators for the haplotype pairs, an indicator of the cohort type
(CSSCD, Saudi W, and Saudi E + Indians), and an interaction between indicator variables of
the haplotype pairs and study cohorts. Lack of a statistically significant interaction indicated
no change of haplotype pairs effects in the 3 cohorts. All analyses were conducted using the
statistical software R.

These studies were approved by the Institutional Review Boards of the participation
institutions.

Table 1 summarizes patients’ characteristics. All patients were homozygous for the HbS
mutation. Saudi E patients and Indian patients were homozygous for the Al haplotype; Saudi
W patients were mostly homozygous for the Benin haplotype. Forty-seven percent of
African American patients were Benin haplotype homozygotes, 27% Benin/Bantu
compound heterozygotes, 10% Benin/Senegal compound heterozygote and 16% had other
haplotypes. Eight CSSCD cases were Senegal haplotype homozygotes with HbF levels of
9.2,2.3,4.6, 16.0, 16.3, 11, 5.9 and 3.4% and ages of 24, 30, 16, 6, 24, 27, 44 and 23 years,
respectively. Saudi E and Indian Al haplotype patients had the highest HoF of all cohorts.
HbF in Saudi W patients was intermediate between the Al haplotype and CSSCD African
haplotype patients.

SNP genotypes

The region of BCL11A DHS and the SNPs genotypes are shown in Figure 2 and Table S2
in the supplementary material. The association between SNPs in BCL11A and HbF levels
are summarized in Table 2. Four SNPs (rs1427407, rs6706648, rs6738440 and rs7606173)
were significantly associated with varying levels of HbF. Figure 3 displays the distribution
of HbF by genotypes for the 4 significant SNPs and highlights the similar trend of HbF in
the four study cohorts. The minor alleles of rs1427407 in DHS +62 and rs7606173 in DHS
+55 are individually associated with increased HbF while the minor alleles of rs6706648 and
rs6738440 in DHS +58 are individually associated with lower HbF. Figure 3 also shows the
systematically higher levels of HbF in the Saudi E and Indian Al samples relative to the
African American cohort.

Bioinformatic analysis of possible changes to transcription factor binding as a result of DHS
polymorphisms (http://compbio.cs.queensu.ca/F-SNP/) suggests that rs7606173 in DHS +55
changes a binding site for MZF1 (myeloid zinc finger 1), a gene active in hematopoietic
cells, including K562 cells. Rs6706648 in DHS +58 is also near a MZFI binding site; both
SNPs are near binding sites for c-MYB. (Table S2 in supplement material)
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Haplotypes of BCL11A hypersensitive sites

The 4 significant SNPs are located in the DHS +62, +58 and +55 (Figure 2). Figure 4
shows that there is moderate linkage disequilibrium (LD) between rs6706648, rs6738440
and rs7606173, while rs1427407 appears to be independent of the other 3 SNPs. To assess
the joint effects of combinations of these SNPs on levels of HbF, we conducted a haplotype
analysis of the 4 SNPs. Data from the Saudi E + Indian cohorts were combined, given the
similarity of HbF phenotype and HBB haplotype and study design, while the data from the
other cohorts were analyzed separately. Fourteen distinct haplotypes were identified (Table
3). They include 4 common haplotypes (haplotypes 2, 5, 7 and 10 in Table 3 with haplotype
frequency (HF) >0.05). Compared to the African American sample, the combined Saudi E +
Indian samples also carry an additional haplotype, (haplotype 1: GCAC), with a frequency
of 0.06. This haplotype was carried by 11.33% of Saudi W participants. Haplotype 2
(GCAG) was more frequent in the Saudi E + Indian sample (HF = 53%) than the African
American samples (HF = 32%). Haplotypes 5, 7 and 10 were less common in the combined
Saudi E + Indian samples (HF = 38%), and Saudi W samples (HF = 45%) compared with
African American samples (HF = 64%). The difference in frequency was statistically
significant (p-2 test < 10-5). Frequencies of the haplotypes 2, 5 and 7 in the Saudi W
samples were between those of the African American samples and the Saudi E + Indian
samples, while haplotype 10 was more common in the Saudi W samples then the other two
groups.

