
Article
Base editing of the HBG p
romoter induces potent
fetal hemoglobin expression with no detectable off-
target mutations in human HSCs
Graphical abstract
Highlights
d Enhanced g-globin level via tBE-edited BCL11A-binding

motif at HBG1/2 promoter

d tBE-edited HSCs had repopulation ability and potent efficacy

in patient cells

d tBE-edited HSCs displayed the background level of DNA/

RNA off-target activities
Han et al., 2023, Cell Stem Cell 30, 1–16
December 7, 2023 ª 2023 Elsevier Inc.
https://doi.org/10.1016/j.stem.2023.10.007
Authors

Wenyan Han, Hou-Yuan Qiu,

Shangwu Sun, ..., Jia Chen, Bei Yang,

Ying Zhang

Correspondence
liyang_fudan@fudan.edu.cn (L.Y.),
chenjia@shanghaitech.edu.cn (J.C.),
yangbei@shanghaitech.edu.cn (B.Y.),
ying.zhang84@whu.edu.cn (Y.Z.)

In brief

Han et al. test gene editing approaches

for inducing g-globin expression in

HSPCs as a therapeutic strategy for

b-hemoglobinopathies. They find that

transformer base editor-mediated

disruption of the BCL11A binding motif at

HBG1/2 promoter triggered the highest

fetal hemoglobin levels in healthy and

patient HSPCs with no detectable off-

target mutations.
ll

mailto:liyang_fudan@fudan.edu.�cn
mailto:chenjia@shanghaitech.edu.�cn
mailto:yangbei@shanghaitech.edu.�cn
mailto:ying.zhang84@whu.edu.�cn
https://doi.org/10.1016/j.stem.2023.10.007


Please cite this article in press as: Han et al., Base editing of the HBG promoter induces potent fetal hemoglobin expression with no detectable off-
target mutations in human HSCs, Cell Stem Cell (2023), https://doi.org/10.1016/j.stem.2023.10.007
ll
Article

Base editing of the HBG promoter induces potent
fetal hemoglobin expression with no detectable
off-target mutations in human HSCs
Wenyan Han,1,13 Hou-Yuan Qiu,2,13 Shangwu Sun,1,3,13 Zhi-Can Fu,4,5,13 Guo-Quan Wang,2,13 Xiaowen Qian,6,13

Lijie Wang,7 Xiaowen Zhai,6 Jia Wei,5 Yichuan Wang,7 Yi-Lin Guo,5 Guo-Hua Cao,2 Rui-Jin Ji,2 Yi-Zhou Zhang,2

Hongxia Ma,7 Hongsheng Wang,6 Mingli Zhao,1 Jing Wu,1 Lili Bi,2 Qiu-Bing Chen,2 Zifeng Li,6 Ling Yu,6 Xiaodun Mou,7

Hao Yin,2,8,9,12 Li Yang,5,* Jia Chen,1,10,11,* Bei Yang,1,3,10,11,* and Ying Zhang2,12,14,*
1Gene Editing Center, School of Life Science and Technology, ShanghaiTech University, Shanghai 201210, China
2Department of Rheumatology and Immunology, Medical Research Institute, Frontier Science Center for Immunology and Metabolism,

Zhongnan Hospital of Wuhan University, Wuhan University, Wuhan 430071, China
3Shanghai Institute for Advanced Immunochemical Studies, ShanghaiTech University, Shanghai 201210, China
4Shanghai Institute of Nutrition and Health, University of Chinese Academy of Sciences, Chinese Academy of Sciences, Shanghai
200031, China
5Center for Molecular Medicine, Children’s Hospital of Fudan University and Shanghai Key Laboratory of Medical Epigenetics, International

Laboratory of Medical Epigenetics andMetabolism,Ministry of Science and Technology, Institutes of Biomedical Sciences, Fudan University,

Shanghai 200032, China
6Department of Hematology and Oncology, Children’s Hospital of Fudan University, Shanghai 201102, China
7CorrectSequence Therapeutics, Shanghai 201210, China
8Department of Pathology and Department of Urology, Zhongnan Hospital of Wuhan University, Wuhan 430071, China
9TaiKang Centre for Life and Medical Sciences, TaiKang Medical School, Wuhan University, Wuhan, China
10Shanghai Clinical Research and Trial Center, Shanghai 201210, China
11Shanghai Frontiers Science Center for Biomacromolecules and Precision Medicine, ShanghaiTech University, Shanghai 200031, China
12State Key Laboratory of Virology, Wuhan University, Wuhan, China
13These authors contributed equally
14Lead contact

*Correspondence: liyang_fudan@fudan.edu.cn (L.Y.), chenjia@shanghaitech.edu.cn (J.C.), yangbei@shanghaitech.edu.cn (B.Y.),

ying.zhang84@whu.edu.cn (Y.Z.)
https://doi.org/10.1016/j.stem.2023.10.007
SUMMARY
Reactivating silenced g-globin expression through the disruption of repressive regulatory domains offers a
therapeutic strategy for treating b-hemoglobinopathies. Here, we used transformer base editor (tBE), a
recently developed cytosine base editor with no detectable off-target mutations, to disrupt transcription-fac-
tor-binding motifs in hematopoietic stem cells. By performing functional screening of six motifs with tBE, we
found that directly disrupting the BCL11A-binding motif in HBG1/2 promoters triggered the highest g-globin
expression. Via a side-by-side comparison with other clinical and preclinical strategies using Cas9 nuclease
or conventional BEs (ABE8e and hA3A-BE3), we found that tBE-mediated disruption of the BCL11A-binding
motif at the HBG1/2 promoters triggered the highest fetal hemoglobin in healthy and b-thalassemia patient
hematopoietic stem/progenitor cells while exhibiting no detectable DNA or RNA off-target mutations. Dura-
ble therapeutic editing by tBE persisted in repopulating hematopoietic stem cells, demonstrating that tBE-
mediated editing in HBG1/2 promoters is a safe and effective strategy for treating b-hemoglobinopathies.
INTRODUCTION

b-hemoglobinopathies, including b-thalassemia and sickle cell

disease (SCD), are the common genetic diseases caused bymu-

tations in the hemoglobin subunit beta (HBB) gene locus. Muta-

tions in the HBB locus lead to impaired b-globin production,

which can be compensated via direct restoration of the patho-

genic mutations in the HBB locus or reactivation of g-globin

expression.1–3 Although direct correction of pathogenic muta-
tions requires individual drug development for each mutation,

gene replacement of a-globin with b-globin can be an altenative.

However, due to the low efficiency of large gene replacement,4

reactivation of g-globin expression is considered a universal

therapeutic strategy that covers b-hemoglobinopathy pa-

tients.5–7 g-Globin expression is tightly regulated throughout

development and is silenced shortly after birth by repressors

that bind to its promoter regions.8 Genome-wide association

studies (GWASs) have identified several transcription repressors
Cell Stem Cell 30, 1–16, December 7, 2023 ª 2023 Elsevier Inc. 1

mailto:liyang_fudan@fudan.edu.cn
mailto:chenjia@shanghaitech.edu.cn
mailto:yangbei@shanghaitech.edu.cn
mailto:ying.zhang84@whu.edu.cn
https://doi.org/10.1016/j.stem.2023.10.007


A

CB

(legend on next page)

ll
Article

2 Cell Stem Cell 30, 1–16, December 7, 2023

Please cite this article in press as: Han et al., Base editing of the HBG promoter induces potent fetal hemoglobin expression with no detectable off-
target mutations in human HSCs, Cell Stem Cell (2023), https://doi.org/10.1016/j.stem.2023.10.007



ll
Article

Please cite this article in press as: Han et al., Base editing of the HBG promoter induces potent fetal hemoglobin expression with no detectable off-
target mutations in human HSCs, Cell Stem Cell (2023), https://doi.org/10.1016/j.stem.2023.10.007
and their binding motifs, disruption of which has shown elevated

g-globin expression.9,10 BCL11 transcription factor A (BCL11A)

and zinc finger and BTB (Broad-Complex, Tramtrack, and

Bric a brac) domain containing 7A (ZBTB7A, also known as

leukemia/lymphoma-related factor [LRF]) are the two major re-

pressors of g-globin gene expression, responsible for its

silencing.11–18 Knocking out the BCL11A or ZBTB7A proteins is

not tolerated due to their crucial roles in other biological pro-

cesses.19–21 Alternatively, disrupting the erythroid-specific

BCL11A enhancer located on chromosome 2 greatly reduces

BCL11A expression in erythroid cells without affecting other line-

age development.22 The BCL11A enhancer has two binding mo-

tifs that can be recognized by GATA binding protein (GATA) or

Kruppel like factor 1 (KLF1) transcription factors, and mutating

either motifs could downregulate BCL11A expression.13

Mutating the BCL11A or ZBTB7A binding motif located in the

regulatory region of the HBG (Hemoglobin subunit gamma)locus

is another way to reactivate g-globin expression.23,24 One key

question associated with g-globin reactivation strategy is how

much HbF (a2g2, fetal hemoglobin) is required to achieve thera-

peutic benefit. Studies of b-thalassemia patients with naturally

reactivated g-globin have indicated that the HbF level correlates

negatively with the number of morbidities.25,26 Therefore, it is

important to evaluate the efficacy of different reactivation strate-

gies, ensuring a potent protective level of HbF.

