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HEMOGLOBIN DISORDERS

A tetramer of BCL11A is required for stable protein
production and fetal hemoglobin silencing
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Down-regulation of BCL11A protein reverses the fetal (HbF, ayy;) to adult (HbA, a,B,) hemoglobin switch
and is exploited in gene-based therapy for hemoglobin disorders. Because of reliance on ex vivo cell
manipulation and marrow transplant, such therapies cannot lessen disease burden. To develop new
small-molecule approaches, we investigated the state of BCL11A protein in erythroid cells. We report that
tetramer formation mediated by a single zinc finger (ZnF0) is required for production of steady-state
protein. Beyond its role in protein stability, the tetramer state is necessary for y-globin gene repression,
because an engineered monomer fails to engage a critical co-repressor complex. These aspects of
BCL11A protein production identify tetramer formation as a vulnerability for HbF silencing and provide

opportunities for drug discovery.

uring ontogeny, the principal hemoglo-

bin in red blood cells changes from fetal

(HDF, 04Y») to adult hemoglobin (HbA,

0»f32), paralleling a progressive cellular

switch from fetal liver to bone marrow
erythropoiesis (7). This developmental transition
begins in mid-gestation and is completed during
the first few months after birth. As the major
hemoglobin disorders, sickle cell disease (SCD)
and B-thalassemia are caused by mutations in
the adult B-globin gene. Affected individuals are
typically spared symptoms in the neonatal period,
as first described for children with SCD 75 years
ago (2). Recognition that the clinical severity of
SCD and B-thalassemia is ameliorated by in-
creased levels of HbF, resulting from either
common genetic variation (3, 4) or rare mutations
in hereditary persistence of fetal hemoglobin
(HFPH) syndrome (5, 6), has fueled decades-long
interest in the fetal-to-adult hemoglobin switch.
Clinical observations have provided a compelling
rationale for reactivation of HbF expression as
therapy for the hemoglobinopathies. The barrier
to accomplishing this goal was lack of knowl-
edge regarding mechanisms underlying the
process. Research over the past 15 years has
provided an increasingly detailed view of how
HDF silencing is controlled and may be tar-
geted for therapeutic benefit.

At the molecular level, the fetal-to-adult he-
moglobin switch reflects a switch in trans-
cription from duplicated y-globin genes to the
downstream B-globin gene in the B-globin locus
on chromosome 11. The repressor protein
BCLI1A, an adult-stage factor, is the principal
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physiological regulator of the switch (7, 7).
BCLI1A acts directly at the y-globin gene promoter
by binding at a canonical DNA-recognition
sequence (8, 9) and displacing a ubiquitous trans-
criptional activator (NF-Y) (70). Engagement of
the nucleosome remodeling and deacetylase
(NuRD) complex by BCL11A is believed to con-
tribute to repression at the locus (7, 11). Shut-
off of y-globin gene transcription liberates a
strong upstream enhancer, the locus control
region (LCR), to loop to and activate tran-
scription of the B-globin gene (12, 13). A second,
stage-independent repressor protein, ZBTB7A
(LRF), also acts to silence the y-globin genes by
binding a site further upstream in their pro-
moters (8, 14).

Several findings have positioned BCLI1A as
a genetic target for therapeutic manipulation.
Down-regulation of its expression in adult
CD34" cell-derived erythroid precursor cells
[hematopoietic stem and progenitor cells
(HSPCs)] leads to increased HbF levels, demon-
strating that y-globin silencing is reversible and
dependent on BCLI11A (7). Indeed, subsequent
observations have revealed that the level of
BCLI1A dictates the level of HbF at the adult
stage. Modest decreases in BCL11A expression
that result from common genetic variants in
an essential erythroid-specific enhancer within
the gene itself (15), first identified through
genome-wide association studies (3, 4), are asso-
ciated with small but consistent increases in
HDF levels (~1 to 3%) in the population. In
individuals with neurodevelopmental deficits
due to a rare BCL11A haploinsufficiency syn-
drome, HbF levels are much higher (~15% on
average) (16). Within HSPCs, the extent of in-
creased HbF expression strongly correlates
with the reduction in BCLI11A expression (I7).
In effect, BCL11A serves as a rheostat for HbF.
Besides this dose sensitivity, marked down-
regulation of BCLI11A alone is sufficient to
reactivate HbF expression to generally ac-
cepted therapeutic levels (~30% total Hb per
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cue of engineered SCD mice (I8). The dis...————

ery that CRISPR-Cas9-mediated disruption
of a single GATAI1 binding site in the BCL11A
erythroid enhancer greatly impairs BCLIIA
expression (19, 20) has been translated in trials
of patients with SCD and B-thalassemia with
transformative clinical outcomes (21), culmi-
nating recently in regulatory approval of the
first gene editing therapy, Casgevy. A notable
feature of both rescue of engineered SCD mice
and success of Casgevy is the tolerance of red
blood cell differentiation and production to
low levels of BCL11A. This relative insensitivity
likely reflects the few primary gene targets for
BCLI11A in erythroid cells, as revealed by nascent
transcript analysis after acute protein deple-
tion (22).