Haplotype association analysis summarized in Table 4 and Supplement Table S3 show that
only haplotype 10 is associated with an increase HbF relative to the referent haplotype
GCAG in the combined Saudi E and Indian samples, and the Saudi W samples. This result is
consistent with the work of Bauer et al,19 who reported 2 SNP haplotypes of rs1427407-
rs7606173 in African Americans where GC was associated with HbF of 4.05+3.10%. The
haplotype pairs TG/GT was associated with HbF of 7.08+4.50% and TG was associated
with HbF 11.21+4.73%. The average HbF value in carriers of the referent haplotype
(GCAQ) in the Saudi E+ Indian samples was estimated to be 20%, at the mean age of 27
years, and carriers of haplotype 10 (TCAG) had an average increase of 1.74% compared
with carriers of the referent haplotype (Table 4). In the CSSCD, the average HbF levels of
carriers of the haplotype 10 was about 8%, while carriers of the common haplotype GCAG
had an average HbF level of 5.5%. In the Saudi W, the frequency of haplotype 10 was about
30%, and carriers of the haplotype 10 had an average increase of HbF of 2.4%. The other
haplotypes were associated with a decrease of HbF in the range of 3.4% and 3.6% in the
Saudi E + Indian samples and a similarly negative effect in both African American samples.

The significantly different effects of the haplotypes 1, 5, and 7 suggest that varying
combinations of the 4 SNPs haplotype are associated with varying levels of HbF. To better
clarify this point, we examined the variation of HbF levels based on pairs of haplotypes. The
most likely haplotype pair in each subject was determined based on the highest posterior
probability, and the assignment of haplotype pairs was essentially unambiguous (mean
posterior probability in CSSCD = 0.996; in Saudi E + Indian = 0.98). The plot in Figure 5
shows a difference in distribution of HbF levels per haplotype pairs that ranges between a
median value of 3.5% HbF in CSSCD carriers of the haplotypes 5, 7, and 10.5% HbF in
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carriers of the 10, 10 haplotype pair. The difference in mean HbF was statistically
significant (p-value from t-test < 10-15). In the Saudi E + Indian samples, carriers of the
haplotypes 5, 7 had an average HbF of 10% while carriers of the 10, 10 haplotype pair had
average HbF of 23%. The difference was statistically significant (p-value from t-test < 0.02).
The distribution of HbF in Saudi W samples was between the CSSCD and Saudi E + Indian
samples.

The plot also suggests that the effect of haplotype 10 associated with the highest HbF is
mediated by the second haplotype and carriers of the 5,10 haplotype pairs have an average
2.5% less HbF in the Saudi E + Indian samples compared to carriers of the 10,10 haplotype
pairs, although the difference did not reach statistical significance. The same difference of
2.5% HbF between CSSCD patients carrying the 5, 10 or 10, 10 haplotype pairs reached
statistical significance (p-value from t-test < 0.01). In addition, the plot highlights the
similarity of the genetic effects of the haplotype pairs in all study populations, and suggests
that variants in BCL11A explain variations in HbF levels (linear trend in Figure 5) but
cannot explain the baseline higher HbF levels in the Saudi W samples and the even higher
HDbF levels in the Saudi E+ Indian sample (shift to the right). To confirm this result, we
fitted a multivariable regression model with a haplotype-pair x cohort interaction and the
interaction effects did not reach statistical significance (minimum p-value for interaction
0.17)

The differential distributions of haplotypes in the Saudi E + Indian cohorts compared with
African Americans can explain the distribution of HbF levels in the two groups (Figure S1).
The skewed distribution of HbF in the African American samples is due to the higher
frequency of haplotypes associated with lower HbF.

Discussion

Aboriginal populations of the Indus Valley Harappa culture might have introduced the HbS
gene on the Al HBB cluster haplotype to the Eastern Province of Saudi Arabia (Figure
1).27. 28 Carriers of this haplotype typically have HbF levels 3 to 4 times as high as patients
with African-origin haplotypes. In contrast, the HbS gene on the Benin HBB haplotype was
introduced to the Southwestern Province from Africa (Figure 1). The genetic population
structure of Southwestern Province patients is similar to other Arab populations.1>: 22. 29
Their HDF levels are twice that of carriers of the Benin haplotype of African-origin but half
that of patients with the Al haplotype (Table 1). These observations suggest that (1) high
HbF in the Al haplotype is a result of cis-acting regulators and unique “Arab” trans-acting
regulation, (2) Saudi patients from the Southwestern Province with the Benin haplotype lack
the cis-acting elements of the Al haplotype but have similar “Arab” trans-acting factors, (3)
African patients with the Senegal haplotype have high HbF and cis-acting elements similar
to those of the Al haplotype but lack the “Arab” trans-acting elements, and (4) most other
African patients with Benin and Bantu HBB haplotypes lack both the cis- and trans-acting
elements needed for high HbF expression.