Hematopoietic stem and progenitor cells (HSPCs) are multili-

neage precursor cells that can self-renew and reconstitute the

entire blood system. Establishing a safe modification of HSPCs

is particularly important because edited cells can persist

throughout a lifetime to regenerate the blood systems. HSPCs

are sensitive to genomic damages, such as DNA double-strand

breaks (DSBs).27–30 The application of Cas9 nuclease to dis-

turb repressor binding motifs in HSPCs relies on generating

DSBs,6,22 thereby posing a risk of p53-dependent DNA damage

response and cell toxicity in HSPCs. In the HBG locus, owing to

gene duplication of HBG1 and HBG2, Cas9 nuclease-mediated

editing often leads to a complex mixture of genomic deletions

and insertions or deletions (indels).31 Cytosine or adenine base

editors (CBEs or ABEs) can convert C-to-T or A-to-G base

changes without generating DSBs.32–35 Previous studies using

base editors targeting regulatory motifs successfully induced

g-globin expression.23,24 However, when analyzing off-target

(OT) events, both CBE or ABE triggered a high level of OT activ-

ity,36–40 raising strong safety concerns. Hence, the development

of a safe and efficacious treatment strategy for b-hemoglobinop-

athies is highly desirable.

The transformer base editor (tBE), whose activity is tightly

regulated through a controlled-release deaminase inhibitor,

was recently developed to significantly reduce OT activity.41

In tBE, the cytidine deaminase is fused with a cleavable deox-

ycytindine deaminase inhibitor. By introducing a truncated

helper single guide RNA (hsgRNA) designed to target a nearby
Figure 1. Base editing at transcription-factor-binding motifs associate

(A) Schematic representation of the transcription-factor-binding motifs associated

each motif are indicated below. TSS, transcription start site. Naturally occurring

(B) C-to-T editing efficiency of different base editors at the sgRNA on-target (ON

(C) Off-target (OT) editing efficiency induced by different base editors with the in

Data represent mean ± SD. n = 3.
sequence of on-target site, the hsgRNA localizes the protease

in close proximity to the on-target site. This, in turn, cleaves the

deaminase inhibitor, allowing on-target editing while signifi-

cantly reducing OT editing.41 Here, we evaluated the feasibility

of tBE editing in HSPCs for HbF induction. By comparing the

aforementioned regulatory motifs, we found that tBE editing

of the BCL11A binding motif at transcription start site (TSS)

�114/115 within the HBG1/2 promoters region triggered the

highest level of g-globin expression. More importantly, through

direct comparisons of tBE-mediated editing with other clinical

or preclinical editing strategies using Cas9 nuclease, hA3A-

CBEs, or ABE8e, we observed that tBE-modified BCL11A bind-

ing motif (TGAC�115C�114A to TGAT�115T�114A) induced a

higher HbF level than the others, and the editing persisted in

the repopulated stem cells. In vitro and cellullar binding assays

revealed that the tBE-generated TGATTA motif completely

abolished its interaction with BCL11A. In comparison,

biochemical analysis of BCL11A binding affinity against the

mutated motifs showed that ABE8e-generated TGGCCG motif

only partially reduced BCL11A binding, and the residual binding

could still contribute to the inhibition of g-globin expression.

Lastly, we examined gRNA-dependent and gRNA-independent

DNA and RNA OT profiles and found no detectable OT muta-

tions in tBE-edited cells. Collectively, our study presents a

proof-of-concept for a potentially safer and more potent treat-

ment strategy for b-hemoglobinopathies.

RESULTS

Design of tBE gRNAs for efficient base editing across six
different regulatory motifs
g-Globin expression is a highly orchestrated and complicated

process, involving cis- or trans-regulatory motifs that precisely

control its expression.42–44 To activate g-globin expression,

several preclinical and clinical studies have been carried out by

either disrupting the erythroid enhancer of BCL11A,22 a tran-

scription repressor for HBG1/2, or the repressor binding sites

on the promoter region of HBG1/2.31,45 In the BCL11A enhancer

region located on chromosome 2, there are three transcription-

factor-binding motifs11,13 (two motifs for KLF1 and one motif

for GATA) (TSS +55 kb and TSS +58 kb; Figure 1A), the binding

of which could substantially increase BCL11A expression in

erythroid lineage. In the HBG1/2 locus, there are three motifs

located in the promoter region or in the 30 enhancer of HBG1

(TSS�200 bp, TSS�115 bp, and TSS +2.5 kb; Figure 1A),12,13,15

which can be recognized by BCL11A or ZBTB7A.

Initially, we designed sgRNAs (single guide RNAs) targeting

these six regulatory motifs and screened for the optimal hsgRNA

in 293FT cells46 (Figures S1A and S1B). For each sgRNA, three

hsgRNAs were tested based on C-to-T editing efficiency. The

optimal sgRNA-hsgRNA pair was further compared with other

CBEs,47–51 the latter of which have been engineered to have
d with g-globin regulation

with g-globin regulation in chromosomes 2 and 11. The sgRNAs designed for

mutations in the HBG promoter are indicated with red arrows.

) sites shown in (A) in 293FT cells. NT, no treatment control.

dicated sgRNAs at three gRNA-dependent OT sites in 293FT cells.
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Figure 2. Optimization of RNA delivery of tBE

(A) Optimization of the electroporation conditions for RNA delivery of tBE in HSPCs.

(B) Comparison of the ratio and dose of each RNA component of tBE. The relative ratios of RNA components are represented in keys from left to right: nCas9

(D10A) mRNA, tBE-V5-mA3 mRNA, sgRNA, hsgRNA.

(C) (Left) Schematics of the original and optimized mRNA constructs of tBE. BP NLS, bipartite nuclear localization signal. (Right) Base-editing efficiency (sum of

C-to-T, C-to-G, and C-to-A editing) in HSPCs induced by the original and NLS-optimized tBEs.

Data represent mean ± SD. n = 3. In (A) and (C), p values were calculated by t test; *p < 0.05, **p < 0.01, and ***p < 0.001.
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robust editing potency or reducedOT activities.When examining

on-target activity, despite the tBE group having slightly less

expression than the other editors, its editing efficiency showed

a comparable level to other CBEs across six regulatory motifs

(Figures 1B and S1C). The HBG1 and HBG2 genes share high

homology with more than 96% sequence similarity with each

other. The precise editing efficiency at individual HBG1 or

HBG2 locus was very similar to each other, indicating unbiased

editing at both loci (Figure S1D). When comparing gRNA-depen-

dent OT editing with other CBEs, we found tBE displayed no

detectable OT mutations across all six sgRNAs. By contrast,

other base editors, i.e., hA3A-BE3, BE4max, CE1048–1063-CBE,

or A3A(N57Q)-BE3, using the same sgRNA, all induced multiple

OT editing with high frequency (up to 78.8%) (Figure 1C). A close

examination of hsgRNA binding sites revealed that only 5% of

editing events occurred with two out of six hsgRNAs, namely

hsgHBG-1_1 or hsgBCL11A-3_2, respectively (Figure S1E),

which were not reported to be within any functional elements,

to our knowledge.

RNA delivery of tBE
To develop a clinically relevant system for delivering the tBE ma-

chinery in HSPCs without enrichment, we first codon-optimized

the RNA expression construct and used uridine depletion to in-

crease base-editing efficiency while reducing genome toxicity.

Previously, we found that the osmolality of the electroporation

buffer could greatly affect transfectionefficiency and cell health.52
4 Cell Stem Cell 30, 1–16, December 7, 2023
The application of isotonic buffer, referred to asB1mix, resulted in

enhanced mRNA delivery in primary cells.53 Consistently, when

applied in tBE-mediated sgHBG-1 editing, we observed that the

isotonic B1mix buffer significantly improved editing efficiency by

2.8-and2.3-foldatC6andC7comparedwith thehypertoniccom-

mercial P3 buffer (Figure 2A). Increasing themRNA dosage of tBE

and its associated sgRNA/hsgRNA ratios could also enhance ed-

iting efficiency (Figure 2B). The tBE system is composed of two

messenger RNAs, one encoding a SpCas9 nickase and the other

encoding a controlled-release cytosine deaminase, named as

tBE-V5-mA3 (Figure 2C). When translating into protein, both

SpCas9 and tBE-V5-mA3 are required to simultaneously enter

the nucleus for successful genome editing. We next compared

several nuclear localization signals (NLSs) and found that when

SpCas9, bearing an N-terminal c-Myc NLS and a C-terminal

bipartite NLS, is co-delivered with tBE-V5-mA3, which bears 43

bipartite NLS, the editing efficiency substantially increased from

31.2% to 63.0% at C6 and from 46.2% to 81.3% at C7 site,

respectively (Figure2C).So far,wehaveoptimizedanRNAsystem

tosuccessfully deliver tBE intoCD34+HSPCswith highefficiency.

Identification of tBE-editing sites for inducing the
highest g-globin expression
To evaluate the therapeutic potential of tBE-based editing stra-

tegies, we electroporated mRNA encoding tBE and chemically

modified sgRNA/hsgRNA pairs into the HUDEP-2 (Human Um-

bilical cord blood-Derived Erythroid Progenitor-2) cell line,
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Figure 3. Reactivated g-globin expression by tBE-mediated disruption of transcription-factor-binding motifs in HUDEP-2
(A) Illustration of sgRNA design for the targeted transcription-factor-bindingmotifs. Green box, PAM; light blue box, sgRNA-targeted protospacer sequence; bold

letter, transcription-factor-binding motif; orange letter, edited cytosine.

