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Human Fetal Hemoglobin Expression
Is Regulated by the Developmental
Stage-Specific Repressor BCL11A

Vijay G. Sankaran,™? Tobias F. Menne,* Jian Xu,* Thomas E. Akie,* Guillaume Lettre,>*
Ben Van Handel,? Hanna K. A. Mikkola,® Joel N. Hirschhorn,* Alan B. Cantor,* Stuart H. Orkin®%%*

Differences in the amount of fetal hemoglobin (HbF) that persists into adulthood affect the severity
of sickle cell disease and the B-thalassemia syndromes. Genetic association studies have
identified sequence variants in the gene BCL11A that influence HbF levels. Here, we examine
BCL11A as a potential regulator of HbF expression. The high-HbF BCL11A genotype is associated
with reduced BCL11A expression. Moreover, abundant expression of full-length forms of BCL11A is
developmentally restricted to adult erythroid cells. Down-regulation of BCL11A expression in
primary adult erythroid cells leads to robust HbF expression. Consistent with a direct role of
BCL11A in globin gene regulation, we find that BCL11A occupies several discrete sites in the
B-globin gene cluster. BCLI1A emerges as a therapeutic target for reactivation of HbF in

B-hemoglobin disorders.

enome-wide association studies have
Gyielded insights into the genetics of com-

plex diseases and traits (/, 2). In the
majority of instances, the functional link between
a genetic association and the underlying patho-
physiology remains obscure. The level of fetal
hemoglobin (HbF) is inherited as a quantitative
trait and is of enormous clinical relevance, given
its role in ameliorating the severity of the prin-
cipal hemoglobin disorders, sickle cell disease
and B-thalassemia (3, 4). Two recent genome-wide
association studies have identified three major loci
containing a set of five common single-nucleotide
polymorphisms (SNPs) that account for ~20% of
the variation in HbF levels (5—7). Moreover,
several of these variants predict the clinical
severity of sickle cell disease (5), and at least one
of these SNPs may also affect clinical outcome in
B-thalassemia (6). The SNP with the largest effect
size is located in the second intron of a gene on
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chromosome 2, BCL11A. Although BCL11A4 has
been investigated in the context of lymphocyte
development (8, 9), its role in the red blood cell
lineage has not been previously assessed.

HDF is a tetramer of two adult o-globin poly-
peptides and two fetal B-like y-globin polypep-
tides. During gestation, the duplicated y-globin
genes constitute the predominant genes transcribed
in the B-globin cluster. After birth, y-globin is
replaced by adult B-globin (4), a process referred
to as the “fetal switch.” The molecular mecha-
nisms responsible for this switch have remained
largely undefined. Moreover, the extent to which
v-globin gene expression is silenced in adulthood
varies among individuals (5, 6). In nonanemic
individuals, HbF makes up <1% of total hemo-
globin. However, in those with sickle cell disease
and B-thalassemia, higher levels of y-globin ex-
pression partially compensate for defective or
impaired -globin gene production, which amelio-
rates the clinical severity in these diseases. The
results of recent genetic association studies pro-
vide candidate genes to test for involvement in
control of the y-globin genes. In light of the
strong association of SNPs within the BCL114
locus with HbF levels in disparate populations
(5-7, 10), we explore here the hypothesis that the
product of the BCL11A4 locus, a multi-zinc finger
transcription factor, encodes a stage-specific reg-
ulator of HbF expression.

As a first step in seeking how variation at the
BCLI1A locus might relate to y-globin expression,

we examined expression of BCLIIA in erythroid
cells (/7). In primary adult human erythroid cells,
BCLI11A is expressed as two major isoforms at the
protein and RNA levels (Fig. 1A). These isoforms
(designated XL and L) differ only in usage of the
3" terminal exon and function similarly in other
settings (9). We have recently fine-mapped the
BCLI114-HbF association signal to a variant in
close linkage disequilibrium (LD) with the SNP
154671393 (5). Because this association has been
confirmed in multiple independent European and
African diasporic populations, we examined ex-
pression of the XL and L isoforms of BCLI14 as a
function of the genotype at 134671393 in lympho-
blastoid cell lines from the HapMap European
(CEU) and Afiican (YRI) groups. The utility of
this strategy has been shown in prior studies
examining the consequences of common genetic
variation on gene expression (/2—/4). We observed
a striking difference in expression for both isoforms
between individuals of different SNP genotypes
(Fig. 1B). Cells homozygous for the ‘high-HbF”
allele expressed a lower level of BCLIIA tran-
scripts than those homozygous for the “low-HbF”
allele or heterozygous for both alleles. The
difference in expression between the “high” and
“low” HbF-associated BCLIIA alleles is 3.5-
fold. Hence, relatively modest differences in
BCL 114 expression appear to be associated with
changes in HbF expression.

