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SUMMARY

Fetal hemoglobin (HbF, a2g2) level is genetically
controlled and modifies severity of adult hemoglobin
(HbA, a2b2) disorders, sickle cell disease, and b-thal-
assemia. Common genetic variation affects expres-
sion of BCL11A, a regulator of HbF silencing. To
uncover how BCL11A supports the developmental
switch from g- to b- globin, we use a functional assay
and protein bindingmicroarray to establish a require-
ment for a zinc-finger cluster in BCL11A in repression
and identify a preferred DNA recognition sequence.
This motif appears in embryonic and fetal-expressed
globin promoters and is duplicated in g-globin pro-
moters. The more distal of the duplicated motifs is
mutated in individuals with hereditary persistence
of HbF. Using the CUT&RUN approach to map pro-
tein binding sites in erythroid cells, we demonstrate
BCL11A occupancy preferentially at the distal motif,
which can be disrupted by editing the promoter.
Our findings reveal that direct g-globin gene pro-
moter repression by BCL11A underlies hemoglobin
switching.

INTRODUCTION

During human development, the major hemoglobin expressed

in red blood cells changes from fetal hemoglobin (HbF, a2g2)

to adult hemoglobin (HbA, a2b2). The transcriptional shift of the

g- to the b-globin gene is commonly referred to as the ‘‘fetal-

to-adult hemoglobin switch.’’ The level of HbF, which is �1%

of total hemoglobin in adults, is genetically controlled and a crit-
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ical modifier of the clinical severity of the major b-hemoglobin

disorders, b-thalassemia and sickle cell disease (SCD). In

b-thalassemia, where b-globin is deficient, increased g-globin

expression reduces the imbalance of the a- and b-globin chains

that underlies the pathophysiology of anemia in this condition.

In SCD, increased HbF levels interfere with the polymerization

(sickling) of HbS (a2b
S
2), thereby reducing damage to red blood

cells and extending their lifespan. Common genetic variation

modestly affects HbF level, whereas rare alleles with deletions

within the b-globin gene cluster or single-base substitutions

(or microdeletion) in the g-globin gene promoters lead to sub-

stantial elevations (10%–30% of total hemoglobin) in the benign

hereditary persistence of fetal hemoglobin (HPFH) syndrome.

Nuclear regulatory factors controlling HbF level were largely

elusive until genome-wide association study (GWAS) provided

potential candidates (Menzel et al., 2007; Uda et al., 2008),

including BCL11A, which has been validated as a major HbF

silencer through surrogate genetics in cells (Sankaran et al.,

2008; Xu et al., 2010), mouse knockout (Sankaran et al., 2009),

and study of rare haploinsufficient individuals (Basak et al.,

2015; Dias et al., 2016). Despite clear genetic evidence for its

critical role, how and where BCL11A acts to repress g-globin

gene expression has remained unclear. Literature conflicts with

regard to whether BCL11A, or its paralog BCL11B (Wakabayashi

et al., 2003), binds DNA directly and, if so, the sequence(s) it may

recognize (Avram et al., 2002; Ippolito et al., 2014; Liu et al.,

2006; Longabaugh et al., 2017; Marban et al., 2005; Senawong

et al., 2005; Tang et al., 2011; Wiles et al., 2013). Prior work sug-

gested that BCL11A acts at a distance from the g-globin gene

promoters but was unable to map precisely sites of occupancy

within the b-globin locus (Jawaid et al., 2010; Sankaran et al.,

2008, 2011). To understand how BCL11A acts, we began by

characterizing its essential domains and DNA binding specificity

both in vitro and in chromatin.
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Figure 1. Functional Rescue Analysis Identifies BCL11A Isoform XL and Domains Required for Transcriptional Repression

(A) Schematic of functional rescue analysis in BCL11A enhancer or exon knockout mouse erythroleukemia (MEL) cells by ectopic expression of various BCL11A

isoforms or domainmutants. Expression of BCL11A-XL, but no other known isoforms, restored the transcriptional repression of the embryonic εy- and bh1-globin

genes, whereas the adult bmajor-globin remained unaffected. Results are mean ± SEM of three experiments and analyzed by two-sided t test. *p < 0.05. n.s., not

significant.

(B) Western blot analysis validated the ectopic expression of BCL11A isoforms in Enh-KO cells to levels that are comparable to the endogenous BCL11A

expression in MEL cells.

(C) Schematic of the structure-function domains of BCL11A and various mutants. The numbers denote the amino acids retained in each BCL11A mutant relative

to the full-length BCL11A-XL isoform.

(D) Repression of εy-globin expression was restored by full-length BCL11A-XL, but not by domain mutants lacking the NuRD-interacting domain, ZnF23 or

ZnF456. Each circle denotes an independent single-cell-derived stable cell clone. Results are mean ± SEM of multiple independent clones and analyzed by

one-way ANOVA with repeated-measures. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S1.
RESULTS

Domains of BCL11A Required for Globin Repression
Several isoforms of BCL11A protein are reported (Figure S1A). In

adult erythroid cells, two species are expressed: L and a larger,

more abundant isoform XL, which differs by inclusion of a termi-

nal exon via RNA splicing (Liu et al., 2006; Sankaran et al., 2008).

To determine domains of BCL11A required for globin repression,

we developed a functional rescue assay in which cDNA con-

structs are expressed inmurine erythroleukemia (MEL) cells defi-

cient in BCL11A either through deletion of the essential erythroid

enhancer (Bauer et al., 2013) or TALEN-edited removal of

exon 1 or exons 1–5 (Figures 1A–1D, S1B, and S1C). Enhancer-

and exon-deleted cells express <5% and no detectable

BCL11A RNA (or protein), respectively. BCL11A-deficient cells

exhibit R100-fold derepression of b-like embryonic εy-globin
gene (Xu et al., 2010) and modest derepression of the weakly

expressed bh1-globin gene (Figures 1A, 1D, and S1D–S1H).

Forced expression of BCL11A-XL, but not BCL11A-L, restored

repression of embryonic globins (Figures 1A, 1D, S1G, and

S1H). As BCL11A-XL differs from isoform L only by the presence

of a C-terminal zinc-finger cluster (ZnF456), these results impli-

cate this domain as essential for globin repression. Consistent

with this conclusion, deletion of ZnF6, ZnF56, or ZnF456 from

BCL11A-XL impaired repression (Figures 1C, 1D, and S1).

Expression of additional BCL11A constructs in the rescue

assay revealed requirement for the N terminus (BCL11A

11-835) and an internal ZnF cluster, ZnF23 (delZnF23) (Figures

1C and 1D). As the N terminus contains a canonical NuRD-

binding peptide (Lejon et al., 2011), NuRD is present in protein

complexes with BCL11A (Xu et al., 2013), and downregulation

of NuRD subunits induces HbF expression (Gnanapragasam
Cell 173, 430–442, April 5, 2018 431
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Figure 2. BCL11A Binds DNA in a Sequence-Specific Manner through its C-Terminal ZnF Cluster

(A) Heatmaps depict results of clustering PBM enrichment (denoted as E) scores (rows) and BCL11 proteins (either BCL11A or BCL11B) (columns) for all 8-mers

bound (PBM E > 0.40) by at least one protein. Replicates are denoted by R1 and R2. Logos generated from clusters of 8-mers depict binding specificities by the

various proteins and match the motifs (information content on y axis, nucleotide position on x axis) derived by the Seed-and-Wobble algorithm.

(B and C) Boxplots depicting PBM E scores of all 8-mers containing TGACCA (B) or TNCGGCCA (C). Each plot illustrates the respective motif preference

for the different BCL11 proteins. The middle line of each box represents the median E score value, the upper and lower whiskers portray the min(max(x),

Q_3 + 1.5* interquartile range [IQR]) and the max(min(x), Q_1-1.5*IQR), respectively, and points beyond the whiskers represent outliers.

(D and E) Fluorescence polarization curves for ZnF456 (D) and ZnF23 (E) upon binding a 6-FAM-labeled 10-bp double-stranded oligonucleotide containing the

456 motif (blue), the 23 motif (red), or a scrambled control sequence (black) or with the addition of 1 mM EDTA (gray). The curves were fit to a single-site binding

model (hyperbola).

(F and G) Octet curves for ZnF456 (F) and ZnF23 (G) upon binding the 456 motif (blue), the 23 motif (red), or a scrambled control sequence (black). The calculated

affinity of ZnF456 binding its preferred motif was 31.9 ± 6.8 nM. The calculated affinity of ZnF23 binding to the 23 motif was 2,079 ± 245.8 nM and indeterminate

for binding the 456 motif.

The results are shown as mean ± SEM of three experiments.
et al., 2011; Sankaran et al., 2008; Xu et al., 2013), we infer that

physical association with NuRD is necessary for globin repres-

sion. In contrast, other domains, including ZnF0 and ZnF1,

appear dispensable for BCL11A-mediated globin repression

(Figures 1C, 1D, and S1).

DNA Recognition by BCL11A
Various DNA sequences have been reported as potential

consensus binding motifs for BCL11A (or its paralog BCL11B)

(Ai et al., 2017; Avram et al., 2002; Consortium, 2012; Ippolito

et al., 2014; Liu et al., 2006; Longabaugh et al., 2017; Marban

et al., 2005; Senawong et al., 2005; Tang et al., 2011; Waka-

bayashiet al., 2003;Wileset al., 2013).Publishedstudiesare inter-

nally inconsistent and compromised by the failure to recognize

existence of an XL isoform and/or adequately validate chromatin

immunoprecipitation sequencing (ChIP-seq) findings. Where

no dominant motif has been recovered, some have reported
432 Cell 173, 430–442, April 5, 2018
E26-transformation-specific (ETS)- and Runx-family motifs and

deduced their transcription factors (TFs) aspossible cofactors (Ip-

polito et al., 2014; Longabaugh et al., 2017). To interrogate in an

unbiased manner sequences recognized by BCL11A, we used

the universal protein-binding microarray (PBM) platform that per-

mits high-throughput determination of potential DNA binding se-

quences (Berger et al., 2006). All possible 8-mer sequences were

representedonPBMswith 32-fold coverage.BecauseZnF23 and

ZnF456 are individually required for globin repression (Figure 1D)

and DNA-binding ZnF proteins typically bind DNA through ZnF

clusters (Choo and Klug, 1997; Wolfe et al., 2000), we first

searched for DNA sequences recognized by BCL11A-XL

and the two isolated finger domains, ZnF23 and ZnF456. We

performed experiments with the corresponding ZnF clusters

of both BCL11A and BCL11B. For ZnF23 and ZnF456, we

deduced consensus sequences of (T/C)NNGG(C/A)C(A/G/C) and

TG(A/T)CC(A/C/T), respectively (Figure 2A). Sequence selectivity



A B Figure 3. HPFH Mutations Abrogate

BCL11A-DNA Binding

(A) Boxplot representing PBM E scores of all

8-mers containing the depicted 6-mers and high-

lighting how the HPFH mutations impair BCL11A-

XL binding. Boxplot formats are as in Figures 2B

and 2C.

