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BCL11A deletions result in fetal hemoglobin persistence
and neurodevelopmental alterations
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Introduction
The switch from fetal hemoglobin (HbF) to adult hemoglobin
(HbA) expression that occurs during the months following birth
is of considerable therapeutic interest, since elevated HbF ame-
liorates the clinical symptoms in B-thalassemia and sickle cell
disease (SCD) (1, 2). Genome-wide association and functional
follow-up studies in cell and animal models have shown that
BCL11A, a multiple zinc-finger-containing transcription factor, is
an important silencer of HbF expression (3, 4). This has resulted
in a concerted effort to develop targeted approaches to induce
HDF by inhibiting BCL11A (1, 2). However, the extent to which
BCL11A silences HbF and its other functions in vivo in humans
is unknown. BCL11A plays a key dosage-dependent role in the
immune system in mouse models (5, 6), and recent studies impli-
cate it as an autism spectrum disorder (ASD) and developmental
delay (DD) candidate gene (7, 8).

To address the in vivo role of BCL1IA in humans, we sought
to study patients with small deletions involving this gene. A
microdeletion syndrome of the 2p15-p16.1 region has been
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A transition from fetal hemoglobin (HbF) to adult hemoglobin (HbA) normally occurs within a few months after birth.
Increased production of HbF after this period of infancy ameliorates clinical symptoms of the major disorders of adult
p-hemoglobin: B-thalassemia and sickle cell disease. The transcription factor BCL11A silences HbF and has been an attractive
therapeutic target for increasing HbF levels; however, it is not clear to what extent BCL11A inhibits HbF production or mediates
other developmental functions in humans. Here, we identified and characterized 3 patients with rare microdeletions of
2p15-p16.1 who presented with an autism spectrum disorder and developmental delay. Moreover, these patients all exhibited
substantial persistence of HbF but otherwise retained apparently normal hematologic and immunologic function. Of the
genes within 2p15-p16.1, only BCL71A was commonly deleted in all of the patients. Evaluation of gene expression data sets
from developing and adult human brains revealed that BCL11A expression patterns are similar to other genes associated
with neurodevelopmental disorders. Additionally, common SNPs within the second intron of BCL11A are strongly associated
with schizophrenia. Together, the study of these rare patients and orthogonal genetic data demonstrates that BCL11A plays a
central role in silencing HbF in humans and implicates BCL11A as an important factor for neurodevelopment.

described in rare patients and consists of a number of features,
including an ASD, DD, hypotonia, fine motor dysfunction, and
facial dysmorphism (OMIM 612513) (9, 10). Most such deletions
are large and involve a number of genes. We identified 3 patients
with small de novo deletions that only removed BCL11A and 1-2
adjacent genes. Analysis of these patients, along with orthogonal
genetic data, allowed us to assess the in vivo role of BCLIIA. We
demonstrated that BCL11A plays a key role in both silencing HbF
and in human neurodevelopment.

Results and Discussion

We identified 3 patients with small de novo deletions of the
2p15-p16.1 region that only removed BCLI1IA and 1-2 adjacent
genes (Figure 1A). Patient 1 had an approximately 440 kb dele-
tion (chr2: 60,689,727-61,128,229 in hgl9 coordinates) (10),
Patient 2 had an approximately 1 Mb deletion (chr2: 60,029,857~
61,059,383), and Patient 3 had an approximately 875 kb deletion
(chr2: 59,958,420-60,834,298). BCL11A was the only deleted
gene shared in all 3 patients, while PAPOLG and MIR4432 were
each deleted in 2 of the 3 patients. PAPOLG has been suggested
to encode a protein that mediates posttranscriptional 3’ adeny-
lation of specific RNAs, although it does not have a known phys-
iologic role (11). MIR4432 encodes a microRNA that has been
identified from deep RNA sequencing of B lymphocytes (12).
We noted that both BCL1IA and PAPOLG were expressed in
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Figure 1. Involvement of BCL11A in the 2p microdeletion syndrome. (A) A depiction of the 2p15-p16.1 region with coordinates shown (hg19). The position
of the patient deletions are shown in orange (Patient 1), blue (Patient 2), and red (Patient 3), and RefSeq genes are shown below. The commonly deleted
region of patients 1and 2 is shown between dotted lines. (B) The common deleted region of patients 1and 2 involving BCL11A and PAPOLG. RNA expres-
sion is shown below at various stages of human erythroid differentiation. This includes proerythroblasts (ProE), early basophilic erythroblasts (eBasoE),
late basophilic erythroblasts (IBasoE), polychromatic erythroblasts (PolyE), and orthochromatic erythroblasts (OrthoE). The height of RNA peaks in each
region demonstrates the number of reads per million at that site and the reads per kb per million (RPKM) mapped reads for BCLT1A is shown in log, scale.