As BCL11A is associated with HbF levels in many different populations, albeit with
different effect sizes, we examined polymorphisms in the DHS of its erythroid-specific
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enhancers to see if they might explain different HbF levels in the Al and other haplotypes of
sickle cell anemia.

Significant differences were present in the distribution of BCL11A enhancer haplotypes in
Al and African-origin haplotype patients. In all cohorts, haplotypes 5 and 7 were associated
with lower HbF than the common referent haplotype 2. Haplotypes 5 and 7 were less
frequent in the Saudi E + Indian cohorts than in African American cohorts. The different
frequencies of BCL11A haplotypes are likely to account for the different distribution of HbF
levels in patients with African-origin compared with Al haplotypes (Figure S1). In the Al
haplotype, HbF is normally distributed with a mean of about 20%; individuals with African
haplotypes have a “skewed” HbF distribution with a mean of about 6% and fewer patients
with “high” HbF perhaps because of the lower frequency of haplotypes associated with
higher HbF.

When haplotype pairs are analyzed, haplotype 10 was associated with the highest HbF.
While haplotype pairs are associated with HbF they do not appear to explain the differences
in HbF level between Al and African-origin haplotype populations (Figure 3). This is
consistent with the observation that although BCL11A polymorphisms are associated with
HbF in Al haplotype patients as in other racial and ethnic groups, in the Al haplotype these
polymorphisms explain less of the variation of HbF than studies of the other

cohorts.19: 20, 30-33 |t js therefore likely that other loci have a predominant role in the
differential expression of HbF in the Al compared with other HBB haplotypes. The nature of
putative “Arab” trans- and cisacting regulator(s) remain unknown.

Haplotypes capture the combinatorial importance 10 30 of the BCL11A enhancer elements
more comprehensively than single SNP analysis. In previous studies of BCL11A haplotypes
and HbF in African Americans, 3 SNPs in BCL11A, rs10189857, rs4671393 and rs7599488
formed 4 haplotypes that were more strongly associated with HbF than single SNP
analysis.30 These SNPs were not in the DHS of the BCL11A enhancers. Rs7599488 in DHS
+62 was not associated with HbF in Al haplotype patients. Using imputed data from GWAS,
Bhatnagar et al,34 reported similar associations of DHS SNP haplotypes with F-cell levels in
African American children. In the CSSCD, Bauer et al genotyped 2 SNP haplotypes of
rs1427407-rs7606173 in DHS +62 and +55. Haplotypes TG (24.5%), TC (0.85%), GC
(42.3%) and GG (33.1%) were associated with 4.05, 7.08 and 11.2% HbF.10

Stimulating HbF gene expression is an attractive therapeutic approach for sickle cell anemia
and P thalassemia. A better understanding of the genetic basis of HbF regulation has
uncovered novel therapeutic targets 19 for drug development. Finding elements responsible
for high HbF in the Al haplotype and Saudi Benin haplotypes might further inform this
effort.10. 35, 36

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Origins of the HbS mutation in Africa and India and migration to the Arabian Peninsula.

The primary HbS gene-associated haplotype in the Southwestern Province of Saudi Arabia
is Benin, which was introduced from Africa. Eastern Province patients have the Arab-Indian
(Al) haplotype that might have originated in India (solid arrow) or alternatively, originated
in the Middle East and migrated to India (dashed arrow).
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Location of the 6 SNPs relative to the DNA hypersensitive sites (DHS) labeled as identified

in Bauer et al. 2013.
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Figure 3.
Distribution of HbF levels in the 4 study populations for different genotypes of the

significant SNPs.
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Figure 4.
LD heatmap generated in HaploView to display the linkage disequilibrium (r2) between the

4 SNPs.
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Figure 5.
Distribution of HbF per carriers of haplotype pairs in African Americans sickle cell patients

from the CSSCD (black), Saudi W patients (green), and from the combined Saudi E + Indian
groups (red). Haplotype pairs are ordered by median HbF in the CCSCD study. Boxplots
display 25%, 50% and 75% HbF, and whiskers extends to 1.5 interquartile range.
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Table 1

