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Abstract
Sickle cell disease (SCD) is a group of inherited blood disorders that have in common a mutation in the sixth codon of the b-globin

(HBB) gene on chromosome 11. However, people with the same genetic mutation display a wide range of clinical phenotypes.

Fetal hemoglobin (HbF) expression is an important genetic modifier of SCD complications leading to milder symptoms and

improved long-term survival. Therefore, we performed a genome-wide association study (GWAS) using a case-control experi-

mental design in 244 African Americans with SCD to discover genetic factors associated with HbF expression. The case group

consisted of subjects with HbF�8.6% (133 samples) and control group subjects with HbF�3.1% (111 samples). Our GWAS results

replicated SNPs previously identified in an erythroid-specific enhancer region located in the second intron of the BCL11A gene

associated with HbF expression. In addition, we identified SNPs in the SPARC, GJC1, EFTUD2 and JAZF1 genes as novel

candidates associated with HbF levels. To gain insights into mechanisms of globin gene regulation in the HBB locus, linkage

disequilibrium (LD) and haplotype analyses were conducted. We observed strong LD in the low HbF group in contrast to a loss of

LD and greater number of haplotypes in the high HbF group. A search of known HBB locus regulatory elements identified SNPs 50

of d-globin located in an HbF silencing region. In particular, SNP rs4910736 created a binding site for a known transcription

repressor GFi1 which is a candidate protein for further investigation. Another HbF-associated SNP, rs2855122 in the cAMP

response element upstream of Gg-globin, was analyzed for functional relevance. Studies performed with siRNA-mediated

CREB binding protein (CBP) knockdown in primary erythroid cells demonstrated g-globin activation and HbF induction, supporting

a repressor role for CBP. This study identifies possible molecular determinants of HbF production.
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Introduction

Sickle cell disease (SCD) is a group of inherited blood dis-

orders that have in common a glu-val mutation in the sixth

codon of the human b-globin (HBB) gene on chromosome

11. Those individuals who are homozygous for this muta-

tion (HbSS) or compound heterozygotes for the sickle muta-

tion and b0-thalassemia have the most severe disease

phenotype and are at highest risk for developing clinical

complications. SCD is characterized by acute vaso-occlusive

events including pain episodes, splenic sequestration, acute
chest syndrome, and stroke among others, contributing to
increased morbidity and early mortality. Despite the genetic
simplicity of SCD as a Mendelian single gene disorder, indi-
viduals with the same genotype display extreme clinical
heterogeneity.1,2 Two major modifiers of SCD clinical
phenotypes including fetal hemoglobin (HbF; a2g2) and a-
thalassemia were identified through basic research and clin-
ical studies and subsequently confirmed by genetic studies.
Many of the hematologic and clinical complications of SCD
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are prevented by HbF due to its ability to inhibit HbS poly-
merization in erythrocytes.3,4 Therefore, the discovery of
genetic markers of HbF expression that can be developed
as therapeutic targets for SCD has been a major ongoing
research effort for decades.

The Cooperative Study of Sickle Cell Disease (CSSCD)
was a multi-institutional natural history study5,6 that iden-
tified HbF as a modifier of mortality and risk factor for early
death in African American patients with SCD.7 These obser-
vations have been corroborated by numerous clinical stu-
dies of European, Indian, Middle Eastern, and African SCD
patients,8 highlighting the importance of understanding
genetic modifiers of HbF regulation. The 81-kb HBB locus
on chromosome 11 consists of five functional genes, includ-
ing HBE1 ("), HBG2 (Gg), HBG1 (Ag), HBD (d) and HBB (b),
expressed sequentially from 50 to 30 in a tissue- and devel-
opment-specific manner during ontogeny,8 a process
known as hemoglobin switching. Expression of the b-like
globin genes is controlled in part by the locus control region
(LCR) located 6–20 kb upstream of "-globin.9,10 To achieve
normal hemoglobin switching, stage-specific transcription
factors bind the LCR and globin promoters during erythro-
poiesis to activate globin gene expression11 through a DNA
looping mechanism.12 HbF comprises 80–90% of the total
hemoglobin synthesized at birth, gradually decreasing to
<1% by 12 months. The discovery of heritable DNA mar-
kers associated with major repressors of HBG1/HBG2
expression provides a rational approach for precision medi-
cine in SCD.

To develop strategies of HbF induction, it is necessary to
define cis-regulatory elements and DNA-protein inter-
actions in the HBB locus that modify globin gene expres-
sion. In previous studies, up to 40% of the HbF-producing
capacity in sickle cell patients was attributed to genetic
determinants in Xp22.2,13 chromosome 8q14 and genes in
the 6q22.3-23.4 quantitative trait locus.15,16 Thein and col-
leagues were the first to demonstrate single nucleotide
polymorphisms (SNPs) in the HBS1L-MYB inter-genic
region (HMIP) on 6q23 accounting for 18% of HbF variance
in Northern Europeans,17 and later they identified the
BCL11A quantitative trait locus on chromosome 218

accounting for about 15% of HbF variance in the same
population. Subsequently, Uda et al.19 confirmed SNPs in
the BCL11A gene associated with high HbF levels in a
genome-wide association study (GWAS) of Sardinian thal-
assemia patients, establishing the first major repressor of
HBG1/HBG2 gene expression. A third locus that contributes
to HbF expression is the �158XmnI-HBG2 SNP located in
the Gg-globin promoter located at position �158 relative to
the transcriptional start site.15,20