developing red blood cell (erythroid) precursors from humans,
although BCLI1A was expressed at higher levels than PAPOLG
(Figure 1B and Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI181163DS1).
MIR4432 was not detectable, and we did not identify any other
RNAs that would be removed by these deletions in erythroid
cells (Supplemental Figure 1), although we cannot entirely rule
out effects on regulatory elements.

Analysis of mononuclear cell RNA from patients 1 and 2 and
age-matched controls revealed that BCL11A was haploinsufficient
in the patients, while PAPOLG was not significantly reduced com-
pared with controls (Figure 2A). Concomitantly, we noted that
there were higher mRNA levels of the HbF-encoding genes, HBGI
and HBG2 (Figure 2A). Consistent with this (though, at lower lev-
els, consistent with known maturational and posttranscriptional
regulation) (1, 13), we found that HbF was substantially elevated at
23.8%, 16.1%, and 29.7% in blood from patients 1-3, respectively
(Figure 2B), whereas in normal age-matched controls, it would
be < 1% (patients 1, 2, and 3 were 14, 6, and 3.5 years, respec-
tively, when this test was done). Since PAPOLG was expressed
in erythroid cells, we suppressed this gene using shRNAs in
primary human erythroid cells and observed no change in the
expression of the HbF-encoding genes (Supplemental Figure 2).
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Given the variation in HbF levels observed in the patients, we
genotyped HbF-associated common variants in the remaining
intact BCL1IA gene locus in all of the patients. Patient 1 had 2 of 3
minor alleles associated with higher HbF levels (alleles A, T, and
G at 154671393, 151427407, and rs7606173, respectively), while
patients 2 and 3 had the reference alleles that are associated with
lower HbF levels (alleles G, G, and G at rs4671393, rs1427407, and
rs7606173, respectively) (14). This suggests that the variation in
HbF levels between patients cannot be fully explained by com-
mon genetic variation at the remaining intact BCLIIA locus. We
assessed the loci containing the HBGI, HBG2, and HBB genes and
found no deletions or mutations in the patients that would result
in elevated HbF. The levels of HbF observed in the microdeletion
patients would be sufficient to ameliorate symptoms in patients
with B-thalassemia or SCD (1, 15). Importantly, there were no
changes in blood counts or other hematologic parameters in the
patients (Table 1). Lymphocyte subset levels in patients 1 and 2
and immunoglobulin levels in Patient 2 were tested and were nor-
mal (Table 1), suggesting that BCLI11A haploinsufficiency does not
impair immune function in humans, in contrast to its effects in
mice (5, 6). None of the patients had a history of severe or unusual
infections, supporting the observation that they all appeared to
have normal immunologic function.
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Table 1. Hematologic and immunologic parameters for 2p15-p16.1 deletion patients

Parameter Patient 1at 9years Patient1at 14years  Patient2at1year  Patient2at6years  Patient 3 at 3.5 years Normal range*
wbc count (10%/1) 6.3 51 74 77 75 4.0-12.0
rbc count (10%/1) 421 413 458 463 473 4.20-540
Hemoglobin (g/dI) 13.6 3.5 13.0 14.5 131 12.0-15.5
Hematocrit (%) 391 382 375 399 36.3 35.0-45.0
MCV (fl) 917 92.5 819 86.2 76.7 75.0-90.0
MCH (pg) 319 327 284 313 217 25.0-31.0
MCHC (g/dI) 34.8 35.3 347 36.3 36.1 32.0-36.0
RDW (%) 131 12.5 143 13.2 144 1.5-145
Platelet Count (10°/1) 253 166 423 339 427 150-450
Mean Platelet Volume (fl) 72 9.1 8.7 96 9.1 7.8-11.0
Absolute Lymphocyte Count 2.898 2.866 5.62 3.966 41 1.200-4.200
(10°71)