Besides providing a transformative therapy
for patients, the success of gene editing (21),
taken together with a trial of short hairpin RNA
(shRNA)-mediated down-regulation of BCLI1A
in patients with SCD (23), establishes BCLI1A
as a clinically validated therapeutic target
for HbF reactivation. As currently practiced,
genetic therapies cannot be delivered to large
numbers of patients because of the cost and
intensive care required. Unless methods for
in vivo delivery of gene-based therapies be-
come efficient enough to modify a substan-
tial fraction of host hematopoietic stem cells,
small-molecule drugs will be required to re-
duce overall disease burden. Whereas modu-
lating epigenetic pathways has been pursued
as a route to therapeutics (24-29), the direct
involvement of BCLI11A in y-globin repression
and its validation in the clinical setting provide
a compelling rationale for targeting the pro-
tein itself.

By studying structure-function relationships,
we explored how the BCLIIA protein is pro-
cessed and functions in erythroid cells. Steady-
state BCL11A protein requires formation of a
tetramer, which is mediated by a single zinc
finger (ZnFO) near its N terminus. Apart from
its role in protein stability, the tetramer state
itself is critical for y-globin repression. Our
findings present potential opportunities for
therapeutic targeting of BCL11A.

Results
ZnF0 mediates multimeric interactions and is
required for steady-state protein expression

BCLI1A contains seven ZnF domains, num-
bered from 0 to 6 (Fig. 1A). ZnF0 is a C2HC ZnF,
whereas ZnFs 1 to 6 are of the more common
C2H2 class. A canonical peptide sequence at
the BCL11A N terminus binds RBBP4, a sub-
unit of the NuRD complex (30-32). C-terminal
7ZnF456 recognize and bind the sequence TGACCA
in the y-globin promoters (9). As predicted by
PONDR (prediction of disordered regions) (33)
and AlphaFold 3 (34), BCL11A is largely disor-
dered, except for its ZnFs (fig. S1, A and B). In
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Fig. 1. ZnFO-mediated multimeric interaction is required for BCL11A
steady-state protein level. (A) Schematic of BCL11A constructs lacking
individual zinc fingers or zinc finger clusters. Constructs were expressed

with Myc or GFP epitope tags and transfected into HEK293T cells for reciprocal
immunoprecipitations. (B) Anti-Myc and anti-GFP immunoprecipitates (IPs)
were Western blotted with indicated antibodies in HEK293T cells cotransfected
with indicated plasmids. Myc- or GFP-tagged BCL11A lacking ZnFO failed to
multimerize with each other. (C) Total cell lysates (INPUT) and anti-Myc and
anti-GFP IPs were blotted with the indicated antibodies in HEK293T cells

cotransfected with the indicated plasmids. ZnFO alone was sufficient to mediate
multimer formation. (D) HUDEP-2 cells with biallelic, in-frame excision of ZnFO
lacked steady-state protein level of BCL11A, as detected by Western blotting.
BCL11A knockout (KO) clone was included as a control. GAPDH, glyceraldehyde-
3-phosphate dehydrogenase. (E) Percentage of y-globin mRNA to total non-o-
globin mRNAs was determined by reverse transcription quantitative polymerase
chain reaction (RT-gPCR) analysis in WT, KO, and two independent AZnFO clones
on day 7 of differentiation. Error bars represent SD. n = 2 biological replicates
and each with 3 technical replicates.

erythroid cells, the protein appears stable with
a half-life of ~20 hours (22).

To characterize full-length (FL) BCL11A (also
termed BCLI11A-XL), we generated recombinant
protein in the baculovirus expression system.
Under denaturing conditions, BCL11A migrated
just above the 100-kDa marker (fig. S1C). By na-
tive gel electrophoresis and size-exclusion chro-
matography (SEC), FL protein behaved as a
much larger species, consistent with a multi-
mer state (fig. S1, D and E). Study of patients
with pathogenic missense mutations previously
suggested that BCL11A self-interacts and possi-
bly physically associates with BCL11B when
they are coexpressed (35, 36). To map self-
interaction domains in a systematic fashion, we
coexpressed domain-deleted Myc- and green
fluorescent protein (GFP)-tagged BCL11A cDNA
constructs in human embryonic kidney (HEK)
293T cells and performed reciprocal immuno-
precipitation (Fig. 1, A and B). These experiments
indicated that ZnFO serves as the principal
domain mediating interactions (Fig. 1B). More-
over, coexpression of tagged ZnFO constructs
revealed its self-association (Fig. 1C). ZnF23
and ZnF456 failed to self-associate (fig. S2A).
Additional experiments showed that FL. BCLI1A
physically associated with a shorter isoform
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(BCLI11A-L), and BCL11B, which has one amino
acid difference in ZnFO from that of BCL11A
(fig. S2, B to D).