For the most part, GWAS to identify inherited HbF deter-
minants in African American patients with SCD has been
conducted using CSSCD samples.21–24 For example,
Solovieff et al.23 identified SNPs in BCL11A and the
ORB1B5/OR51B6 (rs4910755) genes associated with HbF
levels. A subsequent meta-analysis was conducted using
GWAS data generated in seven African American SCD
cohorts totaling 2040 patients.25 The most significant HbF
modifying SNPs were identified in BCL11A (rs766432) and
the HMIP region (rs9494145), which represented 11.1% and

3.2% of the phenotypic variability in HbF expression,
respectively. Recently, the first GWAS was conducted in a
Tanzanian population of 1213 HbSS and HbSb0-thalassemia
patients.26 Similar to the results obtained in African
Americans, SNPs in the BCL11A gene and the HMIP
region were replicated in that population. Interestingly,
the �158XmnI-HBG2 (rs782144) SNP was not replicated in
Tanzanian patients, concordant with previous results for
African Americans with SCD.23,25

The second major modifier of clinical phenotype in SCD
is expression of the a-globin genes (HBA1/HBA2).
Approximately one-third of sickle cell patients of African
descent have coexisting a-thalassemia due to the common
3.7-kb deletion (�a3.7).1 Coexisting a-thalassemia reduces
intracellular hemoglobin concentrations, thereby reducing
HbS polymerization and erythrocyte hemolysis. A SNP in
the NPRL3 gene on chromosome 16 was identified by
GWAS and validated by targeted genotyping in an inde-
pendent cohort.27 The introns of NPRL3 contain the
HBA1/HBA2 gene regulatory elements consisting of hyper-
sensitive sites (HS)-33, HS-40 and HS-48. After adjusting for
HbF and a-thalassemia trait, variants of the HBA1/HBA2
gene regulatory locus in NPRL3 were associated with
reduced hemolysis in SCD.

In our current study, we conducted a case (high HbF)-
control (low HbF) GWAS to identify novel genetic modifiers
of HBG1/HBG2 gene expression. As previously identified in
several populations, SNPs in the BCL11A gene were asso-
ciated with HbF levels in our population along with four
additional genes suggestive of novel candidate loci. High-
density SNP mapping of the 81-kb HBB locus revealed tag-
ging-SNPs that define unique haplotypes associated with
the high and low HbF phenotype. Knockdown of the tran-
scription cofactor CREB1 binding protein (CBP) which
interacts upstream of the Gg-globin (HBG2) gene enhances
HbF expression to identify possible molecular determinants
of g-globin gene regulation.

Methods and materials
DNA samples sources

A total of 254 genomic samples were analyzed including
155 samples collected during the CSSCD which were
obtained after approval from the Biologic Specimen and
Data Repository Information Coordinating Center at the
National Heart Lung and Blood Institute. Thirty samples
were obtained from the Comprehensive Sickle Cell
Centers Collaborative Data (CDATA) study and the remain-
ing samples were contributed by Dr. Samir K. Ballas,
Thomas Jefferson University.

Genotype determination

The Illumina Omni1-Quad System (San Diego, CA, USA)
was used to genotype the DNA samples because this chip
contains 1,140,419 SNPs with 76% coverage of polymorph-
isms validated in people of African ancestry. Genotype data
quality control and SNP calls were generated with
Illumina’s Genome Studio software. For the HBB locus
haplotype analysis, genotype data for SNPs rs2855121 and
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rs2855122 were confirmed using TaqMan� assay probes
(ThermoFisher Scientific, Grand Island, NY) for real-time
PCR detection.

GWAS analysis

Allele associations were calculated using the case-control
association test as implemented in PLINK version 1.07.28

PLINK performs all necessary data management tasks for
GWAS, including generation of summary statistics for qual-
ity control, detection of population stratification, testing for
statistical association at a single SNP, multiple SNPs and
haplotype levels. P values were plotted against genomic
location using Haploview version 4.2.29 Allele association
with case or control status was assessed by Chi-squared (�2)
test and the expected and observed distributions of SNPs
were determined by statistical analysis. The expected num-
bers of SNPs under the null hypothesis at the nominal sig-
nificance threshold were generated.

Replication Analysis

GWAS was performed at Boston University on 1645 DNA
samples isolated from African Americans with SCD who
participated in the CSSCD, C-DATA, PUSH, and WALK-
PHASST studies. Samples were genotyped using the
Illumina Human610-Quad SNP array containing 588,451
SNPs, as previously published.30 Our replication analysis
was performed in 249 CSSCD patients with low HbF levels
and 243 CSSCD patients with high HbF levels, using the
same definitions of low and high HbF groups defined in
the initial case-control GWAS study. After quality control
steps, 6489 SNPs had no genotype data, 16,737 markers
were excluded based on the Hardy–Weinberg equilibrium
test (P0.001), and 73,966 SNPs failed the allele frequency test
(MAF<0.05). After frequency and genotyping pruning,
498,706 SNPs were tested for association with HbF levels.
There was approximately a 30% overlap of samples between
the discovery and replication cohorts.