N  Age+SD(yrs.) HbF +SD (%) Genotyping

CSSCD 894 13.6+11.3 5.2+5.6 Illumina/Imputation

Saudi W 99 17.7+9.84 11.446.0 Illumina/Imputation
Saudi E: Al Haplotype 110 26.7+£10.1 18.0£7.0 PCR/Illumina/lmputation
Indian: Al Haplotype 44 14.6+4.6 23.0+4.8 PCR

Saudi E and Indian patients are homozygous for the Al haplotype and were not taking hydroxyurea. CSSCD patients have different African
haplotypes. Cooperative Study of Sickle Cell Disease (CSSCD). lllumina/Imputation signifies imputation of SNPs not included in the lllumina SNP

arrays.
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Table 2

Results of single SNP analysis in the 4 study populations.

SNP A/B
rs1427407 GI/T
rs7599488  T/C
rs6706648 C/T
rs6738440 A/G
rs7565301 A/G
rs7606173 C/G

SNP A/B
rs1427407 G/T
rs7599488  T/C
rs6706648 C/T
rs6738440 AIG
rs7565301 A/G
rs7606173 C/G

SNP A/B
rs1427407 G/T
rs7599488  T/C
rs6706648 C/T
rs6738440 A/G
rs7565301 A/G
rs7606173 C/G

SNP A/B
rs1427407 G/T
rs7599488  T/C
rs6706648 C/T
rs6738440 A/G
rs7565301  A/G
rs7606173 C/G

African American (CSSCD)

MAF  AA/AB/BB b SE Pvalue
0.26  485/355/59  0.28 0.02 1.34E-29
0.30  435/383/81 -0.01 0.02 0.5528
0.39 342/419/138 -0.2 0.02 3.77E-20
0.27  480/351/68 -0.18 0.02 7.96E-14
0.26 58/359/482  -0.01 0.03 0.8362
0.41  153/440/306 0.20 0.02 2.30E-20
Saudi W
MAF  AA/AB/BB b SE Pvalue
0.32 44/42/9 0.20 0.06 0.0007
0.42 32/44/16 012  0.06 0.0337
0.15 69/22/3 -0.12 0.07 01142
0.10 74/18/0 -0.05 0.10 0.6446
0.33 4/36/55 0.05 0.07 0.3928
0.27 6/37/49 -0.06 0.07 0.4042
Saudi E
MAF  AA/AB/BB b SE Pvalue
0.28 72/51/13 25 0.89 0.0059
0.43 38/50/22 056 0.95 0.5564
0.22 68/36/6 -383 11 0.0007
0.18 79/31/5 -2.94 117 0.0133
0.21 7127/1964 -1.14 118 0.3336
0.27 12/28/1957 327 1.01 0.0017
Indian
MAF  AA/AB/BB b SE Pvalue
0.17 30/13/1 321 112 0.00656
0.68 5/18/2021 -0.88 097 0.37165
0.13 33/11/0 -2 1.47  0.18049
0.06 38/5/0 -0.11 196  0.9556
0.28 4/17/2023 033 097 0.73827
0.14 1/10/1931 203 131 0.12992

Page 17

SNPs significantly associated with HbF are highlighted in bold face. The alleles are ordered by forward strand, and the estimated genetic effect
(column beta (b) represents the effect of the B allele in the forward strand. The regression coefficient b in the CSSCD and Saudi W data represents

changes in cubic-root transformation of HbF, resulting in smaller values but consistent sign.
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Table 3

Page 18

Haplotypes of SNPs rs1427407, rs6706648, rs6738440, rs7606173 in BCL11A and their frequencies in the

study subjects.
HF HE
Number  Haplotype CSSCD ISr1adL:g:1Ii\+I saudi W
1 GCAC 0.0189 0.0552 0.1099
2% GCAG 0.3250 0.5354 0.4279
3 GCGC 0.0076 0.0110 0.000
4 GCGG 0.0006 - -
5% GTAC 0.1257 0.0461 0.0453
6 GTAG 0.0001 - -
* GTGC 0.2599 0.1303 0.1004
8 GTGG 0.0011 0.0000 -
9 TCAC 0.0020 0.0000 0.0090
10* TCAG 0.2571 0.2069 0.3021
11 TCGC 0.0012 - 0.0053
12 TTGC 0.0009 0.0000 -
13 TTAC - 0.0071 -
14 TTGG - 0.0081 -

HF = haplotype frequency.
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