To study hemoglobin switching in a relevant
cellular context, we used HUDEP-2 cells, an
immortalized CD34"-derived progenitor cell
line that undergoes erythroid differentiation
characterized by an adult-stage phenotype (high
B-globin and low y-globin) (37). As these cells
can be genetically manipulated and cloned,
they provide a tractable system in which to test
functional requirements of specific domains in
a rigorous and reproducible manner (10, 19, 38).
Our experiments leverage an efficient CRISPR-
Cas9 editing protocol that yields biallelically
edited cells for analysis (39). Accordingly, tran-
scription of the endogenous BCLIIA loci is
unperturbed upon deletion of discrete coding
sequences. Independent HUDEP-2 clones lack-
ing ZnFO0 (AZnFO cells) phenocopied knockout
cells with respect to deficiency of steady-state
protein and marked HbF reactivation (Fig. 1, D
and E, and fig. S3A). BCL114A RNA transcripts
appeared modestly increased, consistent with
a degree of negative feedback repression at the
BCLI11A gene (fig. S3B) (22). We conclude that
7ZnFO is required to maintain the steady-state
level of BCLI1A protein in erythroid cells.
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Tetramerization is required to maintain
steady-state BCL1IA protein level

Upon preparation of recombinant protein, we
were surprised to observe that, even at low
concentrations, ZnFO formed a stable tet-
ramer, as assessed by velocity sedimentation
centrifugation (Fig. 2A), native gel electropho-
resis, and dynamic light scattering (fig. S4, A
and B). The structure of crystallized ZnFo0, as
determined by x-ray diffraction at 1.8-A resolu-
tion, revealed a symmetric tetramer with a hy-
drophobic core (Fig. 2B). At the interface where
diagonal monomers meet, Leu™, 1e®, and Leu®
engage in hydrophobic interactions (Fig. 2B).
Gly®® forms a hydrogen bond with a water
molecule, which serves effectively as a bridge
to stabilize the B sheets (Fig. 2B). In addition to
these hydrophobic interactions, the forma-
tion of intermolecular antiparallel f sheets is
facilitated by a network of hydrogen bonds
between pairs of residue backbones across
strands, including Leu®, Leu®$, and Thr"’ (Fig.
2C). Within a ZnFO monomer, the hydrophobic
residues Leu”, 11e%°, Leu®, Phe®, and Ile®*
constitute a core crucial for tetramer assembly
(Fig. 2D). Structures predicted by AlphaFold 3
were similar with minor differences (fig. S4,
D and E).
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Fig. 2. Tetramerization of BCL11A is required
for steady-state protein level. (A) c(s)
distribution and two-dimensional (2D) shape and
size distribution plot of ZnFO protein by analytical
ultracentrifugation (AUC) analysis. The major peak
at an S value of 2S corresponds to ~19 kDa, the
molecular weight of a tetramer of ZnFO protein.
MW, molecular weight. (B) Crystal structure of the
ZnFO0 tetramer. Each subunit in the tetramer is
shown with a different color. Interactions between
diagonally positioned monomers are labeled. The
gray balls represent zinc ions (Zn’*). (C) Inter-
acting residues on intermolecular B sheets are
shown. The gray balls represent zinc ions (Zn*).
(D) Hydrophobic core residues within a monomer
are highlighted. The gray ball represents zinc ion
(Zn?"). (E) Anti-Myc IPs were blotted with the
indicated antibodies in HEK293T cells cotrans-
fected with the indicated plasmids. 5A, five sites
mutated to alanines (L46A/L57A/I60A/L61A/
F63A). (F) 160 and L61 in ZnFO of BCLL1A were
replaced with alanines (indicated by *) by CRISPR-
Cas9 editing in HUDEP-2 cells. BCL11A levels in
independent WT, KO, or I60A/L61A clones were
analyzed by Western blotting. After CRISPR-Cas9
editing, two clones with BCL11A unmodified (WT)
and two clones with BCL11A premature termina-
tion (KO) were included as controls. I60A/L61A
mutations led to loss of steady-state BCL11A
protein. (G) Percentage of y-globin mRNA to total
non-a-globin mRNAs was determined by RT-gPCR
analysis on day 7 of differentiation. AA, I60A/L61A.
Error bars represent SD. n = 1 with 3 technical
replicates. Single-letter abbreviations for the
amino acid residues are as follows: A, Ala; C, Cys;
D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys;
L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg;