Haplotype analysis

Genotype data were inspected and used to construct HBB
locus haplotypes using Haploview 4.2, which utilizes the
EM algorithm to calculate linkage disequilibrium (LD) coef-
ficients (D0) and to infer haplotypes. Examination of geno-
types was conducted to determine the conformity with
Hardy–Weinberg equilibrium before Haploview analysis.
The SNPs with statistically significant departures
(P<0.001) and minor allele frequencies <5% were excluded
from the analysis. SNPs with strong LD (D0�0.8) were
arranged into haplotype blocks following Wang’s algo-
rithm.31 Haplotype-tagging SNPs (tagSNPs) were selected
on a block-by-block basis to identify SNPs that represent
non-redundant information about genomic structure.

Two phase primary erythroid cultures

Primary erythroid progenitors were generated from human
peripheral blood mononuclear cells purchased from Carter
BloodCare (Fort Worth, TX, USA), in accordance with
guidelines of the Institutional Review Board at the

University of Texas at Dallas. Cell expansion and erythroid
differentiation were conducted according to a procedure
previously published by our lab.32 For gene silencing
experiments, SMARTpool siRNAs for CBP (M-series, GE
Dharmacon, Lafayette, CO, USA) and non-targeting
scrambled siRNA were transfected on day 28 of primary
cell culture using a CD34þ Nucleofector kit and
Nucleofector device (Amaxa, Allendale, NJ, USA) as previ-
ously published by our laboratory.32

Reverse transcription-real time polymerase
chain reaction (RT-qPCR)

To quantify gene transcription levels, total RNA was
extracted using RNA Stat-60TM (TEL-TEST Inc.,
Friendswood, TX, USA) and used for RT-qPCR of g-
globin, b-globin and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNA levels as reported previously.33

Primers to quantify Actin and CBP gene expression were
purchased from Qiagen (Valencia, CA, USA).

Western blot

To determine CBP gene silencing in primary erythroid pro-
genitors, western blot analysis was performed using total
protein extracts and CBP antibody (SC-583, Santa Cruz
Biotechnology, Dallas, TX, USA) and Actin antibody
(MAB1501, Millpore, Billerica, MA, USA), as previously
published.34

Fluorescence immunocytostaining

Monolayers of erythroid cells were obtained by centrifuga-
tion onto a glass slide. Immunocytostaining with anti-g-
globin fluorescein isothiocyanate antibody (Bethyl
Laboratories, Montgomery, TX, USA) was conducted as
previously published.32

Enzyme-linked immunosorbent assay

After the different treatments were conducted, total protein
lysates were prepared and enzyme-linked immunosorbent
assay (ELISA) performed as previously published.32

Statistical analysis

Each condition was repeated independently at least three
times with triplicate samples for each experiment; data are
shown as the mean � standard error of the mean (SEM).
The student’s t-test was applied to compare two experimen-
tal conditions with the threshold for statistical significance
at P< 0.05.

Results
GWAS confirms HbF-associated SNPs in BCL11A

The ability of HbF to ameliorate the clinical severity of SCD
and b-thalassemia has been well established.35 In other dis-
eases when a phenotype associated with morbidity and
mortality has been identified, using an extremes-of-pheno-
type (case-control) approach gives increased power to
detect SNPs associated with genetic modifiers of clinical
phenotype with smaller sample sizes.36,37 Therefore, we
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designed a GWAS using SCD patients with extremes of HbF
levels to discover novel genetic modifiers involved in
HBG1/HBG2 gene expression. Based on findings from the
CSSCD where improved survival was observed in SCD
patients with HbF�8.6%,7 we chose this level as the cut-
off for the case group. Using hematologic reference values
for infants with SCD, the average HbF level at 5 years of age
is 3.3%.38 Therefore, we chose HbF�3.1% as the upper limit
for the control group, reasoning patients with HbF in this
range probably have not inherited a g-globin gene modifier.

All DNA samples analyzed in the GWAS met quality
control and were genotyped on the IlluminaOmni1-Quad
chip. We collected data for 254 African Americans diag-
nosed with HbSS and HbSb0-thalassemia and HbF�8.6%
(case, n¼133), HbF�3.1% (controls, n¼111), and 10 inter-
mediate HbF subjects (Table 1). We excluded 45,142 mono-
morphic SNPs, 546 singletons, 1346 SNPs with significant
departures from Hardy–Weinberg Equilibrium (P� 10.001),
and 181,454 SNPs with minor allele frequencies <5%, from
further consideration. After frequency and genotyping
pruning, 833,760 SNPs were used in the GWAS analysis.

In order to determine allelic association of SNPs with
HbF levels, we used the case-control association test imple-
mented in PLINK version 1.07. Figure 1 shows the distribu-
tion of P-values (Manhattan plot) and SNPs on
chromosome 2 and 5 significantly associated with HbF
levels. A summary of the SNPs in the top four genes and
two intergenic regions with genome-wide significance

(P<1�10�6) associated with high HbF are shown in
Table 2. The intronic region of the BCL11A gene contained
14 SNPs of which rs1896295, rs45606437, rs7584113,
rs10172646, and rs1896294 have not been previously
reported. This could reflect the differences in SNP allele
frequency in African Americans compared to European or
African populations. Conversely, these SNPs could have
high LD with other SNPs validated in the region.

