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Abstract

Genome-wide association studies (GWAS) have ascertained numerous trait-associated common
genetic variants, frequently localized to regulatory DNA. We find that common genetic variation
at BCL11A associated with fetal hemoglobin (HbF) level lies in noncoding sequences decorated by
an erythroid enhancer chromatin signature. Fine-mapping uncovers a motif-disrupting common
variant associated with reduced transcription factor binding, modestly diminished BCL11A
expression and elevated HbF. The surrounding sequences function in vivo as a developmental
stage-specific lineage-restricted enhancer. Genome engineering reveals the enhancer is required in
erythroid but not B-lymphoid cells for BCL11A expression. These findings illustrate how GWAS
may expose functional variants of modest impact within causal elements essential for appropriate
gene expression. We propose the GWAS-marked BCL11A enhancer represents an attractive target
for therapeutic genome engineering for the p-hemoglobinopathies.
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GWAS have identified numerous common single nucleotide polymorphisms (SNPs)
associated with human traits and diseases. However advancing from genetic association to
causal biologic process has been challenging (1). Recent genome-scale chromatin mapping
studies have highlighted the enrichment of GWAS variants in regulatory DNA elements,
suggesting many causal variants may affect gene regulation (2-6). GWAS of HbF level have
identified trait-associated variants at BCL11A (7-12) (see supplementary online text). The
transcriptional repressor BCL11A has been validated as a direct regulator of HbF level (13-
18). Although constitutive BCL11A deficiency results in embryonic lethality and impaired
lymphocyte development (19, 20), erythroid-specific deficiency of BCL11A counteracts
developmental silencing of embryonic and fetal globin genes and rescues the hematologic
and pathologic features of sickle cell disease (SCD) in mouse models (17).

To further understand how common genetic variation impacts BCL11A, HbF level and -
globin disorder severity, we compared the distribution of the HbF-associated SNPs at
BCL11A with DNase I sensitivity, an indicator of chromatin state suggestive of regulatory
potential. In primary human erythroblasts, three peaks of DNase | hypersensitivity were
observed in intron-2, adjacent to and overlying the HbF-associated variants (Fig. 1A). We
term these DNase | hypersensitive sites (DHSs) +62, +58 and +55 based on distance in kb
from the transcription start site (TSS) of BCL11A. Brain and B-lymphocytes, two tissues that
express high levels, and T-lymphocytes, which do not express BCL11A, showed unique
patterns of DNase | sensitivity at the BCL11A locus, with a paucity of hypersensitivity
overlying the trait-associated SNPs (Figs. 1A and S1).

ChIP-seq demonstrated histone modifications with an enhancer signature overlying the trait-
associated SNPs at BCL11A intron-2, including the presence of H3K4mel and H3K27ac,
and absence of H3K4me3 and H3K27me3 marks (Figs. 1A and S1). The major erythroid
transcription factors (TFs) GATAL and TAL1 also occupy this enhancer region. ChIP-gPCR
confirmed three discrete peaks of GATAL and TAL1 binding within BCL11A intron-2, each
falling within an erythroid DHS (Fig. 1B). A common feature of distal regulatory elements
is long-range interaction with cognate promoters. We evaluated the interactions between the
BCL11A promoter and fragments across 250 kb of the BCL11A locus using a chromosome
conformation capture assay. The greatest promoter interaction was observed within the
region of intron-2 containing the trait-associated SNPs (Fig. 1C).

We hypothesized that the causal trait-associated SNPs could function by modulating critical
cis-regulatory elements. Therefore we performed extensive genotyping of SNPs within the
three erythroid DHSs +62, +58 and +55 in 1,263 DNA samples from the Cooperative Study
of SCD (CSSCD) (21). 1,178 individuals and 38 SNPs were used for association testing
(Fig. S2A). Analysis of common variants (MAF > 1%) revealed that rs1427407 in DHS +62
had the strongest association to HbF level (P = 7.23 x 107%0; Figs. 2A and S2B, also see
supplementary online text). We identified associations to HbF level within the three DHSs
that remained following conditioning on rs1427407 (Figs. 2A and S2B), consistent with the
hypothesis that multiple functional SNPs within the composite enhancer act combinatorially
to influence BCL11A regulation. The most significant residual association was for
rs7606173 in DHS +55 (P = 9.66 x 10~11),
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The SNP rs1427407 falls within a peak of GATAL and TAL1 binding (Figs. 1A and 1B).
The minor T-allele disrupts the G-nucleotide of a sequence element resembling a half E-box/
GATA composite motif [CTG(ng) GATA], a consensus sequence enriched for chromatin
bound by GATAL and TAL1 complexes in erythroid cells (22, 23). We identified five
primary erythroblast samples from individuals heterozygous for the major G-allele and
minor T-allele at rs1427407 and subjected these samples to ChIP followed by
pyrosequencing. As anticipated, we observed an even balance of alleles in the input DNA.
However, we detected more frequent binding to the G-allele compared to the T-allele in both
the GATA1L and TAL1 immunoprecipitated chromatin samples (Fig. 2B).