(B) Fluorescence polarization curves for ZnF456

upon binding a 6-FAM-labeled 10-bp double-

stranded oligonucleotide containing the 456 motif

(blue), the 456 motif with the G-117A mutation

(green), or the C-114G/T mutation (red). The curves

were fit to a single-site binding model (hyperbola).

See also Table S1.
was quantified with a PBM enrichment (E) score between �0.5

and +0.5. E scores of 0.45 or greater represent highly selective

binding (Badis et al., 2009; Berger et al., 2008; Jiang et al.,

2013). The specific sequence that yielded the highest average

E score for ZnF456 for both BCL11A and BCL11B was TGACCA

(A456, E = 0.472; B456, E = 0.477) (Figure 2A). Of all possible

8-mers, TNCGGCCA was the highest-scoring sequence for

ZnF23 from BCL11A or BCL11B (A23, E = 0.489; B23,

E = 0.490) (Figure 2A). ZnF23 and ZnF456 each bound their

respective sequences selectively (Figures 2B and 2C). A double

mutant lacking both ZnF domains (d23d456) failed to bind either

motif specifically (Figures 2B and 2C) or to other sequences,

thereby excluding DNA binding contribution from elsewhere in

the protein. As ZnF456 and BCL11A-XL recognize the same

sequence (Figure 2A), whereas ZnF23 recognizes a different

sequence, we infer that ZnF456 largely dictates DNA binding

of the intact protein. The apparent lack of contribution by ZnF23

to DNA binding of BCL11A-XL may reflect weak affinity for its

cognate sequence or inaccessibility in the context of the entire

protein. Taken together, these results identify a preferred DNA

motif, TGACCA (bound directly by BCL11A-XL in vitro), which is

mediated through ZnF456.

To measure the affinity, as opposed to selectivity, of binding

by ZnF23 and ZnF456 to their respective DNA sequences, we

performed two biophysical assays, fluorescence polarization

(Do et al., 2008) and biolayer interferometry (BLI)-based octet

analysis (Concepcion et al., 2009), with highly purified recombi-

nant proteins. In fluorescence polarization, plane-polarized light

excited a fluorescent tag, 6-FAM, on one 50 end of a 10-bp

double-stranded oligonucleotide containing the optimal PBM-

derived motif of ZnF23 or ZnF456 at the center. Binding of

protein to DNA causes the fluorophore to tumble more slowly,

leading to an increase in polarization. Titration of a 6-FAM-

labeled ZnF456 motif with a purified ZnF456 protein resulted in

increased polarization (Figure 2D), consistent with a calculated

KD of 23.1 ± 2.7 nM, which is within the range typical of ZnF

DNA-binding proteins (Pedone et al., 1996). The purified ZnF23

protein bound its motif (Figure 2E) with a much lower affinity,

571.3 ± 149.9 nM, which may account for the apparent lack of

contribution of ZnF23 to overall BCL11A-XL binding specificity.
To confirm that the DNA motifs were spe-

cific to each ZnF domain, we performed

the fluorescence polarization assay with
each fluorescently labeled motif and the alternative ZnF protein.

The affinity of ZnF456 for the ZnF23 motif was 2349 ± 1293 nM,

which is approximately 100-fold weaker than ZnF456 bound to

its own motif (Figures 2D and 2E). Surprisingly, ZnF23 bound

its cognate motif and the ZnF456 motif with similar affinity

(KD = 526.3 ± 57.05 nM), which is 22-fold weaker than the binding

of ZnF456 to its motif. Despite the weak affinity of ZnF23 for its

preferred DNA motif, its requirement for globin repression sug-

gests an alternative role, perhaps in mediating protein or RNA in-

teractions. Similar analyses with the alternative method, octet,

confirmed the affinity measurements obtained by fluorescence

polarization (Figures 2F and 2G).

Mutation of Preferred Embryonic/Fetal Recognition Site
in HPFH
Of note, the preferred binding motif for BCL11A, TGACCA,

is present in the promoters of all embryonic and fetal-expressed

globin genes of humans and mice and none of the adult

expressed genes (Table S1). Moreover, the motif is duplicated

in each of the human g-globin genes (�118 to �113 and �91

to �86). The distal motif is altered by single base substitutions

at �117 and �114 or by a 13-bp deletion in rare individuals

with HPFH (Collins et al., 1985; Gelinas et al., 1985; Gilman

et al., 1988). In heterozygous individuals, the HbF level is

10%–30%. PBM analysis revealed that the �117 and �114

HPFH substitutions abrogate binding by BCL11A (Figure 3A).

Affinity determinations by fluorescence polarization (Figure 3B)

and octet (data not shown) confirmed PBM findings. Thus, these

HPFH alleles represent rare sequence variants impaired for

BCL11A binding.

Mapping BCL11A Chromatin Occupancy by CUT&RUN
Independent laboratories failed to detect occupancy of BCL11A

at the g-globin promoters byChIP-PCRor ChIP-chip and instead

suggested binding within the locus control region (LCR) and the

intergenic Ag-d region (Jawaid et al., 2010; Sankaran et al., 2008,

2011). These findings are most consistent with a model in which

BCL11A silences HbF primarily through long-distance interac-

tions, perhaps in the context of chromosomal loops (Deng

et al., 2014; Xu et al., 2010). Given the presence of a preferred
Cell 173, 430–442, April 5, 2018 433



recognition sequence for BCL11A within the g-globin promoters

and mutation of this motif in HPFH, we revisited in vivo BCL11A

chromatin occupancy with an alternative approach. We adapted

CUT&RUN (Skene and Henikoff, 2017), a recently described

method that maps protein binding sites and their long-range

genomic contact regions. CUT&RUN is a nuclease-based pro-

cedure that eliminates use of protein crosslinking and affords

higher resolution than ChIP-seq due to recruitment of micro-

coccal nuclease to DNA-bound protein with subsequent release

of small DNA cleavage fragments.

We performed pilot experiments in immortalized adult-stage

human erythroid HUDEP-2 cells (Kurita et al., 2013) and

compared findings for localization of CTCF and GATA1 to

ChIP-seq datasets (Canver et al., 2017). CUT&RUN identified

CTCF and GATA1 binding sites with high sensitivity and resolu-

tion at the genome-wide level (Figure S2A). The average width

of peaks identified from CUT&RUN CTCF was 159 bp

compared to 273 bp from CTCF ChIP-seq. Over 46% and

51% of CTCF and GATA1 ChIP-seq peaks were recovered by

the respective CUT&RUN experiments. Upon analysis, we

observed that DNA fragments <40 bp were underrepresented.

To improve recovery of short fragments, we modified several

steps of the procedure and library preparation and optimized

the data processing pipeline. The modified protocol increased

the recovery of short fragments, enhanced the peak signal

over noise (Figure S2B and STAR Methods), and increased

the percentage of peak overlap with ChIP-seq by 9%. These

optimizations were important for BCL11A CUT&RUN due to

its short recognition motif and generation of short fragments

from its binding sites.

From six antibodies, we selected one (Figure S2C) for BCL11A

CUT&RUN experiments based on enrichment of its preferred

binding sequence, overall peak number, and peak overlap

between antibodies. BCL11A CUT&RUN was performed in

expansion-phase HUDEP-2 cells (Kurita et al., 2013) and primary

human stem/progenitor CD34+ cells (Xu et al., 2012) undergoing

erythroid differentiation for 3, 5, 7, and 9 days (Figures

S2D–S2G). Three or four nuclease cleavage time courses were

performed for each cell type and stage. BCL11A knockout

HUDEP-2 cells (Canver et al., 2015) or immunoglobulin G (IgG)

were used as negative controls for HUDEP-2 or CD34+ cell ex-

periments, respectively (Figure S2F). 23000–74000 peaks were

identified in these experiments (Figure S2H). The distributions

of peaks were highly similar and were most abundant within

promoter (35%–39%), intron (30%–34%), and distal intergenic

(23%–25%) regions (Figures S2I and S2J).

Unbiased motif discovery of BCL11A CUT&RUN yielded

the motif TG(A/G)CC(A/T/G), which was centrally enriched in

peaks and contained the BCL11A recognition sequences deter-

mined by PBM (Figures 4A, 4B, and S3A). Motifs for GATA1,

CTCF, EKLF family proteins, and other TFs were also identified.

Among the several sequences conforming to TG(A/G)CC(A/T/G),

TGACCA was the most favored sequence (Figures S3B and

S3C), which is consistent with PBM E scores for all sequences

(data not shown).

As a nuclease-based method, CUT&RUN allows base-resolu-

tion digital footprints, which may reflect precise protein binding

sites (Neph et al., 2012; Skene and Henikoff, 2017). We enumer-
434 Cell 173, 430–442, April 5, 2018
ated the fragment ends for each base of the genome in BCL11A

CUT&RUN and adapted an algorithm that detects and scores

footprints de novo (Neph et al., 2012). We performed motif dis-

covery within these footprints. TG(A/T)CC(A/C/T) was identified

as the top enriched motif (Figure 4C). This motif matches well

with the peak-based de novo discovery approach above and

matches more closely the PBM-derived motif. We next plotted

the frequency of nuclease cutting on TGACCA and surrounding

sequences and observed that TGACCA was well protected in

BCL11A CUT&RUN (Figures 4D, 4E [left], and S4A). In contrast,

none of the random hexamers, GATA1motif, or themutant HPFH

sequences was protected (Figures S4B and S4C). No footprint

was evident on analysis of TGACCA in experiments performed

with BCL11A knockout cells or with IgG (Figures 4D and 4E

[right]). We trained an unsupervised Bayes mixture model on

the raw counts around �100 to +100 bp of all occurrences of

TGACCA to compute the binding probability of each occurrence

(STARMethods). Aswe ranked TGACCA sites by their computed

binding log odds, the rank percentile matched well with the

strength of the footprint (Figures 4F and 4G). From this analysis,

we found �3000 TGACCA sites (with log odds >4.5 or >0.99

probability) that are potential binding sites of the protein. Taken

together, these observations support TGACCA as the preferred

in vivo binding sequence for BCL11A.