(B) Base-editing efficiency (sum of C-to-T, C-to-G, and C-to-A editing) of tBE at the on-target sites shown in (A) in HUDEP-2 cells.

(C) Ratios of g-globin mRNA to total b-like globin mRNA triggered by tBE with different sgRNAs in HUDEP-2 cells after in vitro erythroid differentiation.

(D) Ratios of g-globin protein to total b-like globin protein triggered by tBE with different sgRNAs in HUDEP-2 cells after in vitro erythroid differentiation.

All data represent mean ± SD. n R 2. In (C) and (D), p values were calculated by t test; *p < 0.05, **p < 0.01, ***p < 0.001, and ns, non-significant.
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which is a CD34-derived immortalized cell line capable of

differentiation into erythroid cells, allowing us to measure

g-globin levels.54 In the BCL11A enhancer region, editing with

sgBCL11A-1 directly converted C at protospacer positions 6

and 8, with a mean frequency of 74.8% and 9.9%, respectively

(Figures 3A and 3B). Although editing at C8 had relatively low

efficiency, it’s worth noting that this site was not within the

GATA binding motif. Editing against one KLF1 binding site by

sgBCL11A-2 yielded 47.2% and 73.2% base conversions at

C4 and C7 sites, respectively. Lower editing efficiency was

observed in another KLF1 binding site targeted by

sgBLC11A-3 (Figures 3A and 3B). In the HBG1/2 promoters re-
gion, tBE-based sgHBG-1 (sgRNA targeting HBG1/2 promoter

No. 1) effectively converted C6 and C7 (82.8% and 92.4%,

respectively), and both sites were within the BCL11A binding

motif (TGACCA box) (Figures 3A and 3B). At the TSS +2.5 kb

ZBTB7A binding site, sgHBG-2 yielded an average of 77.0%

conversion at the C5 site, which is within the motif. In the

TSS �200 bp ZBTB7A binding site, due to the absence of an

NGG (the N represents any nucleotide [A, C, G, or T] followed

by two guanine [G] nucleotide bases) PAM (Protospacer adja-

cent motif), a SpCas9 variant, SpG, was used in conjunction

with sgHBG-3 to convert four tandem Cs within the motif at

an efficiency ranging from 10.0% to 30.9% (Figures 3A and
Cell Stem Cell 30, 1–16, December 7, 2023 5
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3B). When measuring reactivated g-globin mRNA expression

by real-time quantitative PCR (qPCR), we found that mutating

the BCL11A binding motif located at the HBG1/2 promoters

produced the highest g-globin mRNA levels (Figure 3C). Simi-

larly, the protein level of g-globin monomer exhibited a similar

trend, with disruption of the cis-BCL11A motif by sgHBG-1 re-

sulting in up to a 1.76-fold increase compared with targeting

the trans-erythroid enhancer motif (Figure 3D).

Since HbF levels negatively correlate with the number of mor-

bidities,25 we next asked whether mutating two motifs simulta-

neously could promote more robust g-globin activation than sin-

gle editing. Although disrupting the BCL11A enhancer or directly

mutating the BCL11A binding site in the HBG1/2 promoters

functions in the same pathway, we chose to simultaneously

mutate the binding motifs recognized by BCL11A and ZBTB7A

in the HBG1/2 promoters. Though co-editing by sgHBG-1 and

sgHBG-3 showed comparable editing efficiency to the single ed-

iting control by sgHBG-1 (Figure S2A), the dual editing strategy

did not result in more g-globin production than single editing,

as evidenced by comparable mRNA and protein levels (Figures

S2B–S2D). Notable, the editing efficiency at the sgHBG-3 target-

ing site was low, which may compromise its role in restoring

g-globin levels. To address this, we isolated single clones from

HUDEP-2 cells that were edited by sgHBG-1 and sgHBG-3, indi-

vidually or in combination. We observed that mutating the

BCL11A bindingmotif at TSS�115 showed about 78% g-globin,

whereas mutating the ZBTB7A binding motif at TSS �200

showed an average g-globin level of 52%. The co-edited clones

of sgHBG-1/sgHBG-3 exhibited a higher g-globin level than the

single clones edited by sgHBG-1 or sgHBG-3, suggesting that

BCL11A and ZBTB7A function through distinct mechanisms to

suppress g-globin expression (Figure S2E).

Comparison of tBE-based editing efficiency and
g-globin reactivation with other CRISPR tools in
CD34+ HSPCs
Several strategies have been developed to reactivate g-globin,

including disrupting BCL11A erythroid enhancer or HBG pro-

moter regions by SpCas9 nuclease22,31,45 or base editors.23,24,55

To compare our strategy with other preclinical and clinical

method, we performed a side-by-side experiment including a

therapeutic lead gRNA targeting BCL11A erythroid enhancer

that has been tested in clinical trials, i.e., sgBCL11A-1617.6,22

After the examination of Cas9 expression, we found that tBE ex-

hibited comparable expression to other base editors (hA3A-BE3

and ABE8e) formulated in mRNA (Figure S3A). When targeting

the BCL11A erythroid enhancer, tBE-based editing exhibited
Figure 4. tBE-mediated disruption of BCL11A binding motif in HSPCs

(A) Comparison of editing efficiency targeting the BCL11A binding motif in the pr

genome-editing tools. (Left) The sequences of sgRNA spacer regions covering the

editing or indel frequencies induced by different genome-editing tools with the in

(B) Real-time qPCR analysis of g-globin mRNA level relative to b-like globin afte

(C) Fluorescence-activated cell sorting (FACS) analysis of F cell percentage in ed

(D) High performance liquid chromatography (HPLC) analysis of globin chains in

(E) HPLC analysis of hemoglobin tetramer in edited HSPCs after erythroid differe

(F) Correlation analysis of HbF percentage and on-target editing efficiency.

(G) Correlation analysis of F cell percentage and on-target editing efficiency.

(H) EMSA analysis of BCL11A binding affinity with the motifs bearing indicated m

Data represent mean ± SD. n R 3. p values were calculated by t test; *p < 0.05,
88.3% on the C6 site within the GATA motif, a level comparable

to SpCas9 nuclease-induced total indel frequency but with rela-

tive purer product (Figures 4A and S3B). When targeting the

BCL11A binding motif in the promoter region of HBG1/2, tBE-

based editing achieved similar efficiency compared with another

CBE, hA3A-BE3, reaching �80% on C6 and C7 sites but with a

3.5-fold lower indel rate (Figures 4A and S3C). Single-clone anal-

ysis of tBE_sgHBG-1-edited HSPCs also confirmed effective ed-

iting at four copies of the BCL11A binding motifs in the HBG1/2

promoters region (Figure S3D).

Edited HSPCs were then in vitro differentiated into erythroid

cells to measure the g-globin mRNA and protein expression

levels. By using sgHBG-1, CBEs (i.e., tBE and hA3A-BE3)-modi-

fied BCL11A binding motif produced significantly more g-globin

mRNA and protein monomer than SpCas9 nuclease-modified

BCL11A erythroid enhancer in all four donors tested (Figures

4B–4D, S3E, and S3F). We then performed a dose-response

comparison of tBE-edited BCL11A binding motif with Cas9

nuclease-edited BCL11A enhancer. The percentage of HbF

and F cells correlated with the editing frequencies (Figures 4F,

4G, and S3G). The steeper slope of tBE-edited BCL11A binding

motif (�114C > T �115C > T) also suggests more potent globin

reactivation by tBE-edited HBG1/2 promoter than the nuclease-

based strategy (Figures 4F and 4G).

It was noted that ABE8e-mediated editing of BCL11A binding

motif, although achieved up to 94.2% editing efficiency, pro-

duced the lowest g-globin expression. The different levels of

g-globin expression triggered by CBE and ABE suggest that

the altered motif sequence may impact the binding affinity to its

repressor. To test this hypothesis, we performed electrophoretic

mobility shift assay (EMSA) using various mutated sequences

that can be generated by tBE- or ABE8e-mediated C-to-T or

A-to-G conversion, respectively. Quite interestingly, we found

that tBE-mediated conversion of TGACTA or TGATTA completely

abolished theBCL11Abinding, whereas the A-to-G conversion at

positions �116 and �113, the two main edited bases by ABE8e,

only partially affected the binding (Figure 4H). Consistently, chro-

matin-immunoprecipitation qPCR (ChIP-qPCR) in HUDEP-2 cells

showed that the C-to-T conversions at positions�114 and�115

significantly abolished the interaction (Figure S3H). These results

together explained why ABE-mediated disruption of the BCL11A

motif only partially reactivated g-globin.

Persistent editing of HSCs with high induction of HbF in
erythroid progeny
To determine whether tBE-edited HSPCs retained repopulation

ability and whether the editing persisted over the differentiation
triggers high g-globin reactivation

omoter of HBG1/2 or the BCL11A erythroid enhancer GATA motif by different

bindingmotifs. Red bold letter, transcription-factor-binding motif. (Right) Base

dicated sgRNAs.

r erythroid differentiation of edited HSPCs with indicated genome editors.

ited HSPCs after erythroid differentiation.

edited HSPCs after erythroid differentiation.

ntiation.

utations generated by tBE or ABE8e.