Our GWAS data also identified SNPs in the SPARC,
GJC1, EFTUD2 and JAZF1 genes associated with high
HbF (Table 2). SPARC (secreted protein acidic and rich in
cysteine) is a widely expressed profibrotic protein linked to
human obesity, insulin resistance, and diabetic retinop-
athy.39 GJC1 (Gap Junction Protein Gamma 1; connexin45)
belongs to a group of proteins that form intercellular chan-
nels to allow exchange of small molecules between cells.40

EFTUD2 (elongation factor Tu GTP binding domain con-
taining 2) encodes a GTPase component of the spliceosome
complex.41 The fourth HbF-associated SNP was identified
in the zinc finger nuclear protein JAZF1 that functions as a
gene transcription repressor.42

To gain insight into a possible regulatory role of the
novel SNPs identified in our study, we performed an align-
ment across the BCL11A gene and functional genomics data
generated by the ENCODE (Encyclopedia of DNA
Elements) project. We focused our in silico analysis on a
15-kb region (hg19; 60,713,000 to 60,728,000) enriched with
the HbF-associated SNPs (Figure 2). The ENCODE results
for K562 cells showed low-level enhancer activity repre-
sented by the presence of histone H3K4me1 with minimal
H3K4me3 mark detected. DNase hypersensitivity was
established in this region and in vivo binding of the tran-
scription factors GATA1 and TAL1. Moreover, three loci
located at þ55, þ58 and þ62 relative to the BCL11A gene
transcription start site were detected with strong GATA1-
associated enrichment in erythroblasts, corresponding to
the erythroid enhancer region reported by Bauer et al.43

Two of the SNPs identified in our GWAS, including
rs6738440 (þ58 site) and rs1427407 (þ62 site), could poten-
tially alter recruitment of transcription factors to this region.
Therefore, using a case-control GWAS of sickle cell patients
with extremes of HbF levels, we confirmed previously

Figure 1 Analysis of GWAS data by PLINK. The genotype data generated by the entire cohort were subjected to case-control association analysis using PLINK. Log-

transformed P values (y axis) for the top 200,000 SNPs were plotted against chromosomal location (x-axis) using Haploview. The vertical red box shows significant

SNPs in the BCL11A (Chr2) and SPARC (Chr5) genes

Table 1 Phenotype data subjects used for GWAS analysis

Gender

Low HbF

(�3.1%)

Intermediate HbF

(�3.2 & <8.6%)

High HbF

(�8.6%)

Female* (128) 47 5 76

Male* (126) 64 5 57

Totals 111 10 133

Mean HbF (%) 1.84 3.95 13.83

HbF Range (%) 0 to 3.1 3.2 to 7 8.6 to 60

GWAS, genome-wide association study; HbF, fetal hemoglobin.

*All subjects are African American; total number of females and males are shown

in parenthesis.
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reported SNPs and identified novel SNPs located in the
erythroid enhancer of the BCL11A gene. In addition, other
candidate genes that may be involved in HBG1/HBG2 gene
regulation were revealed.

The case-control GWAS results presented herein was
conducted with a limited sample size, and therefore we
sought to replicate our findings with another dataset gen-
erated from 243 cases (HbF� 8.6%) and 247 controls
(HbF� 3.1%) African American patients enrolled in the
CSSCD.30 We replicated five SNPs in the intronic region of
BCL11A (rs766432, rs10195871, rs6706648, rs6738440 and
rs6709302) with genome-wide significance (Table S1).
However, the BCL11A SNPs rs1896295, rs45606437,
and rs1896294 were not replicated since probes for these
and other gene mutations in the SPARC, JAZF1, GJC1 and
EFTUD2 genes were not included on the Human610Y SNP
array; this precluded our ability to replicate novel findings
in our GWAS.

A permutation analysis showed that the replicated
SNPs were significant only in the original partitioning of
the dataset into cases and controls and not signifi-
cantly associated with HbF levels in any other partitioning.
This strongly suggests that the results are independent of
any overlap between the original study and the replication in
the CSSCD cohort.

Characterization of HBB locus haplotypes and tagSNPs

Transcriptional regulation of the HBB locus genes depends
on trans-acting factors (activators and repressors), cis-acting
elements (DNA motifs for binding trans-acting factors) and
epigenetic changes in chromatin structure. The LCR pro-
vides enhancer activity for high-level sequential expression
of the downstream b-like globin genes during developmen-
tally regulated hemoglobin switching.12 Numerous studies
support the notion that DNA sequences within 3–4 kb
upstream or downstream of the HBG1/HBG2 genes influence
transcription rates during erythroid maturation. We there-
fore performed a case-control analysis for SNPs in the HBB
locus to identify divergences in genome structure between
low HbF and high HbF groups. Based on the functional role
of SNPs in the Gg-globin promoter,33,44 we confirmed geno-
types for rs2855121 and rs2855122 by TaqMan� assay.