Chromatin Localization of BCL11A in Globin Loci
Within the b-globin locus, strong peaks were observed starting

from day 5 of CD34+ cell differentiation and in HUDEP-2 cells

within the LCR, in the HBBP1 pseudogene, in the b-globin

gene (HBB), in 30HS, and of special interest, in the g-globin

gene promoters (Figures 5A and 5B). The general pattern was

similar for different nuclease incubation times starting at

30 min (data not shown). Hypersensitivity sites and HBB gained

greater accessibility as differentiation progressed in CD34+

cells, reflecting progressive opening of the region upon

erythroid differentiation. The TGACCA motif is present at 35

sites in the entire locus. Among 12 that are encompassed by

CUT&RUN peaks, the motifs within the g-globin promoter lie

in the peak center and have highest binding probability (Fig-

ure 5A [last track] and Table S2). Peaks encompassing HS4,

HS3, HS1, HBD, and HBB, which do not contain a TGACCA

motif, may reflect frequent chromatin contacts within the locus

rather than direct sites of BCL11A occupancy on DNA (see

Discussion). Strong peaks with a centered motif within the

g-globin promoters are highly likely to reflect authentic, direct

binding sites of BCL11A.

Strong peaks were also found within the a-globin locus,

including the promoter of HBZ (Figures S5A and S5B), which

encodes the embryonic-expressed a-like z-globin—a finding

consistent with derepression of z-globin on the loss of BCL11A

(Sankaran et al., 2008).

High-Resolution Localization of BCL11A at the g-Globin
Promoters
The enhanced resolution of CUT&RUN permits discrimination

of BCL11A binding to the duplicated TGACCA motifs in the

g-globin promoters despite their close proximity (21 bp sepa-

rate the motifs; Figure 3A). Two independent analyses reveal a
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Figure 4. BCL11A CUT&RUN Experiments Reveal an Enriched Binding Motif Consistent with PBM

(A and B) Motif discovery analysis in BCL11A CUT&RUN peaks in HUDEP-2 cells (A) and in CD34+ cells at day 7 of erythroid differentiation (B). The plots showed

the position of the motif relative to peak centers. Other motifs discovered are in Figure S3A. E values shown in upper right were reported by MEME.

(C) (Left) Schematic showing the principal of footprint detection. (Right) Motifs discovered within footprints.

(D and E) Targeted motif footprint analysis of BCL11A CUT&RUN. Cut probability of each base surrounding and within TGACCA motifs was plotted. (Left)

Footprint analysis on TGACCA in BCL11A CUT&RUN in wild-type HUDEP-2 cells (D) and in CD34+ cells at day 7 of differentiation (E). (Right) control analysis

performed in BCL11A KO HUDEP-2 cells (D) or IgG CUT&RUN in CD34+ cells (E). Data for other controls and CD34+ cells at days 3, 5, and 9 of differentiation are

shown in Figure S4.

(F and G) Footprint analysis for five tiers of BCL11A peaks ranked by binding log odds. Log odds are defined as log(PA/(1-PA)), where PA is posterior binding

probability reported by CENTIPEDE. (Left) The average cut count of each base surrounding andwithin TGACCAwas plotted for five tiers of BCL11A peaks. (Right)

Heatmap depicts the number of pA-micrococcal nuclease (MNase) cuts per base (column) for each peak (row). The peaks are ordered by decreasing binding log

odds. The g-globin promoter distal motif’s binding log odds is denoted by a red arrow.

See also Figures S2, S3, and S4.
binding preference of BCL11A for the distal versus proximal

motif. First, we observed that the distal motif (�118 to �113)

was more often covered with fragments than the proximal motif

(p = 0.0004), and the distal motif was closer to the peak summit

position than the proximal motif (p = 0.0001) (Figures 5B–5D).

Second, a discriminative TF binding model built for BCL11A

revealed that the log odds of binding at the distal motif was

82 in CD34+ cells and 61 in HUDEP-2 cells (Figures 4F and

4G), which ranked in the top 1%–2% of all TGACCA sites—

higher than the proximal motif (log odds of 65 in CD34+ cells

and 43 in HUDEP-2 cells). In accord with this estimate, we
enumerated the number of fragment ends for each base of

the duplicated g-globin promoters and found that consistently

across independent experiments, there were fewer cuts within

the distal motif than within the proximal motif (p = 0.0129) (Fig-

ures 5E and 5F). Taken together, these findings indicate that

BCL11A preferentially binds the distal TGACCA motif in the

g-globin promoters in adult erythroid chromatin. Similarly, the

TGACCA motif within the z-globin promoter was also protected

within a footprint (Figures S5B and S5C), suggesting that the

HBZ gene promoter harbors an authentic binding site for

BCL11A in adult erythroid cells.
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Figure 5. CUT&RUN Reveals BCL11A Binding in g-Globin Promoters

(A) CUT&RUN profiles in b-globin cluster. Antibodies and cell types for each track are shown on the right. The promoters of duplicated g-globin genes (HBG2 and

HBG1) are highlighted in pink. The bottom track shows all 35 TGACCA sites in non-repetitive regions.

(legend continued on next page)
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Gene Editing of Distal BCL11A-BindingMotif in g-Globin
Promoter
To provide definitive evidence that the distal TGACCA motif is

bound by BCL11A and also required for repression, we gener-

ated a HUDEP-2 cell line (clone D3) in which the distal motifs

of all four g-globin promoters were mutated by CRISPR/Cas9

genome editing (Figure 6A). Fluorescence-activated cell sorting

(FACS) and real-time quantitative PCR (qPCR) analysis showed

that HbFwas expressed in 97%of cells (Figure 6B), and g-globin

comprised 77% of total b-like globin RNA (Figure 6C). Chromo-

some conformation capture (3C) revealed a switch in enhancer-

gene interaction from LCR-b-globin to LCR-g-globin in clone D3

(Figure S6B) similar to prior observations with a human b-globin

locus examined in the context of BCL11A knockout transgenic

mice (Xu et al., 2010). We performed BCL11ACUT&RUN in clone

D3. To facilitate mapping of mutated sequences, we generated a

mutant reference genome in which HBG1 carried a DC allele and

HBG2 carried a D13-bp allele (Figure S6A). The DAmutation can

be efficiently mapped to the DC allele, since there is only one

mismatch.

The CUT&RUN results were initially somewhat surprising, as

peaks appeared stronger at the g-globin promoters in D3 than

in wild-type cells (Figure S6D). This seemingly paradoxical

observation can be explained, we believe, by consideration of

two contributors. First, CUT&RUN is principally a nuclease-

based method. Without immunoprecipitation, it maps sites that

are directly occupied by the protein, as well as sites that are in

proximity to the protein (Skene and Henikoff, 2017). Therefore,

major changes in overall chromatin accessibility and long-dis-

tance chromosomal interactions may lead to differences in

peak sizes and distributions. Second, within the globin locus,

transcription of g- and b-globin genes correlates with DNase

sensitivity of their respective promoters. Indeed, as evidenced

by assay for transposase-accessible chromatin sequencing

(ATAC-seq), the g-globin promoter in wild-type is virtually inac-

cessible but is accessible in BCL11A knockout and promoter-

edited D3 cells (Figure S6E).

Moreover, close inspection of the BCL11A CUT&RUN in D3

cells revealed a valley at the distal motif and a much broader

overall pattern (Figure 6D, S6C, and S6D). Footprint analysis

showed that the mutated distal motif became hypersensitive to

nuclease digestion (Figure 6E). Within position �146 to �67 of

the g-globin promoters, 89 out of 840 cuts occurred in the

mutant distal motif (TGCCAA and TGACAA); in contrast, only

2 out of 412 cuts within the distal motif in wild-type cells (Fig-

ure 6E). Consistent with this, log odds of binding to distal motif
(B) (Left) BCL11A binding at the HBG1/2 promoter across multiple CUT&RUN ex

and proximal TGACCA motifs are highlighted in green. Arrows indicate positions

(C) Comparison of the distances of distal motif or proximal motif to peak summit

(D) Comparison of the fragment coverage of distal and proximal motifs. Each fragm

Relative fragment coverage was defined as average fragment number per base

(E) Comparison of cut numbers occurred in distal motif or proximal motif.

(F) Single-locus footprint analysis shows the cut frequency at each nucleotide of t

site [TSS]). Three footprints (regions protected from protein A-MNase cut) are

14 CUT&RUN experiments in CD34+ cells are included in (C), (D), and (F); 24 CU

p value was calculated by paired t test.

See also Figure S5 and Table S2.
decreased to an average between alleles of �38 in edited cells

as compared to +61 in wild-type cells. Importantly, the gene-edi-

ted, mutant motifs were no longer bound by BCL11A, despite

overall increased accessibility of the g-globin promoter. To

confirm that these findings are not limited to this specific edited

clone of cells, we performed the analysis in a population of cells

subjected to CRISPR/Cas9 editing as a pool. Similar results,

including derepression of g-globin and loss of protection at the

mutant motifs, were obtained (Figures S6F and S6G). Taken

together, these findings indicate that repression of g-globin

gene expression requires direct binding of BCL11A to the distal

promoter motif.

DISCUSSION

In addition to its prominent role in HbF regulation, BCL11A and its

paralog BCL11B are critical for differentiation in diverse contexts,

including B- and T-lymphoid cells (Albu et al., 2007; Liu et al.,

2003, 2006) and the developing brain (Dias et al., 2016; Simon

et al., 2012; Tang et al., 2011). As numerous difficulties have

beenencountered inmappingchromatinoccupancyof thesepro-

teins (Avram et al., 2002; Consortium, 2012; Ippolito et al., 2014;

Liu et al., 2006; Longabaugh et al., 2017; Marban et al., 2005;

Senawong et al., 2005; Tang et al., 2011; Wiles et al., 2013), prior

conclusions regarding their target genes and transcriptional

networks merit careful reassessment.

We found that the nuclease-based CUT&RUN procedure

(Skene and Henikoff, 2017) provides a powerful, high-resolution

method for chromatin localization of a previously intractable pro-

tein. Unbiased motif search in BCL11A CUT&RUN experiments

yielded the PBM-derived ZnF456-preferred sequence at the

center of peaks, indicative of direct protein binding. The utility

of CUT&RUN in the context of BCL11A is underscored by our

inability to detect the binding motif in ChIP-seq experiments per-

formed with the same antibody (data not shown).

In addition to establishing in vivo occupancy of the g-globin

promoters by BCL11A, the high resolution afforded by

CUT&RUN revealed preferential binding to the distal motif of

the duplicated pair in the promoters. Furthermore, the nature

of this method, a targeted nuclease assay, allowed in vivo foot-

printing of BCL11A at base resolution, which provided further

evidence of BCL11A occupancy at the distal motif. Although

the rare HPFH alleles discovered to date only represent a few

of themany possible mutations in the promoter region, it is none-

theless striking that four HPFH mutations target the distal motif

and none target the proximal motif. This correlation, supported
periments. (Right) Zoomed-in view of 216 bp of Gg promoter region. The distal

of peak summits.