Absolute Monocyte Count 0.605 0.515 0.230 0.239 0.500 0.120-1.200
(10°/1)

Absolute Neutrophil Count 2.797 1719 1.550 3495 2.800 2.120-6.960
(10°/L)

Reticulocyte (%) - 116 - 116 131 0.50-2.50
Absolute reticulocyte count = 479 = 53.7 62 =
(10°/1)

Reticulocyte cell hemoglobin - 35.5 - 354 32.7 28.0-36.0
(pg)

(D3* lymphocytes (%) = 74 = 81 = 56-84
(D4 lymphocytes (%) - 32 - 37 - 31-52
(D8" lymphocytes (%) - M - 40 - 18-35
(D19* lymphocytes (%) - 6.4 - 3 - 6-23
CD3*HLA-DR* - 11 - 0.8 - 0-4
lymphocytes (%)

(D3-CD16/56* - 19 - 54 - 3-22
lymphocytes (%)

IgG (g/1) - = - 943 - 6.37-11.05
IgA (g/1) - - - 2.90 - 0.58-1.16
IgM (g/1) - - - 1.61 - 0.47-1.67

ANote that normal ranges do vary at different ages and in different labs. General normal ranges are shown here. -, data not obtained or range unavailable.

All 3 patients exhibited common features, including an
ASD, moderate to severe DD, hypotonia, and facial dysmor-
phism (with common features including an asymmetric face,
telecanthus, strabismus, mild ptosis, and long eyelashes). We
also noted that there were progressive neurological features in
the older patients (1 and 2), including worsening of fine motor
activity and coordination, as well as hyperactivity and aggres-
sion. Patients 1 and 2 had MRI scans of the brain performed
without signs of structural abnormalities, with the exception of
microcephaly (both had head circumferences < 3rd percentile
for age). Patient 3 had a normal head size (25th percentile) but
was noted to have a posterior fossa malformation on MRI. EEGs
were also performed on patients 1 and 2 and showed no focal
abnormalities in electrical activity.

Recent studies have implicated BCLIIA as a potential DD
and ASD candidate gene (7, 8). We aimed to evaluate whether
the DD, ASD, and other features seen in the patients may be
attributable to BCLIIA or PAPOLG haploinsufficiency. We
found that 4.4% of individuals in a healthy population of 6,503
harbored loss-of-function (LOF) mutations in PAPOLG, includ-
ing 2 individuals with homozygous LOF mutations (Figure 3A

and Supplemental Table 1). Given the observed high frequency
of LOF variants in a sample of the general population, all of the
observed phenotypes, which are rarely observed in the general
population, are extremely unlikely to be due to LOF for PAPOLG.
In contrast, no LOF alleles were found in BCL1IA in this popula-
tion (Figure 3A). Furthermore, orthogonal data revealed that it
was among the most constrained in the human genome (ranked
106/15877, P value LOF = 2.26 x 10°°) (16). These findings are
consistent with the neurologic phenotypes seen in Patient 3 and
in a previously described patient (17), who had deletions involv-
ing BCL11A without disrupting the protein-coding region of
PAPOLG. We do note that there have been distinct neurologic
phenotypes seen in rare patients with 2p15-p16.1 microdeletions
that do not disrupt the protein-coding region of BCL1IA (18),
suggesting that these deletions may either disrupt regulatory
elements of BCLIIA or that other genes in the region may also
have neurologic functions.

To better delineate a neurodevelopmental role for BCL1IA,
we examined its expression in 524 RNA sequencing data sets
from numerous regions of the developing and adult human
brain (Figure 3B). BCL11A was expressed at high levels and sim-
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Figure 2. Persistence of HbF with BCL11A haploinsufficiency. (A) Relative gene expression from gPCR analysis done for BCL11A and PAPOLG. In
addition, the percentage of HBG7 and HBG2 are shown. The color-coding of various samples in all the panels is shown on the right, and independent
replicates (n = 3 per individual) are plotted individually. ***P < 0.001. (B) Hemoglobin electrophoresis (patients 1 and 2) and high-performance liquid
chromatography (HPLC; Patient 3) chromatograms with the level of different hemoglobin subtypes quantified from peripheral blood samples. The
level of hemoglobin A (HbA), HbF, and HbA2 are shown below the chromatograms. In the HPLC chromatogram, the peaks for HbF and HbA?2 are filled
in, while HbA remains without any filling. The ordering of the labels below the chromatograms is in the order of peak positions. All comparisons were

performed using the 2-tailed nonparametric Mann-Whitney U test.