First, we performed LD and haplotype analysis of the
HBB locus with genotype data generated by TaqMan and
Illumina Omni-Quad 1 chip assays of the low HbF (101
subjects) and high HbF (103 subjects) groups using
Haploview 4.2. There were 103 SNPs spanning the HBB
locus (Figure 3(a)) producing four haplotype blocks for
the low HbF cohort based upon the 4-gamete rule
(Figure 3(b)). Overall there was strong LD across the HBB

Table 2 High-HbF associated SNPs identified by the case-control analysis

CHR Gene SNP ID Base position* A1/A2

Allele frequency

(Case)

Allele frequency

(Control) Chi square P value

2 BCL11A rs1896295 60577590 A/G 0.375 0.1306 37.12 1.11E-09

2 rs4671393 60574455 A/G 0.3788 0.1343 36.15 1.83E-09

2 rs6706648 60575544 AG 0.2895 0.5495 33.89 5.82E-09

2 rs766432 60573474 C/A 0.3759 0.1441 32.95 9.46E-09

2 rs1427407 60571547 A/C 0.3421 0.1216 32.09 1.48E-08

2 rs6738440 60575745 G/A 0.1955 0.4279 31.06 2.50E-08

2 rs45606437 60576613 A/C 0.2444 0.4865 31 2.58E-08

2 rs7584113 60574815 A/G 0.4135 0.1847 29.66 5.15E-08

2 rs7557939 60574851 G/A 0.4135 0.1847 29.66 5.15E-08

2 rs10195871 60574093 A/G 0.4173 0.1892 29.25 6.35E-08

2 rs10172646 60574261 G/A 0.4173 0.1892 29.25 6.35E-08

2 rs11886868 60573750 G/A 0.3947 0.1802 26.67 2.41E-07

2 rs1896294 60572578 G/A 0.3947 0.1818 26.08 3.28E-07

2 rs6709302 60581133 A/G 0.2632 0.4775 24.11 9.12E-07

5 SPARC rs7719521 151029597 A/C 0.1241 0.3198 27.65 1.45E-07

5 rs725937 151036904 A/G 0.188 0.3964 25.92 3.56E-07

5 rs6874468 151035888 A/G 0.02632 0.1532 25.3 4.92E-07

17 GJC1 rs1122109 40240064 A/C 0.2348 0.07798 21.44 3.65E-06

17 rs2108393 40236279 A/G 0.3308 0.1545 19.9 8.15E-06

17 EFTUD2 rs16971033 40288000 G/A 0.2481 0.09091 20.43 6.17E-06

17 rs2289673 40285496 A/G 0.2481 0.09091 20.43 6.17E-06

17 rs2304986 40283580 A/G 0.2727 0.1091 20.21 6.95E-06

15 Intergenic rs776717 40188944 G/A 0.1203 0.2883 21.61 3.34E-06

9 Intergenic rs1339144 23208009 A/G 0.5337 0.3 21.55 3.44E-06

7 JAZF1 rs740127 28004900 A/G 0.2744 0.1171 18.52 1.68E-06

HbF, fetal hemoglobin; SNP, single nucleotide polymorphism; A1/A2, allele 1/allele 2.

*hg18 genome coordinates.
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locus illustrated by the allelic D0values shown between the
haplotype blocks (D0> 0.8). In contrast, we observed
decreased LD and more diverse haplotypes in the high
HbF cohort (Figure 3(c)) with 8 haplotype blocks inferred.
Interestingly, the region between rs10128653 and rs7482144
(-158XmnI-HBG2) displayed a lower allelic mean D0< 0.8 in
the high HbF group.

Haplotype analysis also identifies a subset of SNPs
which carry non-redundant information (tagSNPs) which
can be used to define the diversity and total number of
haplotypes in a given region. We observed 14 tagSNPs in
the low HbF group with 3 unique to this group (Table S2)
and 18 tagSNPs in the high HbF group of which 7 were
unique. These results support a diversified genomic struc-
ture in sickle cell patients with high HbF providing poten-
tial insight into molecular mechanisms of persistent HbF
expression in this group.

Identification of HbF-associated SNPs located in a
known HbF silencing region

In order to identify individual SNPs associated with HbF,
we performed a Chi-square (�2) statistical analysis. We
observed seven SNPs in the HBB locus with �2> 4.0 and
P< 0.04 supporting association with high HbF (Table S3).
Three SNPs were located within 30-kb of the intergenic
region between e-globin and Gg-globin (rs4910740,

rs10128653, and rs2855122) and four were located in the
region between the cb-globin and d-globin genes
(rs16912210, rs4910736, rs4402323, and rs4320977).
Historically, rs10128653 and rs2855122 have been impli-
cated in forming a pre-G genetic framework that influences
HbF expression in the context of HBB locus haplotypes
defined in different African populations.45 These SNPs
reflect changes at the DNA level, which may relate to per-
sistent HbF expression; however, functional studies are
needed to ascertain the biological relevance of these SNPs.

We next established haplotypes in the low and high HbF
groups using the same 7 HbF-associated SNPs. Figure 4(a)
illustrates the formation of one haplotype block with strong
LD and five unique haplotypes at decreasing frequency
inferred in the low HbF cohort. By contrast, analysis of
the same SNPs in the high HbF group demonstrated one
haplotype block with seven unique haplotypes inferred
(Figure 4(b)). Interestingly, SNPs rs4910736, rs4402323,
and rs4320977 located within the 3.5-kb HbF silencing
region upstream of the d-globin gene (Figure 4(c)) were
identified by Sankaran et al. in db0-thalassemia patients.46

BCL11A was shown to bind this region to silence g-globin
expression by interacting with a transcription co-repressor
complex in adult erythroid cells.