.

ent originates from one DNAmolecule released by protein A-MNase digestion.

on motifs divided by average fragment number per base within the peak.

he g-globin promoter region (from �146 to �67 in relation to transcription start

indicated with brackets, and two TGACCA motifs are highlighted in green.

T&RUN experiments in HUDEP-2 and CD34+ cells are included in (E); and the
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Figure 6. BCL11A Fails to Bind Distal Motif in g-Globin Promoter Edited HUDEP-2 Cells

(A) Sequence alignment of four alleles of the g-globin promoter region of HUDEP-2 promoter-edited clone D3 cells.

(B) FACS analysis showing the percentages of HbF-positive cells in wild-type HUDEP-2 and clone D3. Results are shown as mean ± SEM of three experiments.

(C) (Left) Real-time qPCR analysis of mRNA levels for g-globin and b-globin in indicated cell lines. (Right) Percentages of b- or g-globin mRNA. Results are shown

as mean ± SEM of three experiments.

(D) CUT&RUN tracks showing the g-globin promoter region. The top track shows combination of 4 g-globin alleles in wild-type HUDEP-2 cells, the middle track

shows combination of 3 alleles (DA+DC+DC) in clone D3, and the bottom track shows allele D13 bp. The positions of proximal and distal motifs are highlighted in

green. Note that the distal motifs in clone D3 are mutated. Three replicates were merged. Figures S6C and S6D show the replicates separately.

(E) Single-locus footprint showing the g-globin promoter region in HUDEP-2 and clone D3. Edited cells in clone D3 show a high number of cuts interrupting the

distal motif (highlighted green), whereas the wild-type has few to no cuts.

See also Figure S6.
by demonstration of preferential occupancy of the distal motif

and loss of binding in promoter-edited cells in vivo, provides

persuasive evidence that BCL11A acts through this element to

direct g-globin gene repression and hemoglobin switching.

TGACCAmotifs overlapwith CCAATmotifs inmost embryonic

and fetal stage globin gene promoters (Table S1). CCAAT motifs

of globin genes are primarily bound by transcriptional activators,

such as NF-Y, and are required for their transcription (Kim and

Sheffery, 1990; Martyn et al., 2017). Within g-globin promoters,

duplication of TGACCAAT sequences offers the potential of

multiple modes of regulation. Prior electrophoretic mobility shift

assay (EMSA) data suggested that nuclear transcription factor Y

(NF-Y) prefers the proximal motif (Superti-Furga et al., 1988),

whereas our data demonstrate preferential in vivo occupancy
438 Cell 173, 430–442, April 5, 2018
of BCL11A at the distal motif. In fetal cells, in which BCL11A

abundance is low, NF-Y may direct active transcription of

g-globin through the proximal motif. With increased BCL11A

abundance at the adult stage, BCL11A binding to the distal motif

in the g-globin promotermay transform the local chromatin into a

condensed state through NuRD recruitment, thereby preventing

NF-Y binding and silencing g-globin expression.

Besides peaks at the g-globin promoters, four other regions

that contain a TGACCA motif within a footprint are also potential

direct BCL11A binding sites (Table S2). These sites include the

promoter of the pseudogene lying between the Ag- and d-globin

genes (HBBP1), a subregion of the b-globin LCR (HS2), and both

upstream and downstream insulator elements of the b-globin

locus (HS5 and 30HS). Log odds calculations are supportive for



binding to HS5, HBBP1, and 30HS. The presence of potential

binding sites outside the g-globin promoters suggests a broader

role for BCL11A in the b-globin locus. Testing the functional

impact of these potential sites will necessitate precise editing

of these regions and subsequent assessment of effects, if any,

on HbF silencing. Of interest, on close inspection, we have

observed that one of the peaks in the HBBP1 region, which

lies within the broader Ag-d region implicated historically in

HbF silencing, was selectively diminished in the g-promoter-edi-

ted cells (Figure S6C). Although the larger significance of this

finding remains to be elucidated, it is notable that numerous

chromosomal interactions within the b-globin locus map to

the HBBP1 region, as determined by capture-C (Huang et al.,

2017) and CAPTURE-3C-seq (Liu et al., 2017).HBBP1, however,

lies outside the 3.5-kb domain previously proposed as a cis

element for HbF silencing (Sankaran et al., 2011). These se-

quences, just upstream of the d-globin gene, do not contain a

detectable BCL11A binding site, which had been suggested pre-

viously by ChIP-chip (Sankaran et al., 2011), yet they constitute

another region with a high frequency of chromosomal interac-

tions (Liu et al., 2017).

Peaks in CUT&RUN also reflect chromosomal interactions at a

distance (Skene and Henikoff, 2017). The presence of BCL11A

protein, either bound directly or recruited through interaction

with other DNA-bound factors at numerous positions within the

b-globin locus, may signify a role in establishing or maintaining

proper architecture of the locus. CUT&RUN peaks that are not

associated with direct binding of BCL11A to a TGACCAmotif en-

compassed within the peak reflect chromatin-bound BCL11A at

other sites brought into proximity through chromosomal interac-

tions. The increased frequency of contacts of the highly acces-

sible g-globin promoter in promoter-edited cells with other

regions of the b-globin locus, we propose, accounts for the

seemingly paradoxical increase in CUT&RUN peaks in the pro-

moter, despite lack of direct binding of BCL11A to the mutated

distal motif.

The findings reported herein provide compelling evidence

that HbF silencing in adult cells is achieved in large part

through direct promoter-mediated repression. Thus, prior

models proposing that BCL11A acts primarily at a distance

from the g-globin promoters to repress HbF (Sankaran et al.,

2011; Xu et al., 2010) are untenable. Hemoglobin switching

appears somewhat less complex than previously suspected.

As chromosomal looping between the LCR and downstream

globin genes is believed necessary for high-level expression

(Deng et al., 2014), and loss of BCL11A shifts LCR interactions

to the g-globin gene (Xu et al., 2010), we suspect the presence

of BCL11A at the g-globin promoter may be incompatible with

stable loop formation. However, additional roles for BCL11A

elsewhere in the b-globin cluster, e.g., in the vicinity of HBBP1

or the LCR, are by no means excluded.

BCL11A brings together two complementary themes in human

genetics. Common genetic variation, as reflected in GWAS, led

to recognition of BCL11A as a candidate factor responsible for

HbF silencing (Menzel et al., 2007; Uda et al., 2008). Rare genetic

variants, reflected by classical HPFH alleles (Collins et al., 1985;

Gelinas et al., 1985), prevent BCL11A occupancy at the g-globin

promoters. Whereas common variation affects BCL11A expres-
sion through an erythroid-specific enhancer (Bauer et al., 2013;

Canver et al., 2015), rare variation disrupts a pivotal cis-regula-

tory motif in the g-globin promoter bound by BCL11A. Both

genetic elements represent attractive, discrete targets for thera-

peutic genome editing to reactivate HbF in patients with sickle

cell disease or b-thalassemia.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-BCL11A [EPR14943-44] Abcam Cat#ab191401;

Mouse monoclonal anti-BCL11A [15E3AC11] Abcam Cat#ab18688; RRID:AB_444633

Mouse monoclonal anti-BCL11A [14B5] Abcam Cat#ab19487; RRID:AB_444947

Mouse monoclonal anti-Histone H3 Abcam Cat#ab24834; RRID:AB_470335

Rabbit polyclonal anti-GATA1 Abcam Cat#ab11852; RRID:AB_298635

Normal rabbit IgG Millipore Cat#12-370; RRID:AB_145841

Rabbit polyclonal anti-CTCF Millipore Cat#07-729; RRID:AB_441965

FITC-conjugated anti-Human Fetal Hemoglobin antibody Life Technologies Cat#MHFH01; RRID:AB_1500107

Mouse monoclonal ANTI-FLAG M2 Sigma-Aldrich Cat#F1804; RRID:AB_262044

Rabbit polyclonal anti-GAPDH Santa Cruz Cat#sc-25778; RRID:AB_10167668

Rabbit polyclonal HA-probe antibody (HRP) Santa Cruz Cat#sc-805 HRP

Mouse monoclonal anti-HA (Alexa Fluor 488) Life Technologies Cat#A-21287; RRID:AB_2535829

Rabbit polyclonal anti -GST (Alexa Fluor 488) Life Technologies Cat#A-11131; RRID:AB_2534137

Bacterial and Virus Strains

Rosetta(DE3)pLysS Millipore Cat#70956-4

Biological Samples

Human peripheral blood stem cell, CD34 enriched Fred Hutchinson Cancer

Research Center

Lot:R002895

Chemicals, Peptides, and Recombinant Proteins

T4 DNA ligase Thermo Fisher Scientific Cat#EL0011

Protein A-Micrococcal nuclease Skene and Henikoff, 2017 N/A

EcoRI-HF NEB Cat#R3101

Insulin solution human Sigma-Aldrich Cat#I9278-5ML

Heparin Sigma-Aldrich Cat#H3149-500KU

holo-Transferrin human Sigma-Aldrich Cat#T0665-1G

Hydrocortisone Sigma-Aldrich Cat#H0888-1G

Erythropoietin Amgen NDC 55513-144-10

Solvent Detergent Pooled Plasma AB Rhode Island Blood Center Cat#X0004

L-Glutamine Thermo Fisher Scientific Cat#25030-164

Fetal Bovine Serum Source: Australia Heat Inactivated Omega Scientific Cat#FB-22

Human IL-3 R&D Cat#203-IL

Human SCF R&D Cat#255-SC

Doxycycline Sigma-Aldrich Cat#D9891-5G

Dexamethasone Sigma-Aldrich Cat#D4902-100MG

Puromycin Sigma-Aldrich Cat#p8833-25mg

Blasticidin Invivogen Cat#ant-bl-1

Dynabeads protein G Thermo Fisher Scientific Cat#10004D

T4 DNA Polymerase Millipore Cat#70099

cOmplete ULTRA Tablets, EDTA-free, glass vials

Protease Inhibitor Cocktail

Sigma-Aldrich Cat# 5892953001

BioMag Plus Concanavalin A Polysciences Cat# 86057-3

Critical Commercial Assays

NEBNext Ultra II DNA Library Prep Kit NEB Cat#E7645S

NextSeq 500/550 High Output Kit v2 (75 cycles) Illumina Cat#FC-404-2005

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Nextera DNA Library Preparation Kit Illumina Cat#FC-121-1030

iQ SYBR Green Supermix Bio-rad Cat#1708880

RNeasy Plus Mini Kit QIAGEN Cat#74136

Gateway Technology Invitrogen Cat#12535-019

PURExpress In Vitro Protein Synthesis Kit New England Biolabs Cat#E6800S

1-Step Human Coupled IVT kit Thermo Fisher Scientific Cat#88881

Deposited Data

Raw and processed sequencing data This paper GEO: GSE104676

PBM data This paper UniPROBE (http://the_brain.bwh.