S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

Guided by the structure, we mapped resi-
dues critical for ZnF0 assembly by transfec-
tion of cDNA constructs in HEK293T cells
(Fig. 2E). Alanine replacement of five hydro-
phobic residues at the tetramer interface ab-
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lated self-interaction (Fig. 2E). The alanine
mutants disrupt the ZnFO tetrameric struc-
ture, a finding consistent with the AlphaFold
3 prediction. Replacement of different com-
binations of residues identified isoleucine
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60 (160), a contact residue in the structure,
as critical for tetramer assembly (Fig. 2E). To
ascertain its role in stabilization of BCL11A
in an erythroid cell context, we engineered
HUDEP-2 cells with alanine replacements at
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Fig. 3. Tetramerization of BCL11A facilitates dimerization of ZnF1 and
shields a degron. (A) BCL11A ZnF1 domain contains a putative degron sequence
highlighted in red. (Right) HUDEP-2 cells with biallelic excision of ZnF1 showed an
elevated BCL1IA level, as detected by Western blotting. BCL11A KO clone was
included as a control. (B) RT-qPCR analysis revealed the percentage of y-globin
mRNA to total non—a-globin mRNAs in the indicated HUDEP-2 cells on day 7 of
differentiation. The AZnF1 cells displayed a lower percentage of y-globin in
comparison with the WT cells. Error bars represent SD. n = 3 biological replicates.
(C) HEK293T cells were transfected with the indicated plasmids, and cell lysates

Sedimentation coefficient [S]

were blotted with the indicated antibodies. ZnF1 conferred instability on heterologous
proteins, Myc and MBP. (D) Lysates of HEK293T transfected with ZnF1 in fusion
with Flag-hemagglutinin (HA) tag were blotted with anti-Flag antibody. Ectopic
expressed Flag-HA-ZnF1 was stabilized by the addition of the proteasome inhibitor
MG-132. (E) Predicted dimer structure of extZnF1 by AlphaFold 3. (F) Anti-Myc

IPs were blotted with the indicated antibodies in HEK293T cells cotransfected with
the indicated plasmids. (G) c(s) distribution and 2D shape and size distribution plot
of extZnF1 protein by AUC analysis. The major peak at an S value of 1.50S
corresponds to ~11 kDa, the molecular weight of a dimer of extZnF1 protein.

160 and the neighboring residue L61 (Fig.
2F). Independent I60A/L61A clones exhibited
markedly reduced steady-state BCL11A pro-
tein (Fig. 2F) accompanied by derepression
of the y-globin gene (Fig. 2G and fig. S4F).
BCL11A RNA transcript levels in the I60A/
L61A clones were modestly increased (fig.
S4G). The level of BCL11A 160A/L61A protein
was deficient throughout the course of ery-
throid differentiation (fig. S4H). Taken toge-
ther, these findings strongly suggest that the
tetramer state of ZnFO per se, rather than the
mere presence of ZnFO, is required for pro-
duction of steady-state BCL11A protein. By
contrast, reported pathogenic missense muta-
tions in ZnFO (35, 36) involve residues that
directly coordinate zinc ions or neighboring
residues. These pathogenic mutations also fail to
form a stable tetramer, as assessed by immuno-
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precipitation or native gel electrophoresis (fig.
S4, 1 and J).

Tetramerization shields BCL11A from
degradation

If the native state of BCLIIA is a tetramer, what
is the fate of BCL11A protein expressed by
AZnF0? Treatment of AZnFO cells with the
proteasome inhibitor MG-132 was accom-
panied by partial restoration of steady-state
protein levels with time (fig. S5A), suggesting
that AZnFO0 protein was actively degraded by
the ubiquitin-proteasome system. We hypo-
thesized that a degron sequence elsewhere
in AZnFO0 protein was exposed in monomeric
BCLI1A and obscured in the tetramer. In con-
trast to findings in AZnFO cells, biallelic ex-
cision of ZnF1 led to a marked increase in
steady-state protein (Fig. 3A), providing evidence

29 November 2024

that ZnF1 serves a destabilizing role. BCL11A
RNA transcripts in AZnF1 cells were not sig-
nificantly changed (fig. S5B). In AZnF1 cells,
v-globin expression was similar to, or perhaps
somewhat hyperrepressed, as compared to
wild-type (WT) cells (Fig. 3B and fig. S5C).
Thus, protein lacking ZnF1 retained strong
repressor activity. We noted that ZnF1 contains
a central stretch of hydrophobic residues
(FTSAWFLL) reminiscent of known degrons
(Fig. 3A) (40, 41). We, therefore, tested whe-
ther degron activity was transferable to a hetero-
logous protein. Fusion of ZnF1 with well-folded
proteins, such as Myc or maltose-binding pro-
tein (MBP), reduced protein levels in trans-
fected HEK293T cells (Fig. 3C). The level of
ZnF1 expression was restored by addition of the
proteasome inhibitor MG-132 (Fig. 3D). Struc-
ture prediction of ZnF1 with N- and C-terminal
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extensions (extZnF1) by AlphaFold 3 suggested
that extZnF1 forms a dimer with the hydro-
phobic stretch buried at the interface (Fig. 3E).
Consistent with dimer formation, coexpression