To assess the biological relevance of SNPs located in the
HbF silencing region, we analyzed functional genomics

Figure 2 Functional data for HbF-associated BCL11A SNPs located in an erythroid-specific enhancer region. ENCODE data for the BCL11A gene were analyzed

using the (University of California, Santa Cruz) UCSC genome browser (genome.ucsc.edu). The BCL11A gene on Chromosome 2 is shown at the top with its major

isoforms and AL833181 (a predicted non-coding transcript). A 15-kb region from 60,713,000 to 60,728,000 was enlarged to depict the functional ChIP-seq results in

K562 cells (middle) including DNase hypersensitivity (DNase HS), H3K4me1, and H3K4me3 marks, and transcription factor RNA Polymerase II binding (Pol II), GATA1,

and TAL1 binding to the region. ChIP-seq results for GATA1 in peripheral blood-derived erythroblasts (PBDE) demonstrate the þ55, þ58, and þ62 erythroid-specific

enhancer regions. The box on the bottom illustrates the top HbF-associated BCL11A SNPs identified in our GWAS indicated by the bars and respective dbSNP IDs
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data produced by the ENCODE project (Figure 4(d)). There
was an absence of RNA polymerase II signal and increased
binding of repressor complexes such as HDAC1, LSD1,
CHD2 and COREST, supporting involvement of this
region in transcription repression. Furthermore, we per-
formed binding site prediction analysis using Tfsitescan.47

There was no difference in binding sites predicted for
rs4402323 with either the C or T allele, whereas the G
allele for rs4320977 created a binding site for the CCAAT/
enhancer binding protein. Most interestingly, as shown in
Figure 4(e), the T allele of rs4910736 was devoid of tran-
scription factor binding sites, whereas the G allele created
a Growth Factor Independence 1 (GFi1) DNA motif. GFi1
and its paralog GFi1B are critical transcriptional regulators
for proliferation and maturation of hematopoietic stem
cells.48–50 Although it is unclear whether GFi1/GFi1B
plays a role in repressing g-globin transcription, our ana-
lysis provides evidence for a potential GFi1 regulatory
sequence in the HbF silencing region.

CBP represses c-globin expression through the HBB
locus tagSNP rs2855122

To assess the extent to which tagSNPs play a regulatory role
in g-globin transcription, we performed a functional ana-
lysis of SNP rs2855122 located in the cAMP response elem-
ent (TGACGTCA) at nucleotide �1225 in the Gg-globin
promoter (G-CRE). We previously demonstrated that the

trans-acting factor CREB1 binds the G-CRE to induce g-
globin expression through a p38 mitogen-activated protein
kinase-dependent mechanism.51 Subsequent sequential-
chromatin immunoprecipitation in K562 cells demonstrated
that CREB1 and CBP bind simultaneously to the G-CRE
region.51 Later studies from our lab showed a repressor
role of CBP through competition with KLF4 binding in
the proximal g-globin promoter CACCC element in a luci-
ferase reporter system.52 Therefore, we investigated the
ability of CBP to repress g-globin gene expression using
siRNA gene knockdown in human erythroid progenitors
at day 28 in culture when the g-globin gene is silenced.
We observed enhanced g-globin transcription and HbF pro-
duction with dose-dependent siRNA-mediated CBP gene
knockdown (Figure 5(a) to (c)). In addition, the number of
HbF positive cells was increased by flow cytometry sup-
porting a repressor role of CBP in g-globin gene expression
(Figure 5(d)).

Discussion

Mutations in the HBB locus, including those located in the
HBG1/HBG2 gene promoters,53,54 and quantitative trait loci
at distant sites on chromosomes 2, 6, 8, and the X chromo-
some have been associated with high HbF expression in
humans.13–19,23,25 GWAS in several populations have iden-
tified SNPs in the BCL11A gene and the HMIP and

Figure 3 High-density SNP mapping in the HBB locus. (a) Distribution of 103 SNPs in the HBB locus interrogated by the Illumina Omni1-Quad chip and TaqMan

assay. Globin genes are indicated by boxes. The schematic is not drawn to scale. Abbreviations: LCR, locus control region; HS, hypersensitive site. Symbols: Black dot,

Illumina Omni1-Quad SNPs; Red dot, TaqMan SNPs -1280GATA1 (rs2588121) and -1225CRE (rs2588122); Green dot, bS-globin SNP, rs334. Haploview was used to

infer haplotypes from combined Illumina and TaqMan genotype data. (b) Haplotype analysis for 101 subjects with low HbF (mean HbF¼1.84%). A schematic of the

HBB locus is shown on top. The degree of LD is defined by value of D0 and LOD (logarithm of the likelihood odds ratio), which is a measure of confidence in the D0value.