harvard.edu/uniprobe/): LIU18A

Experimental Models: Cell Lines

Human: HUDEP-2 cells Kurita et al., 2013 N/A

Mouse: MEL cells Coriell Institute for Medical

Research

Cat# GM00086; RRID:CVCL_3988

Human: HEK293T cells ATCC Cat#CRL-3216; RRID:CVCL_0063

Oligonucleotides

Primers for RT-qPCR, see Table S3 This paper N/A

Primers for genotyping CRISPR edited cells, see Table S3 This paper N/A

Primers for sgRNAs, see Table S3 This paper N/A

Primers for 3C-qPCR, see Table S3 Xu et al., 2010 N/A

dsDNA for FP, see Table S3 This paper N/A

dsDNA for Octet, see Table S3 This paper N/A

Recombinant DNA

pLentiGuide Sanjana et al., 2014 Addgene #52963

lentiCas9-Blast Sanjana et al., 2014 Addgene #52962

pLVX-EF1a-IRES-zsGreen1 Clontech Cat#631982

pDEST15 Invitrogen Cat#11802014

pT7CFE Thermo Fisher Scientific Cat#88861

pMCSG7 Midwest Center for

Structural Genomics

N/A

Software and Algorithms

MACS2 Zhang et al., 2008 https://github.com/taoliu/MACS

Bowtie2 Schatz and Langmead, 2013 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

Trimmomatic Bolger et al., 2014 http://www.usadellab.org/cms/?page=

trimmomatic; RRID:SCR_011848

Picard Broad Institute http://broadinstitute.github.io/picard

SAMtools Badis et al., 2009 http://samtools.sourceforge.net/;

RRID:SCR_006525

CENTIPEDE Pique-Regi et al., 2011 http://centipede.uchicago.edu/

MEME Machanick and Bailey, 2011 http://meme-suite.org/; RRID:SCR_001783

plotFingerprint Ramı́rez et al., 2016 https://deeptools.readthedocs.io/en/latest/#

make_cut_matrix.py Parker lab https://github.com/Parkerlab/atactk

BEDtools Quinlan, 2014 http://bedtools.readthedocs.io/en/latest/;

RRID:SCR_006646

fp2012 Neph et al., 2012 https://github.com/sjneph/footprinting2012

Universal PBM Analysis Suite Berger and Bulyk, 2009 http://the_brain.bwh.harvard.edu/

PBMAnalysisSuite/index.html

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R: gplots Warnes et al., 2016 https://cran.r-project.org/web/packages/

gplots/index.html

seqLogo Bembom, 2017 https://bioconductor.org/packages/release/

bioc/html/seqLogo.html

makePWM Pagès et al., 2017 http://bioconductor.org/packages/release/

bioc/html/Biostrings.html

pbm.motif Jiang et al., 2013 http://thebrain.bwh.harvard.edu/

hierarchicalANOVA

GraphPad Prism 5 Graph Pad Software https://www.graphpad.com/;

RRID:SCR_002798

Other

Illumina NextSeq500 instrument Illumina Cat#SY-415-1001

Qubit fluorometer Thermo Fisher Scientific Cat#Q33216

Pippin prep Sage Science Cat#PIP0001

Gel Cassettes (3% agarose) for Pippin Prep Sage Science Cat#CSD3010

Custom-designed universal ‘‘all 10mer’’

oligonucleotide arrays

Aglient Technologies Cat#AMADID 030236

GenePix 4400A microarray scanner Molecular Devices Cat#GENEPIX 4400

EnVision 2102 multimode plate reader Perkin Elmer Cat#2102-0020

Octet RED384 ForteBio Cat#30-5101

Ni-NTA biosensors ForteBio Cat#18-5102
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed and will be fulfilled by the Lead Contact,

Stuart H. Orkin (stuart_orkin@dfci.harvard.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Blood and Tissue Samples
Human peripheral blood stem cells (CD34+ cells) from healthy donors (G-CSF mobilized, CD34 enriched) were purchased from Fred

Hutchinson Cancer Research Center. The lot R002895 for experiments was collected from a health male and confirmed to express

low level of HBG1/2. Samples were de-identified prior to purchasing, thus the research consent requirements were exempted

from BCH IRB approval. The cells were thawed and recovered to EDM (IMDM (Corning, 15-016-CV) supplemented with

330 mg/mL Holo-Human Transferrin, 10 mg/mL Recombinant Human Insulin, 2 IU/mL Heparin, 5% Inactivated Plasma, 3 IU/mL

Erythropoietin, 2 mM L-Glutamine) with three supplements (10�6 M hydrocortisone, 100 ng/mL SCF, 5 ng/mL IL-3) for 7 days to allow

erythroid differentiation, then further differentiated in EDM with one supplement (100 ng/mL SCF) for another 2 days. Samples were

collected on day 3, 5, 7, and 9 for CUT&RUN, RNA extraction and protein analysis.

Immortalized Cell Lines
Human HEK293T cells (female) were purchased from ATCC. The cells were cultured in DMEM, high glucose (Thermo Fisher

Scientific, 11965) with 10% FCS and 2 mM L-Glutamine, and passaged every three days.

MEL (Murine Erythroleukemia, male) cells were purchased from Coriell Institute for Medical Research. The cells were cultured in

DMEM, low glucose (Thermo Fisher Scientific, 11885) with 10% FCS, 2 mM L-Glutamine, and passaged every three days.

HUDEP-2 cell line (human umbilical cord blood-derived erythroid progenitor, male) was generated and kindly shared by Dr. Yukio

Nakamura. HUDEP-2 cells were maintained in expansion medium: StemSpan SFEM (STEMCELL Technologies, 09650) with SCF

(50 ng/ml), EPO (3 IU/ml), Dexamethasone (10�6 M), Doxycycline (1 mg/ml), and passaged every three days. The cell density was

maintained within 20 thousand to 500 thousand cells/mL. Erythroid differentiation was carried out by replacing the medium to

EDM (Erythroid Differentiation Media: IMDM (Corning, 15-016-CV) supplemented with 330 mg/mL Holo-Human Transferrin,

10 mg/mL Recombinant Human Insulin, 2 IU/mL Heparin, 5% Inactivated Plasma, 3 IU/mL Erythropoietin, 2 mM L-Glutamine) with

two supplements (100 ng/mL SCF, 1 mg/mL doxycycline). After 5 days differentiation, cells were collected for chromosome

conformation capture assay.
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METHOD DETAILS

Functional Rescue Experiments
Bcl11a enhancer knockout (Enh-KO) MEL cells were generated by TALEN-mediated deletion of the 12-kb intronic enhancer(Bauer

et al., 2013). Bcl11a exon knockout MEL cells were generated by TALEN-mediated deletion of exon1 (E1D) or exons 1 to 5 (E15D).

Specifically, the TALENs were designed to generate double strand breaks flanking the Bcl11a exon1 or exon1 to 5 regions. The

TALENs recognize the following sequences: TCTTGACTGGGCTGAAGC (50L1), TGAAGTGGGGGCTGGGGG (50R1), TGACTGGG

CTGAAGCGTC (50L2), TATTGAAGTGGGGGCTGG (50R2), TGTTTACAAGCACCGCGT (Intron1L1), TCCTCTGTCTGTTTGTTG

(Intron1R1), TTTACAAGCACCGCGTGT (Intron1L2), TCCGTCCTCTGTCTGTTT (Intron1R2), TGTGCTAGCTCTTTGTTG (30L1),
TCCCGGTGGAAGAGGAAC (30R1), TGCTAGCTCTTTGTTGAT (30L2), and TCTCCCGGTGGAAGAGGA (30R2). TALENs were synthe-

sized and cloned into pcDNA3.1 vector with the FokI nuclease domain. 2.5 mg of each of the four TALENplasmids together with 0.5 mg

of pMax-GFP (Lonza) were electroporated to 23 106 MEL cells following manufacturer’s procedure (Lonza, VCA-1005). Single cell-

derived biallelic deletion clones were isolated by flow cytometry sorting of GFP positive cells followed by limiting dilution and gen-

otyping analyses. The complete open reading frame (ORF) of human BCL11A isoforms (XL, L, S and XS) and various domain mutants

were subcloned into the lentiviral vector pLVX-EF1a-IRES-zsGreen1 (Clontech #631982). Lentiviruses were packaged in HEK293T

cells as described(Huang et al., 2016). Briefly, 2 mg of pD8.9, 1 mg of VSV-G and 3 mg sgRNA vectors were co-transfected into

HEK293T cells seeded in a 10 cm Petri dish. Lentiviruses were harvested from the supernatant 48-72 hr post-transfection.

BCL11A enhancer or exon knockout MEL cells were transduced with lentiviruses in 6-well plates and GFP-positive cells were

FACS sorted 48 hr post-transfection. After sorting, cells were seeded in T25 flasks as pooled populations or in 96-well plates as single

cell clones. 6-32 single cell-derived stable cell clones with ectopic expression of BCL11A isoforms or domain mutants were pro-

cessed for gene expression analysis. Total RNAwas isolated using RNeasy PlusMini Kit (QIAGEN) followingmanufacturer’s protocol.

Quantitative RT-PCR (RT-qPCR) was performed using the iQ SYBRGreen Supermix (Bio-Rad). Oligonucleotide sequences are listed

in Table S3.

Western Blot
Western blot was performed as described(Xu et al., 2012). Briefly, samples were boiled in 1x SDS loading buffer to denature all pro-

teins and separated with 13% or gradient SDS-PAGE gels. Proteins were then transferred to PVDF membrane with a standard wet

transfer system at 2.5 mA/cm2 for 2 hr. Membranes were blocked with 5% nonfat milk for 1 hr and then incubated with primary an-

tibodies for 1 hr at room temperature or overnight at cold roomwith shaking. Excess antibodies were washed with TBS-T (50mMTris

pH 8.0, 150 mM NaCl, 0.1% Tween 20) for 3 times and HRP-conjugated secondary antibodies were incubated for 30 min at room

temperature. After 3 washes with TBS-T, the membranes were developed with Immobilon Western Chemiluminescent HRP Sub-

strate (Millipore, WBKLS0500). The following antibodies were used: M2-Flag (F1804, Sigma-Aldrich), BCL11A (ab19487 and

ab191401, Abcam), and GAPDH (sc-25778, Santa Cruz Biotechnology). All antibodies were used at 1:1,000 dilutions in TBS-T.