**p < 0.01, and ns, non-significant.
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Figure 5. Durable editing of BCL11A-binding motif in BM-repopulating HSCs with enhanced HbF induction in erythroid progeny

(A) Engraftment efficiency of control and edited HSPCs with indicated editors.

(B) Percentage of engrafted human B cells (hCD45+hCD19+), myeloid cells (hCD45+hCD33+), and T cells (hCD45+CD19�CD33�CD3+) in the bone marrow

16 weeks after transplantation.

(legend continued on next page)
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process, we xenotransplanted tBE-edited HSPCs into imm-

unodeficient NBSGW (Nonirradiated NOD,B6.SCID Il2rg�/�

KitW41/W41) mice and compared themwith mock, hA3A-BE3-edi-

ted or Cas9-nuclease-edited HSPCs. After 16 weeks, no signif-

icant differences were observed between the edited and the

mock-treated HSPCs in terms of engraftment and differentiation

potential (Figures 5A–5D and S4A). To examine whether tBE ed-

iting causes skewed hematopoiesis, we purified human T cells

(CD3+), myeloid cells (CD33+), B cells (CD19+), HSPCs

(CD34+), and erythroblasts (CD235a+) by lineage-specific anti-

bodies frommouse bonemarrow (Figure S4A). Deep sequencing

of the targeted genomic locus showed that all isolated popula-

tions had a similar tBE-editing frequencies of 43.6% and

42.0% at C6 and C7, respectively (Figures 5E, S4B, and S4C),

which suggests that the edited alleles were maintained in he-

matopoietic stem cells (HSCs) and in their progenies. Similar to

hA3A-BE3-edited HSPCs, we observed a modest decrease of

editing efficiency from input cells, possibly indicating higher ed-

iting efficiency among non-repopulating cells within the HSPC

mixture. Consistent with previous studies,22 Cas9-ribonucleo-

protein (RNP)-edited HSPCs had a similar editing efficiency of

96% in all populations. In human CD235a+ erythroblasts isolated

from individual mouse bone marrow, the average HbF percent-

age was 31.0% after editing with tBE_sgHBG-1, compared

with 21.08% in Cas9-nuclease-edited BCL11A enhancer (Fig-

ure 5F), showing the potent efficacy of tBE-mediated editing at

HBG1/2 promoter region.

We further compared the effects of treating b-thalathemia pa-

tient CD34+ HSPCs with tBE mRNA to disrupt BCL11A binding

site or with Cas9 RNP or tBE mRNA to disrupt BCL11A erythroid

enhancer. The on-target editing efficiencies for Cas9, tBE-

sgBCL11A, and tBE_sgHBG-1 were 92.3% ± 2.1%, 86.8% ±

3.4%, and 87.0% ± 4.3%, respectively (Figure 5G). When

measuring g-globin mRNA, F cell, and HbF levels in the edited

patient’s cells, we observed similar trend of globin reactivation:

disruption of the BCL11A binding site at HBG1/2 promoter by

tBE_sgHBG-1 exhibited the highest g-globin reactivation

(Figures 5H–5J). Collectively, tBE disruption of the BCL11A bind-

ing site in the HBG1/2 promoter causes particularly potent in-

duction of erythroid HbF in vivo.

Evaluation of DNA damage response and DNA OT
mutation by tBE
HSCs are highly sensitive to DNAdamage such asDSB triggered

by SpCas9 nuclease.27,56 In response, edited cells initiate p53

pathway as a safeguard to protect against DSBs. As a conse-

quence, cells may undergo cell cycle arrest and apoptosis.57

When measuring the expression of p21 mRNA, a readout of

p53-induced DNA damage response,58 we found that SpCas9
(C) Percentage of engrafted HSPCs (hCD45+ hCD34+).

(D) Percentage of erythroid progeny (hCD45� mCD45� hCD235a+).

(E) Comparison of editing efficiency of engrafted cells in different lineages isolate

(F) Percentage of HbF in the engrafted erythroid progeny.

(G) Comparison of editing efficiency in patient CD34+ cells.

(H) Real-time qPCR analysis of g-globin mRNA level relative to b-like globin afte

(I) FACS analysis of F cell percentage in edited patient HSPCs after erythroid dif

(J) HPLC analysis of hemoglobin tetramer in edited patient HSPCs after erythroid

In (A)–(F), data represent median ± SEM. Each dot represents one animal. In (G)–

values were calculated by t test; *p < 0.05, **p < 0.01, and ***p < 0.001.
nuclease-edited cells induced 6.7-fold upregulation of p21, indi-

cating a strong activation of DNA damage response (Figure 6A).

By contrast, tBE-edited HSPCs exhibited a temporal and mild

upregulation of p21 at 6 h and dropped down to control level

at 24 h post-electroporation (Figure 6A). Previous reports have

indicated that in addition to its canonical role of tumor suppres-

sor, p53 is also an interferon stimulative gene (ISG), induced by

interferon upon viral infection.59,60 The tBE mRNA system is

composed of two constructs, with lengths of 4.7 and 3.5 kb,

respectively. The secondary structure of mRNA could stimulate

a mild and transient upregulation of ISGs including p53. Upon

investigating the RNA sensing pathway, we observed a temporal

and mild upregulation of RIG-I (Retinoic acid-inducible gene-I )

andMAD5 (Melanoma differentiation associated gene 5) sensing

pathway at 6 h post-electroporation (Figure S5B), which may

indirectly activate p53. A significant consequence of persistent

p53 activation is cell cycle arrest.57 To determine whether the

temporal upregulation of p53 in tBE editing could affect cell

growth, we monitored cell growth over time. The tBE-edited

HSPCs exhibited a comparable cell growth rate to the single-var-

iable controls, whereas Cas9 nuclease-edited HSPCs or hA3A-

BE3-edited cells displayed reduced cell growth over time (Fig-

ures 6B and S5B).

In addition, when using SpCas9 nuclease to edit BCL11A

binding site within the HBG1/2 promoter region, a significant

proportion of 4.9-kb genomic deletion was generated due to

the dual cutting at the duplicated HBG1 and HBG2 genomic

loci (Figures S6A and S6B). Quantification of deletion frequency

by droplet digital PCR revealed 50.4% ± 1.0% frequency using

Cas9 nuclease compared with 6.4% ± 4.5% frequency using

tBE (Figure S6B).

We next determined whether tBE caused OT editing in

genomic DNA. DNA OT activity can happen on loci that share

sequence similarity to gRNA (known as gRNA-dependent OT),

or loci whose sequence has no relation to gRNA (known as

gRNA-independent OT).36,38,40,61 We first determined gRNA-

dependent OT loci by using the CasOFFinder tool.62 We identi-

fied 81 potential OT sites that have four or less mismatches to

sgHBG-1 spacer sequence. Deep sequencing of each site in edi-

ted HSPCs, we observed little detectable OT editing in tBE-edi-

ted HSPCs (Figure 6C). By contrast, three OT sites with relatively

high editing frequency at 16.6%, 12.1%, and 1.9% were identi-

fied in hA3A-BE3-edited cells and one OT site with editing fre-

quency at 2.1% was identified in ABE8e-edited cells. Examina-

tion of engrafted mouse bone marrow, the OT editing at OT24,

OT48, and OT79 persisted in hA3A-BE3-edited group, but no

OT events were identified in tBE-edited group (Figure 6D).

Next, wemeasured gRNA-independent OT activities by whole-

genome sequencing.41,63 In tBE-edited single-cell colonies, we
d at 16 weeks post-transplantation over input cells.

r erythroid differentiation of edited patient HSPCs with indicated editors.

ferentiation.

differentiation.

(J), data represent mean ± SD, and each dot represents one patient donor. p
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only found background levels of cytosine or guanine mutations,

similar to those in unedited or Cas9-edited single-cell colonies,

demonstrating that tBEdid not cause gRNA-independentOTmu-

tations (Figure 6E). By contrast, hA3A-BE3 induced significantly

more gRNA-independent OT mutations in the genomes of edited

cells (Figure 6E). Together, the above data demonstrated that tBE

did not trigger detectable DNA damage response or DNAOTmu-

tations in HSPCs.
Evaluation of RNA OT mutation by tBE
In addition to DNA OT mutations, recent studies found that base

editors can also trigger OTmutations in transcriptomic RNA.33,34

To analyze whether tBE caused RNA OT mutations, we per-

formed transcriptome sequencing to determine RNA OT events

in HSPCs using sgHBG-1. Since tBE mRNA expression peaked

at 12 h post-electroporation (Figure S3A), we harvested cells at

12 h for RNA transcriptome analysis. We found that tBE induced

efficient base editing at on-target site (Figure 7A), whereas tBE-

edited HSPCs displayed only a background level of RNAOTmu-

tations, similar to mock control or SpCas9 nuclease-edited

group (Figures 7B and S7A). Similar results were observed in

HUDEP-2 cells as well (Figures S7B–S7D). By contrast, when

formulated in plasmid, we observed a large number of transcrip-

tomic OT events in hA3A-BE3- or BE3-edited cells (Figure 7C),

consistent to previous reports.41

Thus, these data indicate that tBE-edited HSPCs has little

detectable transcriptome-wide OT mutations, highlighting tBE

as a safe and powerful tool to reactivate high level of g-globin

for treating b-hemoglobinopathy.
DISCUSSION

Several CRISPR-based genome-editing strategies have been

developed to reactivate g-globin expression for treating

b-hemoglobinopathies.22–24,31,45,55,64 Among them, the earliest

developed SpCas9 nuclease-mediated disruption of GATAmotif

in BCL11A erythroid enhancer has accomplished clinical trials

(NCT03655678,65 NCT0374528766), providing proof of the reac-

tivation strategy in treating the diseases. Although significant

progress has been made, safety concerns related to the occur-

rence of harmful double-stranded breaks and large genomic re-

arrangements in HSCs remain a crucial issue to address.27,28,30

In addition, a few patients still required blood transfusion after

the treatment,67 suggesting that the efficacy of SpCas9

nuclease-mediated therapy needs to be further improved. In

this study, we used a recently developed CBE (tBE),41 which

minimized the generation of DSBs and is designed to eliminate
Figure 6. DNA damage and DNA off-target analysis

(A) Real-time qPCR measurement of CDKN1A (P21) transcription levels triggered

(B) Fold change of edited HSPCs cell growth after the treatment of different gen

poration.