To our surprise, we observed that the em-
bryonic erythroleukemia cell line K562 expressed
very little, if any, of the XL and L isoforms but,
instead, expressed shorter variant proteins (Fig.
1C). To assess whether the difference between
adult erythroblasts and K562 cells reflected de-
velopmental stage—specific control of BCL114 or
the malignant nature of these cells, we examined
stage-matched, CD71"/CD235" erythroblasts iso-
lated from adult bone marrow, second-trimester
fetal liver (FL), and circulating first-trimester
primitive cells. FL and primitive erythroblasts,
which both robustly express y-globin (/5), ex-
pressed predominantly shorter BCL11A variants
(Fig. 1C). Although we continue to investigate the
structure of these variant proteins, our findings
indicate that the BCLI1A4 locus is developmen-
tally regulated, such that full-length XL and L
isoforms are expressed almost exclusively in
adult-stage erythroblasts. Independently, the ge-
netic data strongly argue that the level of XL and
L isoforms is influenced by sequence variants in
the BCL114 gene.
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To better understand potential mechanisms
through which BCL11A might act in erythroid cells,
we characterized interacting proteins. We affinity-
tagged versions of BCLI1A in mouse erythro-
leukemia (MEL) cells, adult-type erythroid cells that
express exclusively adult globins (16) (Fig. 2A). We
observed no major global transcriptional changes by
microarray analysis when tagged versions of
BCLI11A were expressed in these cells (fig. S1).
After affinity purification of protein complexes
containing tagged BCL11A and mass spectrometric
peptide sequencing, we identified numerous peptides
of BCLI1A (9), as well as all components of the
nucleosome remodeling and histone deacetylase
(NuRD)-repressive complex (Fig. 2B). The strong
association between BCLI11A and the NuRD
complex in erythroid cells is consistent with prior
observations in B cells and of the homolog BCL11B
in T cells (/7), as well as the presence of an N-
terminal motif that recruits the NuRD complex (fig.
S2) (18, 19). We also found that the nuclear matrix
protein, matrin-3 (20), consistently copurified with
BCLI1A, which may account in part for the
localization of BCL11A to the nuclear matrix (9)
(Fig. 2B). Prior work has shown that the 3-globin
locus is closely associated with the nuclear matrix
until later stages of erythropoeisis, when high-level
globin gene transcription occurs (21).

Additionally, BCL11A complexes contain pep-
tides derived from GATA-1, the principal erythroid
transcription factor (22) (Fig. 2B). By immuno-
precipitation (IP), we confirmed that GATA-1 spe-
cifically associates with BCL11A in erythroid cells
(Fig. 2C). Moreover, we found that the GATA-1
cofactor FOG-1 (23) specifically associates with
BCLI11A and confirmed the interaction with NuRD
components in erythroid cells (Fig. 2C). Prior work
has shown that FOG-1 binds to the NuRD complex
(19), and our results suggest that BCL11A may
synergize with this interaction in the context of
specific loci. From size fractionation of erythroid
nuclear extracts, we observed considerable overlap
between NuRD components and BCL11A in
megadalton protein complexes, with less exten-
sive overlap with GATA-1 and FOG-1 (fig. S3).
It is possible that only a minor fraction of these
factors are bound within the BCL11A and NuRD
complexes. Alternatively, in vivo association
might be greater, but dissociation of the compo-
nents of protein complexes occurs during gel
filtration. GATA-1 and FOG-1 immunoprecipi-
tated with BCL11A when expressed exogenously
in nonerythroid cells, which suggests that these
proteins directly interact (Fig. 2, D and E). We used
this approach to map the determinants mediat-
ing association of GATA-1 with BCL11A to the
zinc fingers of GATA-1 (Fig. 2F). Together, the
proteomic data indicate that BCL11A binds the
NuRD complex along with GATA-1 and FOG-1
in erythroid cells. These associated factors are
likely to be critical for the action of BCL11A as a
transcriptional repressor in erythroid cells.