Red indicates strong LD (LOD>2, D0 ¼ 1), white indicates no LD (LOD< 2, D0 <1), pink (LOD¼ 2, D0 <1) and blue (LOD<2, D0 ¼1) indicate intermediate LD. Unless

indicated in each box, the D0 ¼1 and by convention D0 is multiplied by 100. SNPs with strong LD define haplotype blocks (black triangles) and the size of the region in LD

is shown in parentheses. (c) Haplotype analysis for 133 subjects with high HbF (mean HbF¼ 13.83%). The color scheme for LD pattern is as defined in panel (b)
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�158XmnI-HBG2 regions associated with HbF expression.
In African American patients with SCD, the BCL11A SNPs
show the strongest effect on HBG1/HBG2 expression,
accounting for approximately 11% of HbF variance.23,25

This suggests, however, that other genetic modifiers of
HbF remain to be discovered. In our study, we performed
GWAS using African American sickle cell patients and a
case (high HbF)-control (low HbF) experimental design.
We identified multiple SNPs in BCL11A, replicating previ-
ous studies.18,19,23,25 BCL11A is a stage-specific repressor of
g-globin expression in human primary erythroid progeni-
tors55 and mediates HBG1/HBG2 gene silencing in adult
sickle cell transgenic mice.56 The gene silencing effect
involves reconfiguration of the HBB locus through inter-
actions of BCL11A with GATA1, FOG1, and SOX6, as well
as the NuRD, histone deacetylase remodeling complex.55,57

Genetic studies in a Maltese family demonstrated that KLF1
p.K288X carriers had reduced BCL11A gene expression58

and elevated HbF levels. Subsequent studies established
the ability of KLF1 to activate BCL11A in human erythroid
progenitors and transgenic mice.58,59 Recently, an erythroid-
specific enhancer was discovered in the second intron of

BCL11A43; four SNPs (rs1427407, rs6706648, rs6738440,
and rs7606173) were associated with HbF levels in SCD
patients of African and Arab–Indian descent.60,61

Therefore, the erythroid enhancer is an attractive DNA
element for lineage-specific BCL11A gene silencing as a
strategy for gene therapy in SCD and b-thalassemia.

Genome-wide studies by Thein and colleagues identified
the HMIP region on chromosome 6q23 as a modifier of HbF
production in a European population.17,62 A meta-analysis
of GWAS data from over 2000 African American sickle cell
patients replicated the association of HbF levels with the
HMIP region.25 More recently, SNPs in the HMIP region
were shown to be associated with HbF levels in SCD
patients from Tanzania,26 Northern Brazil, and
Cameroon.63,64 The ability of MYB to regulate HbF produc-
tion in erythroid cells65 has been demonstrated.
Subsequently, Stadhouders et al. described an erythroid-
specific enhancer located in the HMIP region that regulates
MYB expression.66 Furthermore, our group demonstrated
differences in haplotype structures in the core haplotype
block 2 in the HMIP locus among European, African, and
African American SCD subjects.67 In our current study, we

Figure 4 HBB locus SNPs potentially involved in g-globin gene silencing. (a) The LD profile for the low HbF group is shown on the left. The color scheme for LD pattern

is as defined in Figure 3(b). The inferred haplotypes for these SNPs are depicted on the right. (b) The LD pattern and inferred haplotypes for the high HbF group. (c) The

HbF-associated SNPs identified in the HBB locus between 30 e-globin and d-globin, and the HbF silencing regions are shown. (d) K562 ChIP-seq data from the ENCODE

project. Shown are the tracks for the proteins indicated between positions 5,254,000 to 5,262,140. The three HbF-associated SNPs are indicated at the bottom. (e) A

300-bp region around rs4910736 was analyzed by Tfsitescan software to identify predicted transcription factor binding sites. The results for the T allele and G allele are

shown on the top and bottom, respectively. Binding sites for LIM homeodomain-containing proteins (Rpx-pTAAT) and GATA-1 were predicted regardless the presence

of T or G allele indicative of the change of binding site by rs4910736. Various colors were used to represent E (expected) values for the prediction. The lower the E value,

the higher the probability of transcription factor binding to the predicted site. Code: green – E values from 0.1 to 0.01; red – E values from 0.01 to 0.001; and blue – E

values from 0.001 to 0.0001. Note the GFi1 predicted DNA motif has an E value in the same range as the predicted GATA-1 site

Liu et al. A case-control GWAS of fetal hemoglobin modifiers 713
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



did not observe SNPs in the HMIP region associated with
HbF level, most likely due to small sample size.

Studies in healthy individuals with elevated HbF identi-
fied SNPs in the promoters of the HBG1 and HBG2 genes
that produce non-deletional hereditary persistence of HbF;
however, molecular mechanisms or trans-activating factors
that bind these mutations have not been identified. The
most extensively studied is the XmnI mutation (C to T) at
position �158 Gg-globin.17,25,26 Individuals carrying this
mutation (rs7482144) have a delay in the Gg- to Ag-globin
switch.68 Similar to other GWAS findings in sickle cell
patients of African descent,23,25,26 we did not observe an
association of the �158XmnI-HBG2 mutation with HbF
levels in our cohort.

In addition to known loci, we identified SNPs in the
SPARC, GJC1, EFTUD2, and JAZF1 genes associated with
HbF expression. Multiple SNPs were found in the SPARC
gene, which is expressed in bone marrow stromal and hem-
atopoietic cells. Gene expression analysis of stem cells iso-
lated from patients with �5q syndrome showed decreased
SPARC expression among other proteins associated with
lower platelet counts and impaired ability to form erythroid
burst-forming units.69 Recent studies in SPARC-null mice
demonstrated that this protein plays a crucial role in the
regulation of early B lymphopoiesis70; however, SPARC
has not been demonstrated to regulate globin gene expres-
sion. We also identified the transcription repressor JAZF1
associated with high HbF levels, although at a lower
genome-wide significance. SNPs in JAZF1 have been asso-
ciated with type 2 diabetes through a non-coding signal
in the first intron, which regulates islet cell function.71