(C) Comparison of off-target (OT) editing frequency induced by indicated genome

(ON) site. For tBE and hA3A-BE3, data represent mean C-to-T frequency at each

potential OT site.

(D) Off-target analysis in engrafted bone marrow cells.

(E) (Left) Whole-genome analysis of substitutions of C or G in the single-cell clo

genotype of the single-cell clones used for whole-genome analysis. Underlined l

Data represent mean ± SD. n R 3. In (D), p values were calculated by t test; **p
OT activity, to systemically dissect the cis- and trans-regulatory

motifs for g-globin reactivation.

Firstly, we screened pairs of sgRNA and hsgRNA and per-

formed functional screen in an erythroid cell line to identify the

most efficient regulatorymotifs forg-globin reactivation. In partic-

ular, we found that when directly mutating the cis-BCL11A

bindingmotif in theHBG1/2 promoter region, tBE-edited cells ex-

hibited higher level of g-globin reactivation than mutating the

GATA motif within the BCL11A erythroid enhancer. When using

SpCas9 nuclease targeting the GATA motif within BCL11A

erythroid enhancer in HSPCs, we also observed lower level of

HbF than tBE-mediated disruption of the BCL11A binding motif.

The difference is likely attributed to the residual BCL11A expres-

sion driven by its native promoters or other motifs within the

enhancer, as highlighted by GWAS, showing the existence of

several loci in TSS +55, +58, and +62 of BCL11A gene.11,64 Quite

surprising, when using the same sgHBG-1 targeting the cis-motif

but edited by ABE8e, though the editing efficiency reached over

90%, it resulted much less g-globin than CBE- or SpCas9

nuclease-based editing strategies. Similar observation is repo-

rted in a recent study comparing the efficacy of targeting cis-

and trans-elements by ABE8e.55 In the core motif TGACCA,

ABE8e-generated sequence TGGCCG still retained binding affin-

ity with BCL11A, whereas tBE-generated TGATTA completely

abolished its interaction in in vitro EMSA experiment. In support,

direct measurement of the binding affinity of BCL11A to the core

motif revealed that mutating into�116A or�113A (A5 and A8 for

sgHBG-1; Figure 4A) only reduced the binding affinity by�3.7- or

1.6-fold,68 whereas mutating into �115C or �114C (C6 and C7

for sgHBG-1; Figure 4A) greatly decreased the affinity by �31-

or �55-fold, respectively.68 Together, these data suggest that

not only editing efficiency is critical, but the diverse editing types

by different base editors can cause phenotypic variation that

together determine the final therapeutic outcome.

ZBTB7A is a recently identified repressor to regulate globin

silencing.16 Clonal analysis in HUDEP-2 cells showed that simul-

taneously knocking out ZBTB7A and BCL11A genes exhibited a

significantly greater HbF than did the single knockout.16 Consis-

tently, simultaneously disrupting ZBTB7A binding motif (TSS

�200) and BCL11A binding motif (TSS �115) further potentiate

g-globin reactivation than the single editing in HUDEP-2 clonal

cell line. Unfortunately, in HSPCs, tBE-based dual editing of

the ZBTB7A and BCL11A binding motif did not induce more

g-globin than the single editing. Due to the lack of an NGG

PAM, the SpG variant51 was used to mutate the ZBTB7A binding

motif, resulting in low editing efficiency (�30%). It is possible that

a threshold level of editing at the ZBTB7A binding motif is

required to observe additive effect.
by tBE and Cas9 nuclease in HSPCs.

ome editors. Counting of cell numbers was performed on day 0 after electro-

editors at potential genomic loci with four or fewer mismatches to the on-target

potential OT site; for ABE8e, data represent mean A-to-G frequency at each

nes treated with indicated genome editors or eGFP control. (Right) On-target

etter, PAM.

< 0.01 and ns, non-significant.
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Figure 7. Transcriptome-wide RNA off-target analysis

(A) Base editing or indel frequency induced by tBE or Cas9 nuclease at the sgHBG-1 on-target site in HSPCs.

(B)Manhattan plot of transcriptome-wide C-to-U editing frequency in HSPCs using the indicated editors that are formulated inmRNAor RNP. Data were collected

at 12 h post-electroporation.

(C) Frequency and distribution of RNA C-to-U editing in replicate 1 (Rep. 1) of HSPCs.

(D) Manhattan plot of transcriptome-wide C-to-U editing frequency in 293FT cells using the indicated editors that are formulated in plasmid. sgHBG-1 was used.

(E) Frequency and distribution of RNA C-to-U editing in replicate 1 (Rep. 1) of 293FT.

Data represent mean ± SD. n = 3.
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HSPCs are lineage-committed stem cells and can repopu-

late the entire blood system. OT editing or unintended side ef-

fects from DSBs could invoke unexpected consequences in

stem cells such as reduced HSC clonal repertoire.30,69 Thus,

it is important to evaluate the OT effect of genome-edited

HSPCs. Conventional base editors are often associated with

high OT editing.23,55,70 To address this, we performed a

comprehensive OT analysis on tBE, including gRNA-depen-

dent OT, genome-wide DNA OT, and transcriptome-wide

RNA OT evaluation. Compared with hA3A-BE3 or ABE8e,

which displayed different levels of OT activities, tBE showed lit-

tle detectable DNA or RNA OT events, similar to mock-treated

or untreated samples.

In conclusion, our study provided proof that tBE-based editing

targeting the BCL11A binding site within theHBG1/2 promoter is

a potent and highly efficient strategy to reactivate HbF in human

HSCs. The feasibility of mRNA delivery with little detectable OT

activity provides a strong basis for advancing the clinical devel-

opment of tBE in autologous HSCs as a potentially curative ther-

apy for b-hemoglobinopathies.
12 Cell Stem Cell 30, 1–16, December 7, 2023
Limitations of the study
The tBE system is composed of a sgRNA and a hsgRNA.

Although all nicks in tBE or hA3A-BE3 were generated on the

same strand, we still observed a small percentage of 4.9-kb

deletion in the duplicated HBG1 and HBG2 region, indicating

the generation of DSBs. Similarly, ABE8e-mediated editing has

been reported to induce the 4.9-kb deletion.24 The DSBs gener-

ated in the base editor can be attributed to the DNA repair mech-

anism triggered by the nucleobase deamination process71.

Deamination causes a C-to-U change in the non-nicking strand.

Despite the fusion of the uracil DNA glycosylase inhibitor to the

editor, there is a chance of U cleavage by uracil DNA glycosylase

to generate an abasic site. Consequently, cleavage of abasic site

in the non-nicking strand can lead to a DSB,72 which accounts

for the low but detectable DSBs observed in base editor-medi-

ated editing. In applications that require preventing DSB gener-

ation as much as possible, BEs derived from catalytically dead

Cas proteins can be tested.

In the tBE mRNA preparation, we included uridine depletion

and cellulose-based double-strand RNA removal methods,
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which have been shown to reduce immunogenicity.73 However,

we still observed a temporal and mild upregulation of the RNA

sensing pathway at 6 h after the delivery of mRNA-encoded ed-

itors, including tBE, ABE8e, and hA3A-BE3. The mRNA system

of tBE is composed of two constructs, with lengths of 4.7 and

3.5 kb, respectively. The naturally formed secondary structure

of mRNA could stimulate the immune response. Future studies

using sequence optimization to reduce the secondary structure

of RNA can be tested to further avoid immune stimulation.
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SimpleChIP� Enzymatic Chromatin IP Kit (Magnetic Beads) Cell Signaling Technology Cat# 9003