of Myc- and GFP-tagged extZnF1 constructs
and immunoprecipitation in HEK293T revealed
self-association (Fig. 3F). To examine its proper-
ties directly, we expressed recombinant extZnFI1.
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Fig. 4. BCL11A lacking ZnFO and ZnF1 is a stable monomer. (A) Model depicts ZnFO-mediated BCL11A
self-tetramerization as essential for production of steady-state protein. BCLI1A monomer is unstable as
the putative degron in ZnF1 is exposed, thereby rendering protein susceptible to proteasomal degradation.
Tetramerization of ZnFQ facilitates dimerization of ZnF1, which masks the ZnF1 degron. The model posits that
assembly of the ZnFO tetramer protects BCL11A from proteasomal degradation. (B) HUDEP-2 cells were
engineered with discrete, in-frame deletion of both ZnFO and ZnF1 (AZnFO1) or engineered with replacement
of 160 and L61 to alanines together with deletion of ZnF1 (AA/AZnF1) within FL BCL11A. The steady-state
protein levels of BCL11A AZnFO1 and AA/AZnF1 were assessed by Western blotting. AZnFO, AZnF1, and I60A/
L61A clones were included as controls. (C) Nuclear extractions from the indicated HUDEP-2 cells were
incubated with 2.5% Triton X-100 and 5% 1,6-hexanediol for 30 min to disrupt interactions mediated by
regions other than ZnFO and ZnF1 in BCL11A and then were subjected to native polyacrylamide gel
electrophoresis (PAGE) and blotted with anti-BCL11A antibody. The arrows indicate the expected positions
of WT and mutant BCL11A proteins. BCL11A AZnFO and 160A/L61A were below detection, despite MG-132
treatment of cells.
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We observed that, unlike ZnF23 or ZnF456,
extZnF1 formed a stable dimer at low concen-
tration, as assessed by velocity sedimentation
centrifugation (Fig. 3G) and SEC-multiangle
light scattering (MALS) (fig. S5D).

Combined deletion of ZnF0 and ZnF1 creates a
monomeric BCL11A protein

To account for the contrasting findings upon
deletion of ZnF0 or ZnF1, we propose a model
for steady-state BCL11A protein production
(Fig. 4A). As first translated, BCL11A is sus-
ceptible to proteasomal degradation owing to
the presence of an exposed degron in ZnF1.
Tetramerization of BCL11A driven by ZnFO0
facilitates dimerization of ZnF1, thereby shield-
ing its internal degron (41-43). Multimeric
BCLI1A is thereby rendered resistant to pro-
teasomal degradation, consistent with its long
half-life in cells (22).

If ZnF1 harbors the sole strong degron in
BCLI1A, expression of protein discretely lacking
both ZnF0 and ZnF1 should be stable, despite
an inability to assume a tetramer state. We
confirmed that removal of both ZnF0 and ZnF1
abolished multimer assembly in HEK293T cells
cotransfected with Myc- and GFP-tagged versions
of BCLI1A (fig. S6A). Native BCL11A protein
lacking ZnF0 and ZnF1 migrated at the size of
a monomer by native gel electrophoresis (fig.
S6B). A similar result was observed with a com-
bination of tetrameric-deficient mutation(s)
and removal of ZnF1 (fig. S6, A and B). We
next engineered HUDEP-2 cells with biallelic
deletions of both ZnFO and ZnF1 (AZnF01), as
well as cells with I60A/L61A in the context of
ZnF1 deletion (AA/AZnF1) (Fig. 4B). Independent
AZnF01 and AA/AZnF1 clones exhibited ele-
vated levels of steady-state protein (Fig. 4B).
Notably, the elevated protein level in the tetra-
merization-deficient mutant AA/AZnF1 further
supports the conclusion that the lack of stable
BCL11A protein reflects the failure of tetramer
assembly rather than a consequence of an
unfolded protein response elicited by I60A/
L61A mutations in ZnF0. Compared with WT
BCLI1A, both AZnF01 and AA/AZnF1 proteins
behave as a monomer in native gels (Fig. 4C).
As with other domain-deletion mutants, BCL114
RNA transcript levels were unaffected (fig. S6C).
The half-life of AZnF01 BCLI1A was somewhat
reduced as compared with WT BCLI11A (fig. S6,
D and E). Production of monomeric forms of
stable BCL11A in cells harboring AZnFO01 or
AA/AZnF1 alleles is consistent with, and sup-
ports, the proposed model (Fig. 4A). These
“engineered monomers,” which lack a stable
tetramer structure, may be available to under-
go weak interactions with other nuclear proteins,
as suggested by their appearance in native gel
electrophoresis (Fig. 4C and fig. S6B).

Precise genetic modification of HUDEP2 cells
has been critical in dissecting the structure-
function relationships of BCL11A described
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Fig. 5. Engineered monomeric
BCL11A is defective in y-globin
repression. (A) RT-gPCR analysis
showed the percentage of y-globin
mRNA to total non-a-globin
mRNAs in undifferentiated HUDEP-
2 cells. Error bars represent SD.

n = 4 biological replicates for WT
and AZnFO1#3; n = 3 biological
replicates for AZnFl; n = 2
biological replicates for AZnFO and
the rest of the ZnF01 clones; and
n =1 with 3 technical replicates
for AA and AA/AZnF1 clones.