The case-control GWAS design presented herein was
conducted with a limited sample size. We therefore
sought to replicate our findings with another dataset of
243 cases (HbF� 8.6%) and 247 controls (HbF� 3.1%)
drawn from African Americans enrolled in the CSSCD.30

Five SNPs in the intronic region of BCL11A including
rs766432 and rs6706648 were identified with genome-
wide significance. However, BCL11A SNPs identified in
other GWAS studies18,19 associated with HbF were not
replicated most likely due to a lower SNP density on this
array. Furthermore, early GWAS arrays were biased
towards European and Asian populations prior to the pub-
lication of the HapMap Phase 2.72 The Illumina
OmniQuad1.0 array used in our GWAS study has a
higher density of SNP coverage of the human genome
and contains SNPs unique to individuals of African des-
cent. These differences might provide a basis for our ability
to discover unique HbF-associated SNPs; however, add-
itional replication studies with a larger sample size are
needed to corroborate a role of the SPARC, GJC1,
EFTUD2, and JAZF1 genes in g-globin regulation.

In contrast to other published GWAS studies, we per-
formed a detailed analysis of the HBB locus to define haplo-
types associated with high and low HbF expression.
Historically, five major b-haplotypes, including Senegal,
Benin, Central African Republic (Bantu), Cameroon, and
Asian (Indian/Saudi-Arabian),35,54,73–76 have been defined
in African SCD populations; however, these haplotypes are
not predictive of HbF levels. We recently published data
demonstrating that b-haplotypes generated using trad-
itional methods such as restriction fragment length

Figure 5 CBP gene silencing induces g-globin expression in primary erythroid cells. Using a two-phase liquid cell culture system, erythroid progenitors were

generated and transfected at day 28 with siRNA against CBP and changes in g-globin and HbF expression were quantified (see Materials and methods section). (a) RT-

qPCR data for CBP mRNA normalized to Actin. Representative western blots for CBP and Actin expression after siRNA treatment are shown on the bottom; *P<0.05.

(b) RT-qPCR analysis of g-globin, b-globin and GAPDH mRNA showing the fold change of g-globin expression under the different conditions. (c) ELISA was performed

with HbF and total hemoglobin (Hb) antibodies. Raw data were normalized by total hemoglobin (T-Hb) and total protein (T-Protein) for each sample. (d)

Immunocytostaining with anti-g-globin fluorescein isothiocyanate antibody demonstrated an increase in HbF-producing cells (photomicrograph on left). Quantification

of the % HbF-positive cells under the different conditions is shown in the graph; **P<0.001
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polymorphisms are insufficient to define the genomic struc-
ture in the HBB locus.77 These findings were germane to our
experimental design using a case-control approach to iden-
tify SNPs in the HBB locus which did not reach significance
at the genome-wide level.

When comparing haplotypes in the case-control groups,
we observed more inferred haplotypes in the high-HbF
group, supporting lower LD in the HBB locus, particularly
in the region between the Gg-globin and d-globin genes
recently demonstrated to be involved in g-globin regulation
through long-range chromatin looping mediated by tran-
scription factors and non-coding RNA transcripts.57,78,79

Kiefer et al. discovered the BGLT3, non-coding RNA tran-
script encoded by DNA sequences between the Ag- and cb-
globin genes primarily expressed in g-globin producing
cells.78 By contrast, BGLT3 is not transcribed in late erythro-
poiesis when b-globin expression is high due to the binding
of a repressor complex consisting of ETO2 and BCL11A.
Subsequently, Xu et al. demonstrate that a repressor com-
plex consisting of BCL11A, HDAC1, LSD1, and CoREST
binds the inter-genetic region between the Ag- and d-
globin genes.79 Sankaran and colleagues identified a puta-
tive HbF silencing region 3.5 kb upstream of d-globin where
the BCL11A repressor complex binds.46 Additional studies
localized the HbF silencing region to a 2.4-kb sequence out-
side the BCL11A binding region supporting other mechan-
isms of g-globin regulation.80

Our HBB locus analysis identified the novel SNP
rs4910736 that creates a GFi1 binding site. The nuclear pro-
teins GFi1 and GFi1B can recruit LSD1 and CoREST to the
targeted chromatin region and interact with HDAC1 and
G9a (H3K9 methyltransferase). The formation of protein
complexes between GFi1/GFi1B mediates histone modifi-
cations associated with gene transcription silencing and
regulation of hematopoiesis.48–50,81 Studies by Vassen and
colleagues demonstrated increased transcription of the
embryonic and fetal globin genes and delayed erythroid
maturation in Gfi1B-null mice82 providing evidence that
GFi1/GFi1B are involved in murine globin gene regulation.

Lastly, we performed functional analysis of the HBB
locus SNP rs2855122 located in G-CRE; we recently charac-
terized a multi-protein complex composed of trans-activa-
tors including CREB1 and ATF2 and the repressor HDAC1
that bind the G-CRE.34 Studies conducted herein with the
CREB1 binding partner CBP, support a repressor role of
CBP in g-globin expression. However, additional in vivo
functional genomics studies are warranted to fully define
molecular mechanisms of g-globin gene regulation
mediated by novel HbF-associated SNPs identified in our
study.
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