Protein Binding Microarray (PBM) Experiments
For PBM experiments, ZnF23 and 456 from BCL11A and BCL11B were cloned into pDEST15 (Invitrogen) with an N-terminal gluta-

thione S-transferase (GST) tag using the Gateway system (Invitrogen). The ZnF domains were expressed by in vitro transcription-

translation (IVT) using PURExpress (New England Biolabs) supplemented with RNase Inhibitor (New England Biolabs) and 50 mM

zinc acetate. Protein concentrations were determined by immunoblotting with a GST dilution series. BCL11A XL and BCL11B

were cloned into vector pT7CFE (Thermo Fisher) with an N-terminal HA tag. The full-length proteins were expressed by IVT using

the 1-Step Human Coupled IVT kit (Thermo Fisher) supplemented with 50 mM zinc acetate. Concentrations of full-length proteins

from IVT reactions were determined by comparison to pure BCL11A-XL of known concentration on western blot with antibodies

against BCL11A (Abcam, ab18688) and HA (Santa Cruz Biotechnology, sc-805 HRP).

PBM experiments were performed as described (Berger and Bulyk, 2009; Berger et al., 2006), except as noted here. Custom-

designed ‘‘all 10mer’’ universal oligonucleotide arrays in 83 60K GSE array format (Agilent Technologies; AMADID, 030236) (Naka-

gawa et al., 2013) were double-stranded. Each BCL11wild-type andmutant protein was assayed at a final concentration of 600 nM in

a standard PBM binding reaction containing 50 mM zinc acetate on a fresh slide. Protein binding was detected using an anti-HA anti-

body (Life Technologies, A-21287) or an anti-GST antibody (Life Technologies; catalog, A-11131) at a final concentration of 25 mg/mL

and fluorescence measurements were obtained using a GenePix 4400A (Molecular Devices) microarray scanner. Subsequent data

quantification, normalization, and DNA binding specificity analysis were performed as described previously using the Universal PBM

Analysis Suite and the Seed-and-Wobble motif-derivation algorithm (Berger and Bulyk, 2009; Berger et al., 2006). Average E-scores

for TGACCA and TNCGGCCA sequences were calculated by taking the mean of the E-scores of all 8-mers containing matches to

these sequences. Average E-scores for 8-mers scoring E > 0.40 by at least one BCL11 construct were plotted with the heatmap.2

function in the gplots R package using the Pearson correlation distance metric and single-linkage clustering. Unweighted clusters of

8-mers were then aligned to generate a PWM as previously described(Jiang et al., 2013) and associated sequence logos were made

using the makePWM and seqLogo functions from the Biostrings and seqLogo R packages, respectively. Plots were made using the

standard Boxplot function in R.
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Protein Purification and Biophysical Assessment of Binding
For fluorescence polarization experiments, 6xHis-tagged ZnF23 and 456 were cloned into vector pMCSG7 (Midwest Center for

Structural Genomics) in a ligation-independent manner using T4 DNA Polymerase (Millipore, 70099). The construct was transformed

into Rosetta(DE3) pLysS competent cells (Millipore, 70956-4) for protein expression. Protein expression was inducedwith 1mM IPTG

(Roche) and supplemented with 100 mM ZnSO4 (Sigma-Aldrich) at 20�C for 18 hr. Cells were resuspended in lysis buffer (50 mM Tris

pH 8.0, 300mMNaCl, 10mM imidazole, 1mMDTT, 8M urea, protease inhibitor cocktail), sonicated, spun, and the lysates were incu-

bated with Ni-NTA agarose resin (QIAGEN). After washing, proteins were eluted with lysis buffer containing 300 mM imidazole, and

dialyzed overnight at 4�C against minimal buffer (20 mM Tris pH 8.0, 50 mM NaCl, 1mM DTT). The following day, the proteins were

purified on a UNO S1 column (Bio-Rad) and dialyzed overnight at 4�C against storage buffer (20 mM Tris pH 8.0, 50 mMNaCl, 1 mM

DTT, 10% glycerol v/v, 20 mM ZnSO4). The proteins were then concentrated using Amicon ultra-15 centrifugal filter units with a 3K

MWCO (Millipore), aliquoted, flash frozen, and stored at �80�C.
Fluorescence polarization experiments were performed as described(Jameson and Seifried, 1999) in 384-well plates (Corning,

3820) using the EnVision 2102 multimode plate reader (Perkin Elmer) running version 1.13 of the EnVision Manager software. Briefly,

increasing concentrations of His-ZnF23 or His-ZnF456 (0-3 mM) were titrated into a total of 20 mL assay buffer (10 mM Tris pH 8.0,

150 mMNaCl) containing 10 nM 6-FAM-labeled double-stranded oligonucleotide (Integrated DNA Technologies), whose sequences

are listed in Table S3. Samples were measured at an excitation wavelength of 480 nm and an emission wavelength of 535 nm. Data

were analyzed using GraphPad Prism 5 (Graph Pad Software), plotting mP against protein concentration and fitting the curve to a

single-site binding model (hyperbola) to extract a KD value.

Proteins for Octet analysis were expressed and purified similarly to those for fluorescence polarization with the following excep-

tions. Rosetta(DE3) pLysS expressing 6xHis-tagged ZnF23 or ZnF456were resuspended in binding buffer (20mMsodiumphosphate

buffer pH 8.0, 500 mM NaCl, 0.1% NP40, 10 mM imidazole) and sonicated (Qsonica sonicators). Cell lysates were spun down and

supernatants were run on a Ni-NTA column (MCLAB, NiNTA-300). After washing, the proteins were eluted with 300 mM imidazole,

purified on a size exclusion column (GE Healthcare HiLoad 16/60 75 pg), and dialyzed overnight at 4�C against storage buffer. The

proteins were then concentrated, aliquoted, flash frozen, and stored at �80�C.
Octet Red384 (ForteBio, Pall Science) was used for binding studies(Do et al., 2008). Ni-NTA biosensors (ForteBio) were used to

immobilize 6xHis-tagged proteins. Ni-NTA biosensors were pre-wet for 60 s in kinetic buffer (PBS, 0.02% Tween20, 0.05% sodium

azide), then immersed in ligand solution (10 mg/ml His-ZnF456 or 10 mg/ml His-ZnF23) for 180 s, and finally immersed in kinetic buffer

for 60 s. The kinetics of DNA association wasmonitored bymoving sensors into wells containing 0.3 nM-10 mMdsDNA (sequences in

Table S3) for 180 s. This was followed by dissociation in kinetic buffer for 180 s. During the entire kinetic assay, the sample plate was

kept shaking at 1000 rpm. A column of biosensors without ligand was titrated with analyte and used as a parallel reference control.

A ligand-loaded biosensor without analyte was also used as baseline. Data were analyzed using GraphPad Prism 5 (Graph Pad

Software), plotting Response against DNA concentration and fitting the curve to a single-site binding model to extract a KD value.

Generation of HBG Promoter-edited Cells
Cas9 expression vector (Addgene plasmid ID 52962) and sgRNA targeting common sequences at theHBG1 andHBG2 genes 115 bp

upstream of the transcription start sites (TSS) were sequentially introduced into HUDEP clone 2 (HUDEP-2) cells via lentiviral trans-

duction (Canver et al., 2015). Briefly, lentivirus packaging was carried out as described in section ‘‘Functional Rescue Experiments.’’

HUDEP-2 cells were infected with Cas9 expression virus and selected with 10 mg/mL blasticidin. The sgRNA sequence was cloned

into lentiGuide-Puro (Addgene plasmid ID 52963) (Sanjana et al., 2014), and transfected into HEK293T cells to generate virus.

105 Cas9-expressing cells were transduced with the virus containing the sgRNA-encoding plasmid and incubated for 7-10 days

with 10 mg/mL blasticidin and 1 mg/mL puromycin selection to allow for editing. These bulk cultures were plated clonally at limiting

dilution and grown for approximately 14 days.

Screening of �115 Edited HUDEP-2 Clones
Genomic DNA extracted from HUDEP-2 clones was amplified using primer pairs specific to HBG1 or HBG2 (Table S3). Unique iden-

tification of HBG1 versus HBG2 was achieved by designing primer sequences overlapping nucleotide variants between HBG1 and

HBG2. Additional variants were present within the amplicon to ensure single gene-specific amplification. PCR was performed using

theQIAGENHotStarTaq 23mastermix and the following cycling conditions: 95�C for 15minutes; 35 cycles of 95�C for 15 s, 60�C for

1 minute, 72�C for 1 minute; 72�C for 10 minutes. Amplicons were purified using the QIAquick� PCR Purification Kit (Cat. No. 28106)

and Sanger sequenced or sent to amplicon sequencing.

For Sanger sequencing, sequences were aligned to a reference sequence obtained from sequencing HUDEP-2 cells. Edited alleles

were identified by comparing the Sanger sequence chromatogram to the HUDEP-2 reference sequence. One clone, D3, was found to

contain edited versions of all four alleles for HBG1 and HBG2 at the �115 promoter site.

For amplicon sequencing of bulk edited cells, reads were aligned to amplicon sequence of HBG1 or HBG2 promoters (�1700 bp,

see Table S3 for genotyping primers) using Bowtie2. Reads which did not align to any amplicon were discarded. Remaining reads

were analyzed to determine the mutation type (i.e., deletion) and deleted position by comparing to the wild-type sequence. Reads

were tallied to determine the proportion of different deletion variants.
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Validation of HbF Enrichment
5x104 of the D3 single-cell HUDEP-2 clones were stained for HbF expression by intracellular flow-cytometry (Canver et al., 2015).

Briefly, cells were fixed with 0.05% glutaraldehyde in PBS, incubated at room temperature for 10 min and centrifuged at 600 x g

for 5 min. Cells were then treated with 0.1% Triton in PBS with 0.1% BSA, incubated at room temperature for 5 min, and centrifuged

at 600x g for 15min. Cells were resuspended in PBS/BSA and incubated with 2 mL of FITC-conjugated anti-Human Fetal Hemoglobin

antibody in the dark at room temperature for 15 min. Cells were analyzed using an LSRII flow cytometer, recording 10,000 events per

condition. In addition, RNA was obtained from single-cell HUDEP-2 clone D3 and control HUDEP-2 cells and prepared for RT-qPCR

(Canver et al., 2015) using CAT and HBA1/2 as reference genes. Expression data represent the mean of at least three replicates.