Deposited data

DNA-amplicon-seq data This paper SRA: PRJNA961909

SRA: PRJNA1013694

Whole-genome-seq (WGS) data This paper SRA: PRJNA960629

RNA-Seq data This paper SRA: PRJNA1013210

Raw FACS data This paper (Mendeley Data) https://doi.org/10.17632/sf7zywbswy.4

Experimental models: Cell lines

293FT Thermo Fisher Scientific Cat# R70007

HUDEP-2 Riken Cat# RCB4557

293FTA3–/– cells Gao et al.63 N/A

Oligonucleotides

Chemically modified sgRNA sequences, See Table S1 This paper N/A

Primers for real-time PCR, See Table S1 This paper N/A

Primers for amplicon deep sequencing, See Table S1 This paper N/A

Plasmids

pUC57-sgRNA-MS2-U6 Addgene 171,694

pU6-ccdB-boxB-tBE-V5-mA3 Addgene 171,693

pGEX-4T1 vector Cytiva Cat# 28954549

Software and algorithms

FlowJo 10.7.1 BD Biosciences https://www.flowjo.com

GraphPad Prism (9.0) GraphPad https://www.graphpad.com/

CFBI Wang et al.41 https://github.com/YangLab/CFBI/

releases/tag/V1.0.0

BEIDOU Wang et al.41 https://github.com/YangLab/BEIDOU/

releases/tag/V1.0.0

RADAR Wang et al.34 https://github.com/YangLab/RADAR/

releases/tag/V1.0.0

Other

Lonza 4D-Nucleofector Lonza N/A

QuantStudio 7 Flex Real-Time PCR System Thermo Fisher Scientific N/A

FACSAria III BD Biosciences N/A

Novocyte Agilent N/A

Typhoon FLA 9500 biomolecular imager GE Healthcare N/A

ӒKTA pure� chromatography system cytiva N/A

NexeraX2 HPLC System Shimadzu N/A

D-10� Hemoglobin Analyzer Bio-Rad N/A

AutoMACSpro Miltenyi Biotec Inc. N/A

SpectraMax� M5e multimode plate reader Molecular Devices N/A

Amersham Imager 680 Chemiluminescent Imaging System GE Healthcare N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Ying Zhang

(ying.zhang84@whu.edu.cn)

Materials availability
All unique reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.
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Data and code availability
The original DNA amplicon sequencing data can be accessed in the NCBI Sequence Read Archive (accession number:

PRJNA961909, PRJNA1013694) and is included in the key resources table. The original whole-genome sequencing (WGS) data

can be accessed in the NCBI Sequence Read Archive (accession number: PRJNA960629) and RNA sequencing data from this study

can be accessed in the NCBI Sequence Read Archive (accession number: PRJNA1013210) and is included in the key re-

sources table.

The code used in this study has been previously published and included in the key resources table. The CFBI is the customPerl and

Shell scripts for calculating frequencies of base substitutions and indels. The BEIDOU toolkit, which is used to call high-confidence

base substitution or indel events fromWGS data. The RADAR pipeline is used to detect and visualize all possible twelve types of RNA

editing events from RNA-seq data.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient and healthy donor cells
Approval to collect CD34+ cells from patients with b-thalassemia was approved by the human subject institutional review boards at

the Children’s Hospital of Fudan University. All patients provided informed consent. CD34+ cells from all three patients were

mobilized by G-CSF, with plerixafor added for the 3rd patient on the 4th and 5th day of mobilization. The apheresis materials

were processed according to the protocol of Miltenyi CD34 Microbead kit (Miltenyi Biotec). The genotypes of the three b0/b0 donors

as shown: the first donor: aa-4.2/aa, bCD41-42(-TTCT)/bCD41-42(-TTCT); the second donor: aa-3.7/aa, bCD41-42(-TTCT)/bCD41-42(-TTCT); the third

donor: aa/a-3.7aHb Westmead, bCD41-42(-TTCT)/bCD41-42(-TTCT).

Frozen healthy CD34+ cells were purchased from Allcells and SAILY BIO (China).

Mice
NOD.Cg-KitW-41J Tyr+ Prkdcscid Il2rgtm1Wjl (NBSGW) mice were purchased from Jackson Laboratory (Stock 026622). 7-8 week old

female mice were used in this study. All animal experiments were performed according to the protocol approved by the Animal

Care and Ethical Committee at Wuhan University.

METHOD DETAILS

Cell line culture and plasmid transfection
293FT cell line was maintained in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin at 37 �C with 5% CO2. Cells

are regularly tested to exclude mycoplasma contamination. HUDEP-2 cells was cultured in SFEM supplemented with 1 mM dexa-

methasone, 1 mg mL�1 doxycycline, 3 U mL�1 EPO and 50 ng mL�1 SCF at a density of 0.5 3 106 cells per mL.

To transfect plasmids into 293FT cells, 1 3 105 cells per well was seeded in a 24-well-plate 24 h prior to transfection. For trans-

former base editor (tBE), 0.5 mg tBE-V5-mA3 and 0.5 mg pEFS-nSpCas9 or 0.5 mg pEFS-nSpCas9-spG expression plasmids were co-

transfected into 293FT cells using Lipofectamine� LTX & PLUS� Reagent. For canonical BEs, 0.5 mg of pCMV-hA3A-BE3,

pCMV_BE4max, CE1048-1063-CBE, pCMV-A3A(N57Q)-BE3, pCMV-hA3A-BE3-spG, pCMV_BE4max-spG, CE1048-1063-CBE-spG or

pCMV-A3A(N57Q)-BE3-spG expression vectors were co-transfected with 0.25 mg sgRNA expression vector for each well. After

24 h, 4 mg mL�1 puromycin was added into the medium. Genomic DNA was isolated at 72 h post-transfection using

QuickExtract� DNA Extraction Solution for subsequent sequencing analysis.

CD34+ HSPC culture and in vitro erythroid differentiation
Purified human CD34+ HSPCs from mobilized peripheral blood were thawed and cultured in SFEM supplemented with 100 ng

mL�1 human SCF, 100 ng mL�1 human TPO and 100 ng mL�1 human Flt3-L. HSPCs were seeded and maintained at the density

of 5 3 105 mL�1. In vitro erythroid differentiation HSPCs was performed at 24 h post-electroporation following the three-step

culture protocol.23 In brief, cells were transferred to erythroid differentiation medium composed of IMDM supplemented with

5% human solvent detergent pooled plasma AB, 1% penicillin-streptomycin, 10 mg mL�1 recombinant human insulin, 3 IU

mL�1 heparin, 3 IU mL�1 EPO. In the first step (days 1–7), additional supplements including 200 mg mL�1 holo-transferrin human,

10 ng mL�1 human SCF, 1 ng mL�1 human IL-3 and 10–6 M hydrocortisone was added to the differentiation medium. In the sec-

ond step (days 7–11), the same supplements as in step 1 were added, except that human IL-3 was withdrawn. In the third step

(days 11-21), the concentration of human holo-transferrin was increased to 1 mg mL�1 and human SCF was removed compared

with the medium in step 2. The density of cell culture varies with different stages of erythroid differentiation from 1 3 105 to 5 3

106 cells per milliliter.

For HUDEP-2 cell, the erythroid differentiation was conducted as described.13 In brief, HUDEP-2 cells were cultured in IMDMwith

50 ng mL�1 human SCF, 3 U mL�1 EPO, 2.5% FBS, 250 mg mL�1 holo-transferrin, 1% penicillin-streptomycin, 10 ng mL�1 heparin,

10 mg mL�1 insulin and 1 mg mL�1 doxycycline. Cells were maintained in the differentiation medium for five days prior to downstream

globinmeasurement. To isolate a single clone of HUDEP-2 cell, the edited HUDEP-2 cells were sorted into 96-well plates with one cell

per well and cultured for 2 weeks. Single clones were genotyped using sanger sequencing.
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gRNA, mRNA preparation and electroporation
Chemically modified sgRNA (20-O-methyl 30 phosphorothioate modifications in the first and last three nucleotides) was synthesized

from GenScript. The gDNA sequences used in this study were listed in Table S1. All mRNAs were transcribed in vitro using T7 RNA

polymerase. The transcription template was amplified by PCR and a 110-base poly A tail was included in the transcribed PCR prod-

uct. RQ1 RNase-Free DNase was used to remove the DNA template, and the resulting mRNA was purified using Monarch RNA

Cleanup Kit. ThemRNAwas heat-denatured at 65 �C for 5 min before capping with a Cap-1 structure using vaccinia capping system

and mRNA Cap 2’-O-Methyltransferase. The mRNA was purified by cellulose purification, as described.74–76 Purified mRNA was

analyzed by agarose gel electrophoresis and was stored at �80�C.
CD34+ HSPCs were electroporated with mRNA or RNP 24 h post-thaw. Electroporation was performed using Lonza 4D Nucleo-

fector. For 20 mL Nucleocuvette Strips, 0.2 million HSPCs were resuspended in 20 mL B1mix buffer and RNP complex (6 mg SpCas9

protein and 6 mg sgRNA) were added. For mRNA electroporation, unless elsewhere mentioned, mRNA and sgRNAwere mixed at the

following ratios to the cell suspensions: tBE (3 mg D10A, 4.5 mg tBE-V5-mA3, 6 mg sgRNA, 9 mg hsgRNA), hA3A-BE3 (4.4 mg hA3A

-BE3, 4.8 mg sgRNA) and ABE8e (4.4 mg ABE8e, 4.8 mg sgRNA). Electroporation program CM137 and buffer B1mix was used for

both RNA and RNP delivery as described.52,53 Buffer B1mix is composed of 3.6mM KCl, 10.8 mM MgCl2, 62.5 mM Na2HPO4,

24.3 mM NaH2PO4, 10 mM sodium succinate, 18 mM mannitol, 2.8 mM i-inositol, 0.88 mM Ca(NO3)2, 0.55 mM sodium pyruvate,

21.8 mM D-glucose, 2.19% GlutaMAX, pH 7.2. The buffer can be stored at 4 �C for two weeks.