Genetic, developmental, and biochemical ap-
proaches support a potential role for BCLI14 in
v-globin gene silencing. To test this hypothesis,

we modulated the level of BCLIIA4 in primary
human erythroid cells. As a cellular system in
which to perform experiments, we expanded and
differentiated erythroid precursors from purified
CD34" human hematopoietic progenitors. We
began by examining the effect of transient
introduction of small interfering RNAs (siRNAs)
that target BCL11A mRNA. When siRNAs were
introduced into erythroid progenitors at day 0 of
differentiation, 40 to 45% depletion (knockdown)
of BCLIIA mRNA levels was achieved, as
assessed on day 4 of differentiation. With this
knockdown, we observed a 2.3-fold increase in
the level of y-globin RNA (compared with total
B-like globin RNA) on day 7 of differentiation
(Fig. 3A). We found that, as these siRNAs were
introduced at later time points during erythroid
differentiation, induction of the y-globin gene was
observed to be less (with 1.7- and 1.4-fold aver-
age y-globin induction seen by adding siRNAs on
days 1 and 2 of differentiation). The results we
observed from siRNA knockdown of BCLIIA
could be due to a broad effect on the cellular
differentiation state, which has been shown to
alter y-globin expression (3) or could reflect more
direct action at a limited number of targets, in-
cluding the y-globin gene. To distinguish between
these possibilities, we performed microarray
expression profiling of the cells after knockdown
of BCLIIA and subsequent differentiation. The

transcriptional profiles of genes in the quantitative
range of the array (which excluded the globins)
were remarkably similar between cells on day 7
after treatment with BCLIIA4 siRNAs and non-
targeting (NT) siRNAs on day 0, with a corre-
lation coefficient (+*) of 0.9901 for the log,
normalized intensities (Fig. 3B). The expression
of the well-characterized transcriptional regulators
of the globin genes, GATA-1, FOG-1, NF-E2,
and EKLF (4), in this microarray data set, was
also comparable between the groups (with all P
values > 0.05 and average fold changes of <1.1-
fold). This observation suggests that the effect of
BCLI11A on y-globin gene regulation is unlikely
to be mediated via an effect on the expression of
one of these previously characterized transcrip-
tional regulators. Additionally, the morphology of
these two groups of cells was indistinguishable
throughout differentiation. Together, these results
suggest that knockdown of BCLIIA affects y-
globin expression without causing global changes
in the differentiation state of the cells.

To examine the effects of more persistent reduc-
tion in BCLIIA expression, we utilized lentiviral
short hairpin RNA (shRNA)-mediated knockdown
of BCLI1IA expression with drug selection of
transduced cells (24). We chose two independent
shRNA constructs. When cells were infected with
the two BCL11A4 shRNA lentiviruses and selection
was imposed on the initiation of differentiation, we

A Human Exon: c
Proerythroblasts 1 2 3 4 5 5©
!.1— XL (835 aa) =HE NN je——
_ ~— L (773 aa)
B o016 0= 0013 UL
.’§ 0.012 Isoforms
(&}
< Shorter
o 0.008 XL Isoform Variants
5
S 0004
g -‘ S €— GAPDH
S 0
Z
S 0016 p=0.018 Fig. 1. Analysis of BCL11A expression in
2 ! p = 0.009 human erythroid progenitors. (A) A Western
“5’_ 0.012 blot showing the major isoforms, XL and L,
5 from nuclear extracts of human erythroid cells
Q0008 L Isoform  [cultured and isolated as described in (11)].
S These two isoforms, which were confirmed by
& 0004 reverse transcription polymerase chain reac-
tion (RT-PCR) of all known and predicted
0 exons, are depicted. (B) The common variant
GG AG AA rs4671393 is associated with BCL11A expres-
“Low” HbF “High” HbF sion in human lymphoblastoid cell lines from

Genotype at rs4671393

the HapMap CEU and YRI populations.
Quantitative RT-PCR (qRT-PCR) was performed

on RNA from these cell lines and normalized to the level of human B-actin (5, 3, and 3, from left to right).
Results are means + SEM. Significance of differences between genotypes was calculated using the Student's ¢
test. (C) Western blots of lysates of primary human bone marrow (BM) erythroblasts, second-trimester FL
erythroblasts, first-trimester circulating primitive erythroblasts, and K562 cells. Primary human stage—
matched erythroblasts were isolated by sorting for the CD235 and CD71 double-positive population. The XL
and L bands migrate together here as a result of reduced separation on this blot.
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observed an average of 97 and 60% knockdown
of BCL11A at the protein level by day 5 of ery-
throid differentiation (Fig. 3C). No morphologi-
cal differences between the groups of cells were
noted during differentiation, again suggesting
that BCL114 knockdown did not perturb overall
erythroid differentiation (Fig. 3D). The level of
v-globin at day 7 of differentiation was dramat-
ically elevated by 6.5- and 3.5-fold (from an
average of 7.4 % in the control to 46.8 and 26%)
for the two shRNAs as compared with the control
infected cells (Fig. 3E). This robust effect is
likely to be the result of elimination of non-
transduced cells, as well as the continuous ex-
pression of the shRNAs after viral transduction.
Induction of y-globin RNA was accompanied by
corresponding levels of mature HbF, as shown by
hemoglobin high-performance liquid chromatog-
raphy (HPLC) and electrophoresis (Fig. 3F and
fig. S4). The HPLC revealed that a substantial
fraction of the mature hemoglobin in these cells
was HbF (with an average level of 35.9 and
23.6%, compared with undetectable levels in the
control). On the basis of the differing extents of
knockdown of BCL114 in the siRNA and shRNA
experiments and the concomitant degree of y-
globin induction observed, it appears that BCL11A
functions as a molecular rheostat to control si-
lencing of the y-globin genes.