As the common synonymous SNP rs7569946 lies within exon-4 of BCL11A, it can be used
to discriminate expression of alleles. We identified three primary erythroblast samples
doubly heterozygous for the rs1427407-rs7606173 haplotype and rs7569946. For each
sample, we determined by molecular haplotyping that the major rs7569946 G-allele was in
phase with the low-HbF associated rs1427407-rs7606173 G—C haplotype (Table S4) (24,
25). Pyrosequencing revealed that whereas the alleles were balanced in genomic DNA
(gDNA), significant imbalance was observed in complementary DNA (cDNA) with 1.7-fold
increased expression of the low-HbF linked G-allele of rs7569946 (Fig. 2C, also see
supplementary online text).

To understand the context within which these apparent regulatory trait-associated SNPs play
their role, we explored the function of the harboring composite element. We cloned a 12.4
kb (+52.0-64.4 kb from TSS) human gDNA fragment containing the three erythroid DHSs
to assay enhancer potential in a murine transgenic lacZ reporter assay (Fig. S4). Endogenous
BCL11A shows abundant expression throughout the developing central nervous system with
much lower expression observed in the fetal liver (26). In contrast, we observed in the
transgenic embryos reporter gene expression largely confined to the fetal liver, the site of
definitive erythropoiesis, with weaker expression noted in the central nervous system (Fig.
3A).

A characteristic feature of globin gene and BCL11A expression is developmental regulation
(see supplementary online text). In stable transgenic BCL11A +52.0-64.4 reporter lines at
12.5 dpc, circulating primitive erythrocytes failed to stain for X-gal whereas definitive
erythroblasts in fetal liver robustly stained positive (Fig. 3B). Endogenous BCL11A was
expressed at 10.4-fold higher levels in B-lymphocytes as compared to erythroblasts. LacZ
expression was restricted to erythroblasts and not observed in B-lymphocytes (Fig. 3C).
These results indicate that the GWAS-marked BCL11A intron-2 regulatory sequences are
sufficient to specify developmentally-restricted, erythroid-specific gene expression.

We aimed to disrupt the enhancer to investigate its requirement for BCL11A expression.
Since there are no suitable adult-stage human erythroid cell lines, we turned to the mouse
erythroleukemia (MEL) cell line. We observed an orthologous enhancer signature at
intron-2 of mouse Bcl1la indicated by sequence homology, erythroid-specific DNase |
hypersensitivity, characteristic histone marks and GATAL/TAL1 occupancy (Fig. S6) (22,
27). Sequence-specific nucleases can produce small chromosomal deletions via NHEJ-
mediated repair (28). We engineered TALENS to introduce double-strand breaks to flank the
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orthologous 10 kb Bcl1la intron-2 sequences carrying the erythroid enhancer chromatin
signature (Fig. S7A). Three unique clones were isolated that had undergone biallelic
excision of the intronic segment (Figs. S7 and S8, also see supplementary online text).
BCL11A transcript was profoundly reduced in the absence of the orthologous erythroid
composite enhancer (Fig. 4A). BCL11A protein expression was not detectable in the
enhancer-deleted clones (Fig. 4B). In the absence of the BCL11A enhancer, embryonic
globin gene derepression was pronounced, with the ratio of embryonic ey to adult p1/2
globin increased by a mean of 364-fold (Fig. S9).

To examine potential lineage-restriction of the requirement for the +50.4-60.4 kb intronic
sequences for BCL11A expression, we evaluated their loss in a non-erythroid context. The
same strategy of introduction of two pairs of TALENS to obtain clones with NHEJ-mediated
deletion was employed in a pre-B lymphocyte cell line. In contrast to the erythroid cells,
BCL11A expression was retained in the A50.4-60.4 kb enhancer deleted pre-B cell clones at
both the RNA and protein levels (Figs. 4A and 4B). These results indicate the orthologous
erythroid enhancer sequences are essential for erythroid gene expression but not required in
B-lymphoid cells for integrity of transcription from the Bcl11a locus.

The prior identification of BCL11A as a critical repressor of HbF levels has raised new hope
for mechanism-based therapeutic approaches to the p-hemoglobinopathies (29). However,
the paradox that genetic variation at BCL11A is common, well-tolerated and disease-
protective despite the critical roles of BCL11A in neurogenesis and lymphopoiesis (19, 20,
30) has remained unresolved. Here we demonstrate that the HbF-associated variants localize
to an erythroid enhancer of BCL11A. By allele-specific analyses, we show that genetic
variation within this enhancer is associated with modest impact on TF binding, BCL11A
expression and HbF level. Relatively small effect sizes associated with individual variants
may not be surprising given that most single nucleotide substitutions, even within critical
motifs, result in only modest loss of enhancer activity (31, 32). In contrast, loss of the
BCL11A enhancer results in the absence of BCL11A expression in the erythroid lineage.
Most trait-associated SNPs identified by GWAS are noncoding and have small effect size
(1, 33). The impact of GWAS-identified SNPs on biological processes is often uncertain.
Our findings underscore how a modest influence engendered by an individual noncoding
variant neither predicts nor precludes a profound contribution of an underlying regulatory
element.