(B) Similar analysis on day 7 of
differentiation. Error bars represent
SD. n = 3 biological replicates for
WT; n = 2 biological replicates for
AZnFO, AZnF1, and AZnFO1#3; and
n =1 with 3 technical replicates for
the rest of AZnFOl clones, AA and
AA/AZnF1 clones. (C) Chromosome
accessibility at the B-globin locus in
the indicated HUDEP-2 cells was
assessed by ATAC-Seq, on days O
and 7 of differentiation. For each
sample, three biological replicates
were performed, and the signals
were combined to generate tracks.
The y-globin promoter regions are
highlighted in pink. (D) WT and
AZnF01 HUDEP-2 cells transduced
with lentivirus carrying ZBTB7A
shRNA were subjected to BCL11A
CUT&RUN analysis on day 7 of
differentiation. BCL11A occupancy
at the y-globin promoters is high-
lighted in pink. (E) Venn diagrams
of genome-wide colocalization of
BCL11A peaks that contain TGRCCR
or TGACCA motif in WT and AZnFO1
HUDEP-2 cells. The total numbers
of each motif in the genome

are shown.

60—

20

HBG/(HBB+HBG)%

WT

AZnF1

Day 0

AZnFOT1#1

AZnFO1#2

WT

AZnF1

Day 7

AZnFO1#1

AZnFO1#2

o

WT

AZnFO1#1

shZBTB7A

AZnFO1#2

P-value of overlap: 2.10e-352

here. Given the intrinsic property of ZnFO0 to
self-assembly as a tetramer, it seemed likely
that BCL11A protein behaves similarly in all
cells in which BCLI11A is expressed. To assess
the state of endogenous BCLI11A in short-lived,
primary CD34" HSPCs, we expressed constructs
containing ZnF0+ZnF1 (cDNA spanning both
ZnFs, ZnF01) and observed that ZnF01 in-
creased the level of steady-state protein,
consistent with assembly into newly syn-
thesized multimeric protein (fig. S7A). Fur-
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thermore, expression of ZnF01 linked to an
Fc domain attenuated this increase owing to
degradation of ZnF01 or the assembled com-
plex by TRIM-away (fig. S7A) (44). By native gel
electrophoresis, endogenous BCLI1A in pri-
mary CD34" HSPCs and immortal B-lymphoid
cells of the JeKo-1 line (45) behaved as a high
molecular weight species similar to that in
HUDEP-2 cells (fig. S7, B and C). These find-
ings strongly suggest that the multimeric state
of BCL11A is similar in all cells, because it is
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P-value of overlap: 3.22e-145

driven by the intrinsic property of ZnF0 to
form a tetramer.

Tetramerization of BCL11A is critical for y-globin
repression

AZnF01 and AA/AZnF1 cells afford the oppor-
tunity to assess the contribution of tetramer
formation and multivalency to y-globin re-
pression, independent of the role of ZnFO in
production of steady-state protein. To test the
function of engineered monomeric BCL11A,
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(A) Schematic of biallelic excision of the N-terminal NuRD-binding domain in cells. Error bars represent SD. n = 2 biological replicates and each with 3

BCL11A in HUDEP-2 cells by CRISPR-Cas9 editing. (B) Total cell lysates (INPUT)  technical replicates. (D) Similar analysis on day 7 of differentiation. Error bars
and anti-BCL11A IPs were blotted with the indicated antibodies in WT, KO, and represent SD. n = 2 biological replicates and each with 3 technical replicates.
AN HUDEP-2 cells. (C) RT-gPCR analysis showed the percentage of y-globin (E) Chromosome accessibility at the p-globin locus in the indicated HUDEP-2
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cells was assessed by ATAC-Seq on days 0, 4, and 7 of differentiation. Two
replicates of day O and 4 samples and three replicates of day 7 samples were
performed, and the signals were combined to generate tracks. The y-globin
promoter regions are highlighted in pink. (F) Total cell lysates (INPUT) and
anti-immunoglobulin G (IgG) and anti-BCL11A IPs were blotted with the
indicated antibodies in WT and engineered AZnFO0, I60A/L61A, AZnF1, AZnF0l,
and AA/AZnF1 HUDEP-2 cells. (G) Model depicting the role of the BCL11A

we examined globin levels on days O and 7 of
differentiation (Fig. 5, A and B). Despite elevated
steady-state protein, cells expressing AZnF01
or AA/AZnF1 BCL11A exhibited a defect in
HDbF silencing, principally upon differentiation
at which time globin expression is robust. The
levels of both y-globin RNA and HbF protein
were substantially elevated as compared with
WT and AZnF1 cells (Fig. 5B and fig. S8, A and
B). Consistent with these findings, chromosome
accessibility at the y-globin promoters was
increased in differentiated AZnFO1 cells, as
assessed by ATAC-Seq analysis (Fig. 5C) (46).
These results demonstrate that monomeric
AZnF01 BCLI11A is defective for HbF silencing.
Thus, tetramerization of BCLI11A is critical for
proper y-globin repression.