HUDEP-2 cell were electroporated with mRNA using Lonza 4D Nucleofector, 0.2 million HUDEP-2 cells were resuspend in 20 mL

Nucleofector� Solutions (P3 Primary Cell 4D-Nucleofector X Kit S), mRNA and sgRNA were mixed at the following ratios to the cell

suspensions: tBE (2 mg D10A, 3 mg tBE-V5-mA3, 4 mg sgRNA, 6 mg hsgRNA), other canonical BEs used the same dose as

HSPCs used.

Real-time qPCR of globin expression
Total RNA was isolated using TransZol Up Plus RNA Kit and reverse transcribed using HiScript III All-in-one RT SuperMix Perfect for

qPCR. The qPCR reactions were performed in QuantStudio 7 Flex Real-Time PCR System with ChamQUniversal SYBR qPCRMas-

ter Mix, cDNA and individual primers. CAT was employed as an internal reference as described previously.23 GAPDH was used as a

reference transcript when measuring p21 mRNA and RNA immune pathway. Primer sequences are provided in Table S1.

HPLC analysis of globin chains and hemoglobin tetramers
Globin chains of in vitro differentiated erythroid cells were analyzed via Reverse Phase-High Performance Liquid Chromatography

(RP-HPLC) method following established protocol.77 Briefly, at least 250,000 in vitro differentiated erythroid cells were lysed in

ice-cold MilliQ deionized water, and HPLC samples prepared from the lysate were separated with a 250 3 4.6-mm, 3.6-mm Aeris

Widepore column (Phenomenex) over a 95 min gradient on a NexeraX2 HPLC System. The HPLC system was extensively cleaned

with blank injections between samples to minimize any carryover. The relative abundance of individual globin chains was monitored

by light absorbance at 220 nmand calculated as the area under the curve (AUC). Hemoglobin tetramerswere separated and analyzed

with D-10� Hemoglobin Analyzer following manufacturer’s manual.

Xenotransplantation in NBSGW mice
NOD.Cg-KitW-41J Tyr+ Prkdcscid Il2rgtm1Wjl (NBSGW) mice were purchased from Jackson Laboratory (Stock 026622). Female

NBSGW mice (7-8 weeks) were intravenously injected with 0.5 million CD34+ HSPCs. After 16 weeks of engraftment, bone marrow

was collected from NBSGW mice. For flow cytometry analysis, bone marrow cells were incubated with Human TruStain FcX� (Fc

Receptor Blocking Solution) (BioLegend,1:20) and TruStain FcX� (anti-mouse CD16/32,1:50) antibody for 10 min on ice. After Fc

receptor blocking, bone marrow cells were stained with APC/Cyanine7 anti-human CD45 Antibody (Biolegend,1:20), APC anti-

mouse CD45 Antibody (Biolegend,1:100), Pacific Blue� anti-human CD34 Antibody (Biolegend,1:50), FITC anti-human CD235ab

Antibody (Biolegend,1:50), PerCP/Cyanine5.5 anti-human CD33 Antibody (Biolegend,1:200), PE/Cyanine7 anti-human CD19

Antibody (Biolegend,1:100) and PE anti-human CD3 Antibody (Biolegend,1:50) at room temperature for 15 minutes in

the dark. After washing with 1% BSA dPBS, cells were analyzed by Novocyte. Transplantation efficiency was calculated as

hCD45+/( mCD45+ add hCD45+). B cells,myeloid cells,T cells, HSPCs and erythroid cells were gated respectively on the following

markers: hCD45+hCD19+, hCD45+hCD33+, hCD45+hCD3+, hCD45+hCD34+ and hCD45-mCD45-hCD235a+. B cells and myeloid

cells were sorted using BD FACSAria III following the same gating strategy. hCD235a+ erythroid cells and hCD34+ HSPCs were iso-

lated by Miltenyi autoMACSpro with human CD235a microBeads (Miltenyi Biotec Inc.) and human CD34microBeads(Miltenyi Biotec

Inc.) according to the manufactory protocol.

Flow cytometry for F-cell
During in vitro erythroid differentiation, cells collected on day 11 were analyzed for their expression of fetal hemoglobin by FACS.

Cells were fixed in 0.05% Glutaraldehyde for 10 min at room temperature (16-25�C) and then permeabilized in 0.1% Triton X-100

for 5 min at room temperature. Cells were stained with anti-human Fetal Hemoglobin Monoclonal Antibody (1:20) and analyzed

by Novocyte.
Cell Stem Cell 30, 1–16.e1–e8, December 7, 2023 e5



ll
Article

Please cite this article in press as: Han et al., Base editing of the HBG promoter induces potent fetal hemoglobin expression with no detectable off-
target mutations in human HSCs, Cell Stem Cell (2023), https://doi.org/10.1016/j.stem.2023.10.007
Protein expression and purification
The recombinant plasmid pET28a-SpCas978 was transformed into Escherichia coli BL21 (DE3) cells for protein expression. The cells

were cultured in Luria-Bertani (LB) medium at 37 �C until the OD600 reached 0.6�0.8. The cultures were then incubated for 16-20 h at

16 �C in the presence of 0.2mM IPTG before being harvested by centrifugation at 5,000g for 5min. The cells were then re-suspended

in buffer A (20 mM Tris, pH 8.0, 500 mM NaCl, 1 mM TCEP) and lysed by sonication. After centrifugation, the clarified cell lysate was

loaded onto a Ni-NTA column (Cytiva) pre-equilibrated with buffer A. The column was then extensively washed with buffer A and

eluted with buffer B (20 mM HEPES, pH 7.5, 100 mM KCl, 1 mM TCEP, 10% glycerol, 200 mM Imidazole). Elution fractions were

then further purified on a HiTrap SP Sepharose column (Cytiva) before being loaded onto a Superdex 200 increase 10/300GL column

(Cytiva) in buffer C (20 mMHEPES, pH 7.5, 150 mMKCl and 1mM TCEP). The purified protein was then concentrated, aliquoted and

stored at -80�C until further use.

The DNA fragment encoding Znf4-6 (residues 731-835) of B-cell lymphoma/leukemia 11A (BCL11A) (UniProt ID: Q9H165) was syn-

thesized (GenScript) and cloned into a modified pGEX-4T1 vector (Cytiva) wherein the thrombin protease site was replaced with a

HRV 3C protease site. The recombinant plasmid was then transformed into Escherichia coli BL21 (DE3) cells for protein expression.

The cells were cultured in LBmedium supplementedwith 100 mMZnSO4 at 37
�Cuntil the OD600 reached 1.2. The cultures were then

incubated for another 24 h at 16 �C in the presence of 0.2 mM IPTG before being harvested by centrifugation at 5,000g for 5 min. The

cells were then re-suspended in buffer D (20 mM Tris, pH 7.5, 1 M NaCl) and lysed with a NANO homogenizer (ATS Engineering

Limited) at 800 bar, 4 �C. After centrifugation, the clarified cell lysate was incubated with glutathione Sepharose resin (Cytiva) pre-

equilibrated with buffer D, and the GST-tagged proteins were eluted by buffer D supplemented with 30 mM reduced glutathione.

Elution fractions were then pooled and treated with HRV 3C protease to remove the N-terminal GST tag. The cleaved protein was

further purified via size-exclusion chromatography on a HiLoad 16/60 Superdex 75 column (GE Healthcare) in buffer D. The purified

protein was concentrated, dialyzed against buffer E (20 mM Tris, pH 7.5, 150 mM NaCl), and stored at -80�C until further use.

Electrophoretic mobility shift assay (EMSA)
Oligonucleotides used in the EMSA were listed in Table S1. FAM-labeled oligos were incubated with their complimentary strand at

1:10molar ratio in annealing buffer (10mMTris, pH 7.5, 50mMNaCl, 1mMEDTA) at 95 �C for 3min and then slowly cooled to 25 �C to

generate DNA duplex. Exonuclease I was used to digest single strand DNA. 5 nM FAM-labeled DNA duplex was then incubated with

BCL11A Znf4-6 protein at indicated concentrations ranging from 0 mM to 5 mM for 1 h on ice in binding buffer (10 mM Tris, pH 7.5,

50 mM NaCl, 1 mM EDTA, 1 mM MgCl2, 1 mM DTT, 5% glycerol). Samples were resolved on 6% native PAGE gel through electro-

phoresis at 120 V for 3 h at 4 �C. Electrophoretic bands were detected using a biomolecular imager (GE Healthcare).

Quantification of Cas9 expression level
HSPCs electroporated with indicated editors were harvested at different time points. Cas9 expression was determined using the

FastScan� Cas9 ELISA kit (Cell Signaling technology) according to the protocol. Recombinant Cas9 protein (SinoBiological) was

used as quantitative reference standards. Data was recorded using SpectraMax� M5e multimode plate reader.

To quantify Cas9 expression of diffferent base editors in 293FT cells, transfected cells were harvested at 72 h post-transfection and

lysed in protein loading buffer. The denatured sample was loaded into SDS–PAGE gel and transferred onto nitrocellulosemembrane.

Antibody against Cas9 (Cell Signaling technology), and alpha-tubulin (Sigma) were used to quantify the expression level.