In principle, BCL11A4 might influence globin
gene expression either directly by interacting with
cis-regulatory elements within the B-globin clus-
ter or indirectly by affecting cell cycle or other
pathways that ultimately impinge on HbF expres-
sion. To discriminate between these possibilities,
we used chromatin immunoprecipitation (ChIP)
in primary human erythroid progenitors. Occupan-
cy of neither the y- nor B-globin proximal pro-
moters was detected. Rather, we observed robust
binding in several other regions of the B-globin
cluster (Fig. 4). These include the third hyper-
sensitivity site (HS3) of the locus control region
(LCR) (25), the region of the high HbF—associated
Corfu deletion upstream of the 8-globin gene (4),
and another region downstream of the Ay-globin
gene that is commonly deleted in certain forms of
hereditary persistence of fetal hemoglobin (4). Of
particular note, all of these cis elements have been
suggested to play a role in y-globin silencing. Our
results strongly argue that BCL11A4 acts within the
B-globin cluster. A fuller accounting of mecha-
nism will necessitate comprehensive analysis of
chromatin occupancy of BCLI1A and partner
proteins in the B-globin cluster. We speculate that
the shorter BCL11A variants present in cells that
actively express y-globin may participate in other
aspects of transcriptional regulation within the f-
globin cluster. As such, we propose that BCL11A4,

REPORTS I

at different levels and in its variant forms, recon-
figures the B-globin locus at different development
stages.

The molecular studies of globin switching
during ontogeny serve as a paradigm for the de-
velopmental control of mammalian genes. Our
results indicate that BCLI14 is itself a develop-
mentally regulated and critical modulator of this
process. We have shown that silencing of -
globin gene expression in primary adult human
erythroid cells depends on the presence of full-
length (XL and L isoforms) BCL11A. Our protein
data suggest that BCL11A functions in concert
with the NuRD-repressor complex, GATA-1, and
FOG-1. Of note, inhibitors of histone deacety-
lases (HDACs) induce some HbF in patients with
hemoglobin disorders (26). HDAC1 and HDAC2
are both core components of the NuRD complex,
and its association with BCL11A suggests that this
complex may be the molecular target of these
therapies. On the basis of findings of human
genetics studies, we postulate that directed down-
regulation of BCL1IA in patients would elevate
HDF levels and ameliorate the severity of the major
B-hemoglobin disorders (5—7). As a stage-specific
component involved in the silencing of y-globin
expression, BCL11A4, therefore, emerges as a new
therapeutic target for reactivation of HbF in sickle
cell disease and the B-thalassemias.

Fig. 2. Proteomic affinity screen
identifies BCL11A partner proteins
in erythroid cells. (A) The scheme
used for the affinity-purification in
mouse erythroleukemia (MEL) cells is
depicted in this diagram. Once FLAG
peptide elution was performed,
whole-lane mass spectrometry from
acrylamide gels was done as de-
scribed in (11). We used a subtractive
approach, including a simultaneous
pull-down in parental Mel-BirA (MB)
cells. (B) The results of this subtractive
screen are shown with the number of
peptides obtained in each trial listed
adjacent to the identified protein. The
components of the NuRD complex are
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shown in blue. (C) Confirmation of interactions of BCL11A with GATA-1,
FOG-1, MTA2, and RBBP7 in erythroid (MEL) cells (FBB is the cell line
containing tagged BCL11A). BCL11A interactions with GATA-1 (D) and
FOG-1 (E) could be confirmed by exogenous expression in COS-7 cells by
using FLAG-tagged versions of GATA-1 or FOG-1 and V/5-tagged versions
of BCL11A. (F) Using this same strategy in 293T cells, fragments of
GATA-1 (all of which show robust expression here) could be used to
map the interaction with BCL11A. The structure of GATA-1 is shown on
the right side, including the N-terminal domain (ND), the N-terminal
zinc finger (NF), and the C-terminal zinc finger (CF).
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Fig. 3. BCL11A acts as a silencer of y-globin gene ex- A B
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