Monomeric BCL11A exhibits defects in
chromatin occupancy and NuRD
complex engagement

In seeking to uncover how monomeric AZnF0O1
BCL11A differs from tetramer BCLI1A in repres-
sion, we first assessed occupancy at the y-globin
promoter. Despite its location at the C terminus
of BCLI11A, we sought to exclude the possi-
bility that the ZnF456 DNA binding domain
might be occluded. We performed BCLI1A
CUT&RUN (47) in WT and AZnF01 HUDEP-2
cells. In WT cells, the y-globin locus is highly
repressed, and virtually inaccessible, as as-
sessed by ATAC (Fig. 5C) (46). To render the
locus more accessible and permit BCL11A anti-
body penetration, we performed CUT&RUN
in cells depleted of ZBTB7A/LRF. As shown in
Fig. 5D, occupancy at the y-globin promoters
appeared similar between AZnF01 and WT cells.
Hence, we infer that monomeric AZnF01
BCLI1A is competent to bind to its target site
in the y-globin promoters. Consistent with a
defect in repression, however, AZnF01 pro-
tein failed to fully evict NF-Y at the locus (fig.
S8C). To assess chromatin occupancy more
broadly, we enumerated CUT&RUN peaks
genome-wide at both consensus (TGRCCR) and
cognate (TGACCA) BCL11A binding motifs. We
observed extensive and highly significant overlap
of peaks between WT and AZnFO01 (Fig. 5E).
Despite the increased level of AZnFO01 protein,
however, the number of peaks was modestly
reduced, suggesting that the monomer may be
less able to occupy, or be retained, at target
sites. Genome-wide analysis also showed that
AZnFO01 exhibited a weakened motif footprint
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compared to WT (fig. S8D). Taken together,
these findings indicate that engineered mono-
meric BCLI1A occupies chromatin at its target
sites and therefore retains DNA binding capacity,
but aspects of its function may be attenuated
relative to normal BCL11A protein in chromatin.

A canonical N-terminal peptide sequence of
BCL11A engages the NuRD complex through
interaction with RBBP4 (30, 32). Prior genetic
analysis established a functional role for spe-
cific NuRD subunits in HbF silencing (31). To
assess BCLI1A-dependent NuRD engagement,
we removed the NuRD-binding sequence in
HUDEP-2 cells by biallelic gene editing (Fig. 6A).
As anticipated, AN BCL11A-expressing cells
failed to interact with the NuRD complex, as
assessed by immunoprecipitation for the MTA2
subunit (Fig. 6B). Despite expression of BCLI1A
protein (fig. S8A), HbF repression was impaired
in differentiated cells (Fig. 6, C and D, and fig.
S9, B to D). In undifferentiated cells, which ex-
press globin transcripts at a low level, the frac-
tion of y-globin transcripts was not significantly
increased compared with WT cells. In agree-
ment with these observations, accessibility at
the y-globin promoters was increased only
upon differentiation (Fig. 6E). Thus, consistent
with prior inferences, we validated that BCLI1A-
dependent NuRD engagement is required for
proper HDF silencing.

The similar phenotypes of AZnF01 and AA/
AZnF1 with AN BCLI11A-expressing cells led us
to examine engagement of the NuRD complex
in cells expressing monomeric BCLI1A. As shown
in Fig. 6F, interaction of AZnF01 or AA/AZnF1
with NuRD was markedly impaired, as revealed
by coimmunoprecipitation for CHD4 and MTA2.
In chromatin analyses, we observed occupancy
of MTA2 at the HBB and HBD loci, which was
attenuated, as expected, in AN cells (fig. SOE).
Occupancy of MTA2 appeared similarly re-
duced in AZnFO1 cells (fig. SOF). The severe
deficit in NuRD complex engagement of
monomeric protein in cells, despite the pres-
ence of a single NuRD-binding motif, further
underscores the critical role of the tetramer in
BCL11A function. We infer that monomeric
BCLI11A is defective in repression at the y-globin
locus, in part due to a deficit in NuRD complex
engagement.

Discussion

Our principal finding that ZnFO-mediated
tetramerization of BCL11A is necessary for
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tetramer in repression. In WT adult-stage erythroid cells, the BCL11A tetramer
stably engages the NuRD complex in a concerted fashion and prevents NF-Y
binding by steric hindrance to repress y-globin expression. However, although
capable of binding the TGACCA motif at the y-globin promoters, BCL11A
monomer fails to stably engage NuRD and, because of its overall smaller size,
is unable to displace NF-Y. Both features may contribute to a defect in
repression. HDAC, histone deacetylase.

both production of steady-state protein and
proper silencing of HbF provides new perspec-
tives on the native state of BCL11A and its
function, as well as on opportunities for pos-
sible therapeutic intervention.