Chromatin Immunoprecipitation
107 expansion phase HUDEP-2 cells were collected and fixedwith 1% formaldehyde for 5minutes at room temperature. Fixation was

quenched with 125mM glycine. Cells were washed with ice cold PBS twice and resuspended in 0.13 mL lysis buffer (50 mM Tris-HCl

8.0, 10 mM EDTA, 0.5% SDS) and sonicated in a microtube (Covaris, 520045) with Covaris E220 ultrasonicator (Covaris). 0.12 mL

sonicated chromatin was mixed with 1 mL ChIP dilution buffer (20 mM Tris-HCl 8.0, 2 mM EDTA, 1% Triton X-100, 300 mM NaCl,

protease inhibitor), 20 mL Dynabeads protein G (Thermo Fisher Scientific) and 3 mg antibody (CTCF, 07-729,Millipore). After overnight

rotating, the beads were washed with the following buffers: twice with RIPA150 (20 mM Tris-HCl 8.0, 1 mM EDTA, 1% Triton X-100,

150 mM NaCl, 0.1% Sodium Deoxycholate, 0.1% SDS), twice with RIPA500 (20 mM Tris-HCl 8.0, 1 mM EDTA, 1% Triton X-100,

500 mM NaCl, 0.1% Sodium Deoxycholate, 0.1% SDS), twice with LiCl buffer (10 mM Tris-HCl 8.0, 1 mM EDTA, 0.5% NP-40,

250 mM LiCl, 0.5% Sodium Deoxycholate), twice with TE buffer (10 mM Tris-HCl 8.0, 1 mM EDTA). To elute and decrosslink,

300 mL Elution buffer (50 mM Tris-HCl 8.0, 10 mM EDTA, 1% SDS, 150 mM NaCl, 0.1 mg/mL Proteinase K) was added to the beads

and incubated at 65�C overnight. The eluted material was extracted with phenol-chloroform, and DNA was precipitated by adding

750 mL absolute ethanol. DNA was pelleted by centrifuging at 14000 rpm for 15 minutes, washed once with 75% ethanol, then dried

and dissolved with 50 mL TE buffer. The quality of ChIP was verified by real-time PCR. To construct ChIP-seq library, we used

NEBNext Ultra II DNA Library Prep Kit (NEB) according tomanufacturer’s protocol. Quality check of library was carried out with Qubit

and bioanalyzer. The library was sequenced in the NextSeq 500 platform with NextSeq 500/550 High Output Kit v2 (75 cycles).

Paired-end sequencing was performed (2x42 bp, 6 bp index).

CUT&RUN
CUT&RUN experiments were carried out as described (Skene and Henikoff, 2017) with modifications. Briefly, nuclei from 2x106 cells

were isolated with NE buffer (20 mM HEPES-KOH, pH 7.9, 10 mM KCl, 0.5 mM Spermidine, 0.1% Triton X-100, 20% Glycerol and

1x protease inhibitor cocktails from Sigma), captured with BioMagPlus Concanavalin A (Polysciences) and incubated with primary

antibody for 2 hours. After washing away unbound antibody with wash buffer (20 mM HEPES-NaOH pH 7.5, 150 mM NaCl,

0.5 mM Spermidine, 0.1% BSA and 1x protease inhibitor cocktails from Sigma), protein A-MNase was added at a 1:1000 ratio

and incubated for 1 hour. The nuclei were washed again and placed in a 0�C metal block. To activate protein A-MNase, CaCl2
was added to a final concentration of 2 mM. The reaction was carried out for different time courses and stopped by addition of equal

volume of 2XSTOP buffer (200 mM NaCl, 20 mM EDTA, 4 mM EGTA, 50 mg/mL RNase A and 40 mg/mL glycogen). The protein-DNA

complex was released by centrifugation and then digested by proteinase K at 50�C overnight. DNA was extracted by ethanol pre-

cipitation, followed by Qubit fluorometer and bioanalyzer quality control. Protein A-MNase (batch 5) was kindly provided by Dr. Steve

Henikoff. The antibodies used were: GATA1, ab11852, abcam; CTCF, 07-729, Millipore; BCL11A, ab191401, abcam; normal rabbit

IgG, 12-370, Millipore.

Library Preparation and Sequencing for CUT&RUN
To construct the CUT&RUN DNA library for sequencing on an Illumina platform, we modified the protocol of NEBNext Ultra II DNA

Library Prep Kit, NEB (Ipswich, USA), aiming to preserve short DNA fragments (30-80 bp). Briefly, dA-tailing temperature was

decreased to 50�C to avoid DNA melting, and the reaction time was increased to 1 hour to compensate for lower enzymatic activity.

After adaptor ligation, 2.1x volume of AMPure XP beads was added to the reaction to ensure high recovery efficiency of short frag-

ments. After 12 cycles of PCR amplification, the reaction was cleaned up with 1.2x volume of AMPure XP beads. 16-24 barcoded

libraries were quantified and mixed at equal molar ratio. PCR dimers were removed with Pippin prep size selection according to

manufacturer’s manual, and the mixed library was denatured according to the standard protocol from Illumina. 1.3 mL of 1.8 pM

diluted library was loaded to a NextSeq 500/550 High Output Kit v2 (75 cycles), and sequenced in the NextSeq 500 platform. To

enable determination of fragment length, paired-end sequencing was performed (2x42 bp, 6 bp index).

CUT&RUN Data Processing
Paired-end sequencing reads were trimmed with Trimmomatic (Bolger et al., 2014) to remove adaptor sequences from the 30 end of

each read using parameters ILLUMINACLIP: 2:15:4:4:true SLIDINGWINDOW:4:15 MINLEN:25. Reads which were 25 bp or longer

after trimming, and were paired between the mates were kept. Then reads were aligned to the reference human hg19 assembly

(Schatz and Langmead, 2013) with settings --end-to-end,--dove-tail,--phred33. The --dove-tail considers mates that overlap with

each other, usually when fragment length is less than read length, as a concordant alignment. The resulting alignments, recorded
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in BAM file, were sorted, indexed, and marked for duplicates with Piccard (http://broadinstitute.github.io/picard) MarkDuplicate

function. Afterward, the BAM file was filtered with SAMtools (Badis et al., 2009) to discard reads, mates that were unmapped, or

PCR/optical duplicates (-f 3 -F 4 -F 8 -F 1024). Fragments of size less than 120 bp were kept (Skene and Henikoff, 2017).

Peak Calling and Overlap with ChIP-seq
MACS (Zhang et al., 2008) version 2.1 was used to call peaks from the BAM file with narrowPeak setting, p value cutoff of 1e-5, and

with --SPMR which normalizes the signal intensity to facilitate comparison between tracks. To compare CUT&RUN with ChIP-seq,

we sampled the number of paired reads per experiment to 18million, and called peakswith default narrowPeak setting inMACS2.We

then computed the Jaccard overlap coefficient among the top 15,000 peaks called per experiment. To evaluate the signal-to-noise

ratio of GATA1 CUT&RUN andGATA1 ChIP-seq, we computed the fraction of total reads located in top genomic bins (of 500 bp) with

highest read coverage. This was achieved with the plotFingerprint tool using default settings (Ramı́rez et al., 2016).

De Novo Motif Discovery from Peaks
To discover possible enriched sequences among the BCL11A CUT&RUN peaks, we performed de novomotif discovery with MEME

motif suite (Bailey and Elkan, 1994; Machanick and Bailey, 2011). Specifically, sequences from�100 bp to +100 bp from the summit

position of all peaks called by MACS were analyzed for enrichment. Top enriched motifs (up to 6 motifs) were collected from running

DREME (Bailey, 2011) and MEME on each batch of sequences.

Footprint Detection and Motif Discovery within Footprints
A footprint is a signature cut pattern left by the protein A-MNase enzyme as it cuts around regions bound by a TF. A footprint has a

characteristic low number of cuts within core region containing consensus motif that is well protected from enzyme cuts, and a high

number of cuts in the two flanking regions of the core. To detect footprints, we first enumerate all fragment ends to determine the

precise cut location of the enzyme. We used BEDtools (Quinlan, 2014) bamtobed, with parameter -bedpe, to determine the fragment

ends. We then ran a simple calculation termed Footprint Occupancy Score (FOS)(Neph et al., 2012) to detect footprints. Significant

footprints were next analyzed for enriched motif sequence with the MEME discovery tool. Overall, this analysis allowed ascertain-

ment of binding sites of CUT&RUN which met two important criteria: 1) presence of a consensus motif, and 2) location within a foot-

print region (i.e., protection from nuclease digestion).

Single-locus Footprinting, and Global Footprinting Analysis Targeted toward TGACCA Motif
We produced a single-base resolution footprinting profile for the beta-globin region. To do so, we first enumerated all fragment ends

as above, and then combined cuts from all CD34+ CUT&RUN BCL11A experiments to produce an aggregate footprinting profile.

To fit a binding probability model for BCL11A, we relied on the motif obtained by PBM and by the PWM determined from motif

analysis within the footprints. The consensusmotif sequence pointed to TGACCA.With this consensus, the binding probability model

was estimated as follows. 1) We first used FIMO (Grant et al., 2011) to find all occurrences of TGACCA within peak regions of the

genome identified by MACS. 2) For all occurrences of TGACCA, we constructed a cut frequency matrix with make_cut_matrix.py

(https://github.com/Parkerlab/atactk) where the rows of this matrix were occurrences of TGACCA, and the columns were the cuts

at each base for the 206-base motif-centered region (100-base each flank, 6-base motif). 3) We used CENTIPEDE (Pique-Regi

et al., 2011) to learn a binding model from the observed cut frequency matrix with default parameters. This method assumes that

the sites unbound by a TF differ in many ways from sites bound by a TF, such as in their cut frequencies. It uses an unsupervised

Bayes mixture model to classify each site as either bound or unbound by TF and outputs a probability value. Using this approach,

we quantified the binding probability for the HBG1/2 promoter at the distal and proximal motif locations independently.

It should be noted that since HBG1 and HBG2 promoters are duplicates of each other, we summed the cut frequency from both

regions and computed one binding log odds for the HBG1/2 promoters. We also report log-odds scores for the combined CD34+

experiments, sub-sampled to 40 million reads, and proceeded to build a model from the combined experiment.