ilar to other ASD/DD candidate genes, including CHDS8 (19)
and DYRKIA (20), during brain development and in adult brain
tissue (Figure 3B and Supplemental Figures 3 and 4). We noted
that PAPOLG was expressed at lower levels and KLF1, which
is mutated in cases of persistent HbF without neurologic phe-
notypes (1), was not expressed in the human brain, illustrating
the specificity of this expression data (Figure 3B). BCL11A has
been suggested to have a role in neurogenesis in model systems,
although the consequences of this have not been fully charac-
terized (21). Our results from the rare patients with 2p15-p16.1
microdeletions and orthogonal data strongly implicate BCL11A
as a high-confidence candidate gene underlying disorders of
altered human neurodevelopment.

Finally, since ASD and DD are known to have connections
with other neurodevelopmental disorders, we examined data
from a recent study of common genetic variation underlying
schizophrenia (22). While not initially identified, upon reanal-
ysis, we noted that there were intronic SNPs in BCL1IA that
were significantly associated with schizophrenia and that were
located close to or overlapping the common SNPs associated
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with HbF levels in humans (Figure 3C and ref. 14). In addition,
SNPs in this region have also been implicated in attention def-
icit/hyperactivity disorder (ADHD), another condition thought
to be due to underlying alterations in neurodevelopment (23).
Therefore, by studying rare patients with BCLIIA haploin-
sufficiency in concert with orthogonal genetic data of human
neurodevelopmental disorders, we were able to strongly impli-
cate BCL11A as a key gene whose function is necessary for nor-
mal human neurologic function and where alterations underlie
a number of neuropsychiatric disorders.

Recent functional studies have raised hope that targeting
BCL11A may be highly effective to induce HbF in patients with
hemoglobin disorders (2). Our findings from rare patients with
2p15-p16.1 microdeletions demonstrate that haploinsufficiency of
BCLIIA is sufficient to allow persistence of HbF at a high enough
level to ameliorate p-thalassemia or SCD. Indeed, the levels of
HbF observed in these patients are similar to cases of elevated
HbF due to mutations in the p-globin locus itself, which have been
shown to result in a benign clinical course when acquired with
B-thalassemia or SCD (1, 24). Moreover, we observe no immune
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Figure 3. Role of BCL11A in human neurodevelopment. (A) The percentage of LOF alleles in BCL1TA and PAPOLG from the 6,503 individuals in the Exome
Sequencing Project. Error bars represent 95% confidence intervals around the percentage of individuals with one or more LOF alleles. Comparison of these
frequencies is performed by Fisher's exact test. (B) The expression of select genes in brain tissue at different developmental stages (from various brain
regions that are aggregated here for simplicity). Data are plotted as the number of reads per kb per million (RPKM) for the genes shown. A locally weighted
scatterplot smoothing regression was applied to expression of each gene. Results from this regression are plotted with 95% confidence intervals.

(C) Regional association plot depicting data analyzed from a recent schizophrenia GWAS (22).

dysfunction in these patients, in contrast to haploinsufficient
mouse models (5, 6). By studying these rare patients in concert
with orthogonal genetic data from neurodevelopmental disorders
— including ASD, DD, schizophrenia, and ADHD — we are able
to strongly implicate BCL11A as a key neurodevelopmental gene.
This finding emphasizes the importance of using hematopoi-
etic-specific or CNS-nonpenetrating approaches when attempting
to target BCL11A therapeutically (2).

Methods

Further information can be found in Supplemental Methods.

Statistics. All pairwise comparisons were performed using the
2-tailed nonparametric Mann-Whitney U test unless otherwise stated
in the text. Differences were considered significant if the P value was
less than 0.05.

Study approval. All family members had provided written
informed consent to participate in this study. The institutional review
boards at Boston Children’s Hospital, Charles University in Prague,
and University of Ottawa approved the study protocols.
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