Challenges to inhibiting BCL11A for mechanism-based reactivation of HbF include the
supposedly “undruggable” nature of transcription factors (34) and its important non-
erythroid functions (20, 30). With recent developments in their efficiency and precision,
sequence-specific nucleases can be designed to exquisitely target genomic sequences of
interest (35-37). We propose the GWAS-identified enhancer of BCL11A as a particularly
promising therapeutic target for genome engineering in the p-hemoglobinopathies.
Disruption of this enhancer would impair BCL11A expression in erythroid precursors with
resultant HbF derepression, while sparing BCL11A expression in non-erythroid lineages.
Rational intervention might mimic common protective genetic variation.
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Fig. 1. Chromatin state and TF occupancy at BCL11A
(A) ChIP-seq from human erythroblasts with indicated antibodies. DNase | cleavage density

from indicated human tissues. Three erythroid DHSs termed +62, +58 and +55 based on
distance in kb from BCL11A TSS. BCL11A transcription from right to left.

(B) ChIP-gPCR from human erythroblasts at BCL11A intron-2. DHSs +62, +58 and +55
boxed. Enrichment at negative (GAPDH, OCT4) and positive control (B-globin LCR HS3
and a-globin HS-40) loci displayed.

(C) Chromosome conformation capture in human erythroblasts using BCL11A promoter as
anchor. Error bars indicate s.d.
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Fig. 2. Regulatory variantsat BCL11A
(A) Genotype data obtained in 1,178 individuals from CSSCD for 38 variants within

BCL11A +62, +58 or +55 DHSs. Most highly significant associations to HbF level among
common (MAF > 1%) SNPs (n = 10) prior to (rs1427407) or following (rs7606173)
conditional analysis on rs1427407. SNP coordinates chromosome 2, build hg19.

(B) Chromatin from erythroblasts of individuals heterozygous for rs1427407,
immunoprecipitated by GATAL or TAL1 and pyrosequenced to quantify the relative
abundance of the rs1427407-G allele. Composite half E-box—-GATA motif previously
identified (23).

(C) gDNA and cDNA from erythroblasts of individuals heterozygous for rs1427407,
rs7606173 and rs7569946. Haplotyping demonstrated rs7569946-G, rs1427407-G and
rs7606173-C on the same chromosome in each. Pyrosequencing to quantify the relative
abundance of the rs7569946-G allele.
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Fig. 3. The GWAS-marked BCL11A enhancer is sufficient for adult-stage erythroid expression
(A) A 12.4-kb fragment of BCL11A intron-2 (+52.0-64.4 kb from TSS) was cloned to a lacZ

reporter construct. Transient transgenic mouse embryo from 12.5 dpc X-gal stained.
Arrowhead indicates liver.

(B) Cell suspensions isolated from peripheral blood (PB) and fetal liver (FL) of stable
transgenic embryos at 12.5 dpc X-gal stained.

(C) Sorted erythroblasts and B-lymphocytes from young adult stable transgenic mice subject
to X-gal staining or RNA isolation followed by RT-gPCR. Gene expression normalized to
GAPDH and expressed relative to T-lymphocytes. Error bars indicate s.d.

Science. Author manuscript; available in PMC 2014 May 13.



1dussnuein Joyny vd-HIN 1dussnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Bauer et al.

Page 10

1 e -1 B MEL Pre-B
Beltta =~ | )
LAa T & 1 A50.4-60.4 A50.4-60.4
24 - - N ® - -
m Exon-1/2 S *= ® = S * =
cC O O O c o o
Exon-2/3 % S 55 % S 5
c 151 - fF5o00 &£00
2 m Exon-4/4 (XL isoform)
3
5 m Exon-4/5 (L isoform) BCL11A ‘"-
) 14 -~ .
<
3 GAPDH St
m 0.5 |
0+ : . e
Parental #1 #2 #3 Parental  #1 #2
A50.4-60.4 clone A50.4-60.4 clone
MEL Pre-B

Fig. 4. The GWAS-marked BCL11A enhancer isnecessary for erythroid but dispensable for non-
erythroid expression

(A) Three mouse erythroleukemia (MEL) and two pre-B lymphocyte clones with biallelic
deletion of the orthologous Bcl11a erythroid enhancer (A50.4-60.4) subject to RT-gPCR.

(B) Immunoblot of A50.4-60.4 MEL and pre-B lymphocyte clones.
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