Chromosome Conformation Capture Analysis
Chromosome conformation capture (3C) was performed as described previously (Xu et al., 2010). 107 HUDEP-2 and derived cell lines

at day 5 of erythroid differentiation were crosslinked with 2% formaldehyde for 10minutes at room temperature. The cells were lysed

for 15 minutes with ice cold lysis buffer (10 mM Tris-HCl at pH 8.0, 10 mM NaCl, 0.2% NP-40), and resuspended in 0.5 mL 1.2x NEB

CutSmart buffer. 10 mL 10% SDS was added to the nuclei, then shaken for 20 minutes at 65�C. Triton X-100 was added to 2% and

nuclei were shaken for 1 hour at 37�C. Digestion was done by adding 300 U of EcoRI-HF (NEB, R3101) to the nuclei and incubating

overnight at 37�C. 200 U EcoRI-HF was added again and incubated for another 3 hours. 88 mL 10% SDS was added to the nuclei,

followed by 65�C incubation for 20minutes. To ligate the digested chromatin, the following components were added to the nuclei and

brought up to 7 mL by distilled water: 0.7 mL 10x ligation buffer (NEB), 350 mL 20% Triton X-100, and 70 U T4 DNA ligase (Thermo

Fisher, EL0011). The reaction was carried out at 16�C for 4 hours and room temperature for 30 minutes. The DNA was purified by

phenol extraction and isopropanol precipitation. Quantitative RT-PCR was performed with iQ SYBR Green mix (Biorad). Samples

were normalized to an independent ERCC3 locus. Primers are listed in Table S3.
Cell 173, 430–442.e1–e8, April 5, 2018 e7

http://broadinstitute.github.io/picard
https://github.com/Parkerlab/atactk


ATAC-seq
ATAC-seq was performed with Illumina Nextera DNA Preparation kit (Illumina, FC-121-1030) as previously described (Buenrostro

et al., 2015). 50,000 cells of expansion phase HUDEP-2 or derived cell lines were collected, and permeabilized with 50 mL ice

cold lysis buffer (10mMTris-HCl pH 7.4, 10mMNaCl, 3 mMMgCl2, 0.1% IGEPAL CA-360) for 10minutes. The transposition reaction

was carried out at 37�C for 60 minutes in 50 mL volume containing 25 mL 2x TD buffer and 2.5 mL transpose enzyme (contained in

Illumina Nextera DNA Preparation kit). DNA was purified with QIAGEN MinElute PCR purification kit. Library amplification was

done with NEBNext Ultra II Q5 Master Mix (contained in NEBNext Ultra II DNA Library Prep Kit). PCR amplification was carried

out as follow: 72�C5min, 98�C30 s, 98�C10 s, 63�C30 s, 72�C1min, repeat steps 3-5 for another 7 cycles, hold at 4�C. The resulting
libraries were purified using QIAGEN MinElute PCR purification kit, and quantified with Qubit fluorometer and bioanalyzer, and then

sequenced in NextSeq 500 platform. Sequencing parameter was paired end 2x41 bp reads, 8 bp index.

ATAC-seq Data Analysis
In processing ATAC-seq data, paired-end readswere trimmed and aligned to hg19 using Trimmomatic and Bowtie2 respectively. For

promoter-edited samples, thesewere aligned to a custom hg19 genomewhere there is a 1 bp deletion inHBG1 promoter and a 13 bp

deletion in theHBG2 promoter (exact locations shown in Figure S6A). Readswere piled-up usingMACS2 --SPMR -B parameters and

visualized with IGV.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample size, mean, and significance P values are indicated in the text, figure legends, or Method Details. Error bars in the experi-

ments represent standard error of themean (SEM) from either independent experiments or independent samples. Statistical analyses

were performed using GraphPad Prism, or reported by the relevant computational tools. Detailed information about statistical

methods is specified in figure legends or Method Details.

DATA AND SOFTWARE AVAILABILITY

All raw and processed CUT&RUN, ChIP-seq and ATAC-seq data have been deposited in the NCBI Gene Expression Omnibus under

accession number GEO: GSE104676.

PBM data have been deposited in UniPROBE (http://the_brain.bwh.harvard.edu/uniprobe/) under accession number UniPROBE:

LIU18A.
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Supplemental Figures

Figure S1. Functional Rescue Analysis in BCL11A Exon Knockout Cells, Related to Figure 1

(A) Schematic of human BCL11A isoforms.

(B) Schematic of TALEN-mediated deletion of BCL11A exon 1 (E1D) or exon1 to 5 (E15D) in murine MEL cells.

(C) Representative Sanger sequencing cytographs of BCL11A exon knockout clones.

(D) western blot analysis validated the complete absence of BCL11A protein expression in exon knockout cells.

(E) RT-qPCR analysis validated the loss of BCL11A mRNA expression relative to the unmodified MEL or Enh-KO cells.

(F) Complete knockout of BCL11A expression led to significant derepression of εy- and bh1-globin genes. The mRNA expression of εy, bh1 and bmajor is shown

as the % of total b-like globin genes.

(G) Ectopic expression of BCL11A-XL but not the L isoform restored the stable repression of εy- and bh1-globin genes in multiple independent BCL11A exon

knockout MEL cell lines.

(legend continued on next page)



(H) Expression of full-length BCL11A-XL, but not domain mutants lacking the NuRD-interacting domain, ZnF23 or ZnF456, restored repression of bh1-globin.

Expression of bmajor-globin remained largely unaffected. Each circle denotes an independent single-cell-derived stable cell clone.

Results are mean ± SEM of multiple independent clones and analyzed by one-way ANOVA with repeated-measures. *p < 0.05. Results are mean ± SEM of three

experiments for (E–G).



Figure S2. Optimization and Application of CUT&RUN, Related to Figure 4

(A) Heatmap comparison of overlapping peaks between ChIP-seq and CUT&RUN (see Methods).

(B) Left, Fragment length distributions of original andmodified CUT&RUN protocols. Fragment ends were enumerated and used to calculate the fragment length.

Right, Signal-to-noise measured by the total number of reads in top ranked randomly sampled bins (each 500 bp) with plotFingerprint. A steep rise to the right of

the plot indicates a better signal enrichment (see Methods).

(legend continued on next page)



(C) western blot showing the specificity of BCL11A antibody.

(D) Protein levels of BCL11A and GATA1 in expansion phase HUDEP-2 and differentiating CD34+ cells analyzed by western blot of whole cell lysates. Histone H3

was used as loading control. Left to right: HUDEP-2, CD34+ cells on differentiation day 3, 5, 7, and 9.

(E) mRNA level of b-like globin genes in differentiating CD34+ cells analyzed by RT-qPCR. Results are shown as mean ± SEM of three experiments.

(F) Experimental design of BCL11A CUT&RUN in HUDEP-2 cells and differentiating CD34+ cells.

(G) Heatmaps showing the BCL11A CUT&RUN peaks in HUDEP-2, BCL11A KO HUDEP-2 cells, and in CD34+ cells.

(H) Peak numbers of all BCL11A CUT&RUN. The fraction of peaks that contain the motif is shown in dark blue.

(I) Pairwise overlap of peaks for all BCL11A CUT&RUN experiments. Peaks were called by MACS2 with narrowPeak setting. Overlap refers to 1-bp overlap

between peaks.

(J) Peak distribution of BCL11A CUT&RUN. Data for 60 min or 30 min protein A-MNase digestion are shown for HUDEP-2 and CD34+ cells, respectively.



Figure S3. Motif Discovery for BCL11A CUT&RUN, Related to Figure 4
(A) Motifs discovered in HUDEP-2 and each stage of CD34+ cells. Eachmotif and its position and likely binding factor are shown. Data for 60min or 30min protein

A-MNase digestion are shown for HUDEP-2 and CD34+ cells, respectively. Results of other cut times were similar and not shown. E-values shown in upper right

were reported by MEME.

(B and C) Comparison of all combinations of TG(A/G)CC(A/C/T) in BCL11A CUT&RUN in HUDEP-2 (B) or CD34+ cells (C). The sequences are ranked

by –log10(E-value), where E-value is the probability of occurrence reported by MEME. The column ‘‘Ratio’’ shows the proportion of peaks that contain the

corresponding sequence. The datasets used are 60 min cut in HUDEP-2 and 30 min cut in CD34+ cells.



Figure S4. Footprint Analysis for BCL11A CUT&RUN, Related to Figure 4

(A) Targetedmotif footprint analysis for BCL11ACUT&RUN inCD34+ cell experiments. Cut probability for each base on TGACCAand surrounding sequenceswas

plotted.

(B and C) Targeted motif footprints in BCL11A CUT&RUN for control sequences in HUDEP-2 (B) or CD34+ cells (C). Cut probabilities for each base surrounding

indicated motifs were plotted.



Figure S5. High-Resolution CUT&RUN Profiles in a-Globin Region, Related to Figure 5

(A) CUT&RUNprofiles ina-globin cluster. Antibodies and cell types for each track are shownon the right. The promoter of z-globin gene (HBZ) is highlighted in pink.

(B) Left, BCL11A binding at HBZ promoter across multiple CUT&RUN experiments. Right, zoom in view of 180 bp of HBZ promoter region. The TGACCAmotif is

highlighted in green.

(C) Single locus footprint analysis shows the cut frequency at each nucleotide of theHBZ region (from�251 to�179 relative to TSS). 14 CUT&RUN experiments in

CD34+ cells are combined for this analysis.



Figure S6. CUT&RUN in g-Globin Promoter-Edited Cells, Related to Figure 6

(A) Part of the mutant reference genome containing two mutant motifs that correspond to two alleles in clone D3.

(B) Chromosome conformation capture (3C) assay in wild-type and g-globin promoter edited cells. Results are shown as mean ± SEM of three experiments.

(C) Three biological replicates of BCL11ACUT&RUN showing the peaks in g-globin gene region inwild-typeHUDEP-2 cells and clone D3. The reads fromD3were

mapped to the mutant genome. Note that in the mutant genome, HBG1 carries the DC allele, and HBG2 carries the D13bp allele. Thus the reads of D1bp alleles

(DA+DC+DC) will be mapped to HBG1, and reads of D13bp allele will be mapped to HBG2.

(legend continued on next page)



(D) Zoomed in view showing the BCL11A CUT&RUN peaks on the HBG1 promoter.

(E) ATAC-seq in wild-type, BCL11A knockout and g-globin promoter edited cells.

(F) Left, RT-qPCR analysis of mRNA levels for g-globin and b-globin in indicated cells. Right, percentages of b- or g-globin mRNA. Results are shown as mean ±

SEM of three experiments.

(G) Single locus footprint showing the g-globin promoter region in HUDEP-2 and bulk edited cells. Bottom, sequence and percentage of each edited allele in bulk

edited cells, determined by amplicon sequencing.
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