Transcription factors are often found in
dimers or higher-order complexes (48). Most
commonly, such multimers establish a high-
affinity binding domain, as illustrated by di-
meric basic helix-loop-helix (bHLH) factors
(49) or tetrameric p53 protein (50). Although
ZnFs are typically viewed as DNA binding
domains, they also participate in protein-
protein interactions, such as in GATA (57)
and Ikaros factors (52). To our knowledge,
however, BCLI1A protein presents a distinct
example in which multivalency is established
by a ZnF that forms a stable tetramer within
an otherwise largely unstructured protein. In
effect, tetramerization is “hardwired” in BCLIIA,
as well as its close paralog BCLI11B, and therefore
likely characterizes the protein in all cells in
which it is expressed. Our findings in primary
CD34+ HPSCs and a B cell line support this
inference (fig. S7C). Although we have found
that tetramer formation is critical, the nature
of protein complexes of BCLI11A is likely more
complex, as suggested by its behavior in native
gels (see Fig. 4C and figs. S4J, S6B, and S7, B
and C). For example, dimer formation driven
by ZnF1 may bring together BCL11A polypep-
tides of different tetramers, thereby generating
a lattice of protein. Other studies will be re-
quired to address these possibilities.

Tetramerization via ZnFO serves a critical
function in stabilization of BCLI1A protein by
preventing proteasomal degradation of mono-
mers through shielding a degron located in
7ZnF1 (41). The intrinsic property of recombi-
nant ZnF1 to form dimers suggests that ZnFO
tetramerization promotes ZnF1 dimerization,
perhaps during protein translation. Further
studies are needed to define the structure of
ZnF1 dimers, identify the E3 ubiquitin ligase
(s) that act on the degron, and establish how
events are coordinated as nascent peptides
are synthesized. Expression of stable monomeric
AZnFO01 indicates that no other strong degrons
reside elsewhere in BCL11A. Taken together,
the pathway of stabilization we describe for
BCLI11A protein likely accounts for its long half-
life in cells.

Besides its role in controlling protein stability,
tetramerization confers additional properties
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to BCLI1A that affect chromatin occupancy
and co-repressor engagement. Engineered mono-
meric BCLI1A occupies chromatin at target sites
but seems to do so less well than WT protein
(Fig. 5E). The precise basis for this apparent
deficit is unclear. Current methods do not
allow for quantitative assessment of relative
affinities of multimeric protein complexes
for DNA. The observed differences in genome-
wide chromatin occupancy may reflect the
deficit in engagement of the NuRD complex
by monomeric AZnF01. Taken together, our
findings indicate that the tetramer state is
required to ensure assembly of a repressive
environment at the promoter. Cryo-electron
microscopy studies and stoichiometry ex-
periments indicate that each NuRD complex
bears four RBBP4 subunits (32), which cor-
responds, either by chance or evolutionary de-
sign, to the four NuRD-binding sequences on
a BCLI1A tetramer. Concerted engagement
of NuRD by the tetramer may anchor NuRD
complexes more stably than a monomer with-
in large protein complexes at the y-globin pro-
moters. Previously, we presented evidence
that BCL11A or unrelated proteins (such as
dCas9) act as a steric barrier to NF-Y binding
at the proximal CCAAT motif in the y-globin
promoters (10). Weaker eviction of NF-Y by
AZnFO01 because of its overall smaller size may
also contribute to impaired repression. We
propose an updated model for repression at
the y-globin promoter in which tetrameric
BCL11A cooperatively engages the NuRD
complex in a stable fashion (Fig. 6G). The ex-
tent to which transcription factor multivalency,
as described here, is a special feature evolved
for repression is unknown. Although y-globin
repression is reversed by removal of BCL11A
(or ZBTB7A), the y-globin loci are inaccessible
(as assessed by ATAC) in adult-type erythroid
precursors. We speculate that the multiva-
lent state of BCL11A contributes to occlusion
of the locus.

BCLI1A is a modular protein composed of
seven ZnFs, a NuRD-binding sequence, and
large disordered regions. As such, the protein
lacks structured domains for identification of
small-molecule ligands that serve as starting
points for therapeutic development of inhib-
itors or protein degraders. Whether more
tractable protein targets for HbF reactivation
remain to be identified is uncertain. Given that
BCLI11A acts proximally in y-globin repression
(9, 10) and has been validated clinically as a
target (21, 23), efforts targeted to the protein
offer the best prospect for mechanism-based

Zheng et al., Science 386, 1010-1018 (2024

therapy. Our findings regarding the expres-
sion and assembly of BCL11A protein identify
vulnerabilities that present unforeseen oppor-
tunities for therapeutic intervention. Tetramer
formation mediated by ZnFO constitutes a vul-
nerability for HbF repression. Agents that pre-
vent or disrupt tetramerization would lead to
down-regulation of BCL11A protein and relieve
HbF silencing. Similarly, agents that perturb
dimerization of ZnF1 would also promote
proteasomal degradation of BCL11A. However,
the tetramer structure of ZnF0 provides a sta-
ble domain in an otherwise largely disordered
protein. Although assembled from a ZnF, the
overall structure of the tetramer is distinct
from that of ZnF domains. Discovery of li-
gands that bind the tetramer surface may re-
present a starting point for small molecules to
down-modulate BCL11A protein in a thera-
peutic context.
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