Chromatin-immunoprecipitation quantitative PCR (ChIP-qPCR)
ChIP experiments were performed in HUDEP-2 cells using isolated single clone (-114T/-115T). Cells were electroporated with PC3.1

33HA-BCL11A plasmid and collected at 48 h post-electroporation for ChIP analysis using SimpleChIP Enzymatic Chromatin IP Kit

(Cell Signaling Technology). In brief, 53 106 cells were cross-linked with 1% formaldehyde for 10 min at room temperature, and the

reaction was quenched with glycine at a final concentration of 125 mM. DNA was fragmented using Micrococcal Nuclease (Cell

Signaling Technology) and ultrasonication. Immunoprecipitation was performed using antibodies against Histone H3 (positive con-

trol), rabbit IgG (negative control) and HA-tag (experiment) DNA was eluted, purified and analyzed for real-time qPCR using the

SYBR�Green PCRMasterMix (Vazyme) as described previously.24 Primer sequences used for ChIP-qPCR are provided in Table S1.

Droplet Digital PCR (ddPCR)
The quantification of the 4.9-kb deletion was carried out using ddPCR (Bio-rad). Reference primers/probe targeting the hVEGFA gene

was used as a DNA loading control. Wildtype primers/probe targeting the HBG1-HBG2 deletion region was designed to quantify non-

deleted frequency. The frequency of deletion was calculated by normalzing the ratio of thewildtype probewith referece probe against

the average ratio observed in control samples. Primers and probe sequences used in ddPCR are listed in Table S1.

DNA library preparation and amplicon sequencing
To quantify the base editing efficiency, PrimeSTAR� HS DNA Polymerase was used to amplify the sequence of target site from the

genomic DNA. The PCRprimers used are listed in Table S1. PCRproduct was gel purified using FastPure Gel DNAExtractionMini Kit.

DNA library was prepared following the manufacturer’s instruction manual (NEBNext Ultra II FS DNA Library Prep Kit, NEB). The am-

plicon-containing library was quantified using the iQuant� dsDNA HS Assay Kit, and the library was sequenced with the Illumina

NovaSeq 6000 Sequencing System (23150).
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Libraries preparation for genome-wide and transcriptome-wide off-target analysis
To determine gRNA-independent genome-wide DNA off-target mutations, 293FTA3–/– cells63 were co-transfected with indicated ed-

itors and eGFP mRNA using Lipofectamine�MessengerMAX�. Cells were sorted into single cell after 48 h post-transfection. Cells

were expanded in culture for approximately three weeks. Genomic DNA was extracted from single clone using FastPure Cell/Tissue

DNA Isolation Mini Kit, and the genotype for each clone was analyzed by Sanger sequencing. Indexed DNA libraries were prepared

using the NEBNext Ultra II FS DNA Library Prep Kit for Illumina. The Illumina NovaSeq 6000 Sequencing System (23150) was used to

generate a total of 1 Tb whole-genome sequencing (WGS) data. The average coverage of sequencing data generated for each trans-

fected 293FTA3-/- single cell clone sample was 14x.

To determine transcriptome-wide off-target mutations, CD34+ HSPCs were thawed and electroporated with indicated editors. To-

tal RNA was isolated using PureLink� RNA Micro Kit at 48 h post-electroporation. RNA library was prepared using TruSeq�
Stranded Total RNA Library Prep Globin (96 Samples). After rRNA depletion using the KAPA RiboErase Kit, RNA-seq libraries

were prepared using the KAPA RNA HyperPrep Kit. Size-selected libraries were sequenced with the Illumina NovaSeq 6000

Sequencing System (23150).

QUANTIFICATION AND STATISTICAL ANALYSIS

Amplicon sequencing data analysis
FastQC (v0.11.8, http://www.bioinformatics.babraham.ac.uk/projects/fastqc/, parameters: default) was used to evaluate the

raw read qualities. For paired-end sequencing, only R1 reads were used. Adaptor sequences and read sequences with Phred

quality score lower than 30 were trimmed. Trimmed reads were then mapped to target sequences using the BWA-MEM algorithm

(BWA v0.7.17). Base substitution and indel frequencies at on-target sites were calculated using methods reported in previously

published literature.33,41,48 In brief, base substitutions at every position of the target sites were counted using at least 1000 inde-

pendent reads. Base substitution frequencies were calculated using the published CFBI pipeline as: count of reads with substi-

tution at the target base / count of reads covering the target base. In Figure 4, base substitutions were measured by CRISPResso2

(--quantification_window_size 50 --quantification_window_center -10 -q 30 -s 25).The windows used to analysis indels was set

as ±50bp of the cleavage site. The bar plot of base editing efficiency was draw by ggplot2.

To measure unintended indel frequency, reads aligned in the region spanning from 5 nucleotides upstream and downstream to the

nicking site (total 10 nt) were selected as the estimated region. Unintended indel frequencies for base substitution were calculated as:

count of reads containing at least one unintended inserted and/or deleted nucleotide / count of total reads aligned in the estimated

region.

Analysis of gRNA-dependent off-target mutation
To determine gRNA-dependent off-target mutations, CasOFFinder62 was used to predict potential target sites with the following pa-

rameters: 1) NGG/NGC PAM, 2) four or fewer overall mismatches, or three or fewer mismatches that allow G: U wobble base pairings

with guide RNA. Candidate sites were PCR amplified and followed by amplicon sequencing to validate. Information of off-target sites

are listed in Table S2.

Whole-genome sequencing data analysis
The BEIDOU41 toolkit was employed to call high-confidence base substitution or indel events that could be identified by all three

different callers, GATK,79 Lofreq,80 and Strelka2.81 Briefly, to reduce the impact of varying sequence depth among samples,

120M reads were randomly sampled by Seqtk (v1.3, https://github.com/lh3/seqtk, parameters: sample -s100 120000000) from

raw data for further analyses. After quality control by FastQC (parameters: default), WGS DNA-seq reads were trimmed by Trimmo-

matic82 (v0.38, parameters: ILLUMINACLIP:TruSeq3-PE-2.fa: 2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36)

to remove low-quality read sequence. BWA-MEMalgorithm (v0.7.17, parameters: default) was used tomap clean reads to the human

reference genome (hg38). Samtools (v1.9, parameters: -bh -F 4 -q 30) was used to select reads with a mapping quality score R 30

and convert SAM files to sorted BAM files. After marking duplicate reads by Picard in the BAM file, GATK (v4.1.3.0) was employed to

correct systematic bias by a two-stage process (BaseRecalibrator and ApplyBQSR, parameters: default).

Single nucleotide variants were individually computed by the BEIDOU toolkit with three algorithms GATK, Lofreq (v2.1.3.1, param-

eters: default) and Strelka2 (v2.9.10, parameters: default) with workflows for the germline variant calling. Genome-wide indels were

also detected by the BEIDOU toolkit with GATK, Strelka2 (parameters: default) and Scalpel83 (v0.5.4, parameters: --single –window-

dow 600).

For GATK, genome-wide de novo variants were determined by three GATK commands, HaplotypeCaller (parameters: default),

VariantRecalibrator (parameters: ‘‘--resource: hapmap, known=false, training= true, truth=true, prior=15.0 hapmap_3.3.hg38.vcf.gz

--resource: omni, known=false, training=true, truth=false, prior=12.0 1000G_omni2.5.hg38.vcf --resource: 1000G, known=false,

training=true, truth=false, prior=10.0 1000G_phase1.snps.high_confidence.hg38.vcf --resource: dbsnp, known=true, training=false,

truth=false, prior=2.0 dbsnp_146.hg38.vcf -an QD -an MQ -an MQRankSum -an ReadPosRankSum -an FS -an SOR -an DP --max-

gaussians 4’’ for SNVs; ‘‘-resource:mills,known=true,training=true,truth=true,prior=12.0 Mills_and_1000G_gold_standard.in-

dels.hg38.vcf.gz -an QD -an MQRankSum -an ReadPosRankSum -an FS -an SOR -an DP --max-gaussians 4 -mode INDEL’’ for in-

dels) and ApplyVQSR (parameters: ‘‘-mode SNP -ts-filter-level 95’’ for SNVs; ‘‘-mode INDEL -ts-filter-level 95’’ for indels). VCF files
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used for VariantRecalibrator were downloaded from https://ftp.ncbi.nih.gov/snp/ and https://console.cloud.google.com/storage/

browser/genomics-public-data/resources/broad/hg38/v0.

Of note, overlaps of SNVs/indels called by these three algorithms were considered reliable variants by the BEIDOU toolkit. To

further obtain de novo SNVs/indels, we filtered out the background variants, including: (1) SNVs/indels in non-transfected cells of

this study and dbSNP (v151, http://www.ncbi.nlm.nih.gov/SNP/) database; (2) SNVs/indels with allele frequencies less than 10%

or depth less than 10 reads; (3) SNVs/indels overlapped with the UCSC repeat regions. Analyses were only focused on SNVs/indels

from canonical (chr 1–22, X, Y and M) chromosomes.

Whole-transcriptome sequencing data analysis
RNA-seq reads were trimmed using Trimmomatic (v0.38, parameters: ILLUMINACLIP: TruSeq3-PE-2.fa: 2:30:10 LEADING:3 TRAIL-

ING:3 SLIDINGWINDOW:4:15 MINLEN:36) to remove low-quality read sequences, and read qualities were evaluated using FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). RNA editing sites were called using the published RADAR pipeline.34

Statistical tests
Statistical analyses were done with GraphPad Prism (GraphPad Software, Inc.). In Figures 2 and 6, two-tailed Student’s t-tests was

used to analyze statistical significance. In Figures 3 and 4, p values were calculated by paired t test. p value < 0.05 was considered

statistically significant.
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