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b-thalassemia/HbE results from mutations in the b-globin lo-
cus that impede the production of functional adult hemoglo-
bin. Base editors (BEs) could facilitate the correction of the
point mutations with minimal or no indel creation, but its ef-
ficiency and bystander editing for the correction of b-thalas-
semia mutations in coding and non-coding regions remains
unexplored. Here, we screened BE variants in HUDEP-2 cells
for their ability to correct a spectrum of b-thalassemia muta-
tions that were integrated into the genome as fragments
of HBB. The identified targets were introduced into their
endogenous genomic location using BEs and Cas9/homology-
directed repair (HDR) to create cellular models with b-thalas-
semia/HbE. These b-thalassemia/HbE models were then used
to assess the efficiency of correction in the native locus and
functional b-globin restoration. Most bystander edits pro-
duced near target sites did not interfere with adult hemoglobin
expression and are not predicted to be pathogenic. Further, the
effectiveness of BE was validated for the correction of the path-
ogenic HbE variant in severe b0/bE-thalassaemia patient cells.
Overall, our study establishes a novel platform to screen and
select optimal BE tools for therapeutic genome editing by
demonstrating the precise, efficient, and scarless correction of
pathogenic point mutations spanning multiple regions of
HBB including the promoter, intron, and exons.

INTRODUCTION
b-thalassemia represents the most common inherited monogenic dis-
order caused by a spectrum of mutations in the b-globin gene, HBB.
These mutation results in a quantitative decrease in the production of
the functional b-globin chain, which creates an imbalance in the a/b
globin-chain ratio leading to ineffective erythropoiesis.1,2 Depending
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upon the severity of the phenotype, b-thalassemia is categorized as
(b0/b0) major, (b0/b+) intermedia, and (b/b+/0) minor.3

At the molecular level, b-thalassemia encompasses over 350 disease-
causing variants, including single-nucleotide changes, deletions, and
insertions. Most of the pathogenic variants reside in the HBB
coding and non-coding regions, including the promoter, intron,
and exons.4,5 Notably, the HBB promoter region contains sequences
crucial for the binding of transcriptional regulators that finely modu-
late b-globin expression.1 Specific variants like HBB -88 (C>T) and
HBB -28 (A>G) in the promoter region significantly reduce HBB
mRNA production, leading to a b+ phenotype.5 In the coding region,
mutations such at the initiation codon (ATG>ACG) affect the HBB
protein synthesis,5 and CD15 (TGG>TAG) result in premature stop
codons, causing severe b0-thalassemia.1 Another common mutation
at CD26 (GAG>AAG) leads to the HbE variant, resulting in a severe
disease phenotype when inherited as compound heterozygous HbE/
b-thalassemia.6 Non-coding intronic mutations also play a crucial
role in b-thalassemia pathogenesis, such as IVS1-5 (G>A) which
disrupt conventional b-globin splicing by affecting the consensus
sequence, present around the splice donor sites,1 and IVS1-110
(G>A), which disrupts normal b-globin splicing by generating a de
novo splice acceptor site.7,8 Additionally, mutations like HBB IVS2-
849 (A>G) inactivate normal splice acceptor sites, causing improper
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splicing and intron retention during transcription.9 These insights
into the molecular mechanisms underlying b-thalassemia mutations
are vital for understanding disease pathogenesis and developing tar-
geted therapeutic interventions.

Current gene-editing strategies focus on ex vivo modification of
patient’s hematopoietic stem and progenitor cells (HSPCs) using
CRISPR-Cas9 for either the precise homology-directed repair
(HDR) or error-prone non-homologous end-joining (NHEJ)-medi-
ated correction of the b-thalassemia mutations.10–12 However,
HDR-mediated gene repair is inefficient in primary cells, and a
high indel/HDR ratio might be detrimental in coding areas. Even after
achieving high HDR efficiency using small molecules, the long-term
engraftment of primary cells was shown to be compromised.13–15

On the other hand, the NHEJ-based approach has successfully cor-
rected the intronic mutations such as IVS1-110 and IVS2-65416,17

but is not suitable for the correction of mutations in highly conserved
sequences where defined editing outcomes are required. Nevertheless,
the unintended effects of double-strand breaks (DSBs), such as chro-
mothripsis, large-deletions, translocations, and p53 activation
hamper the prospects of Cas9-mediated approaches.18,19

Base editors (BEs) harness the advantage of CRISPR-Cas9 by
combining a Cas9-nickase targeting domain with either adenosine
deaminase (ABE) or cytosine deaminase (CBE) that enables efficient,
scarless single-nucleotide conversion (A>G or C>T) at the desired
target site without the generation of DSBs.20–22 However, a limitation
of BE is their propensity to generate bystander mutations. Some
bystander mutations can introduce new disease-causing variation
even as the original disease-causing variant is corrected, but this
can often be circumvented by careful selection of single guide RNA
(sgRNA) and BE variants.23,24 The limited availability of patient cells
with desired mutations for the preclinical studies due to disease com-
plications emphasizes the need to develop more relevant b-thalas-
semia disease models. Patient-derived induced pluripotent stem cells
(iPSCs) could serve as an ideal disease model, but these are not avail-
able for most disease-causing variants because iPSC generation is la-
bor-intensive and the process of confirming patient consent and
sharing such research models is challenging.25,26 Base editing pro-
vides a direct single-step approach for mutagenesis and has been
used efficiently to create various cellular and animal models of genetic
diseases.27,28

In the current study, we have explored the potential of BEs to correct
eight b-thalassemia mutations in the coding and non-coding regions.
Figure 1. Generation of human erythroid cells with a spectrum of b-thalassem

(A) Schematic representation of the workflow for creating engineered HUDEP-2 cells ex

locus while harboring HBB gene fragment with desired b-thalassemia point mutations

assemia point mutations targeted in this study. (C) Confirmation of endogenous HBB ge

null HUDEP-2 cells; the PCR bands at 500 bp and 3330 bp represent the HBB-deleted

after erythroid differentiation ofHBB null HUDEP-2 cells by HPLC. (E) Quantification ofHB

(F) Validation ofHBB-mutant fragment integration in HBB null HUDEP-2 cells using MLP

mean ± SEM triplicates. Asterisks indicate levels of statistical significance (****p < 0.00
Toward this end, we generated human erythroid cells harboring a
spectrum of b-thalassemia mutations for initial screening of BEs
and sgRNA. Using this model, we showed that BE mediated highly
efficient and precise correction of multiple point mutations present
in HBB promoter, intron, and exon. The best identified targets
from the primary screening were validated in new cellular models
we generated to harbor individual b-thalassemia point mutations.
The outcomes were confirmed to correct the disease-causing HbE/
CD26 (G>A) mutation in b0/bE-thalassemia patient cells. Overall,
we demonstrated the effectiveness of BE in precise modeling and
correction of the structural as well as functional b-globin variants
in established human erythroid cell lines and human primary cells.

RESULTS
Engineering the human erythroid cells with a spectrum of

b-thalassemia mutations

First, as proof of principle, we evaluated the efficiency of BEs to cor-
rect eight key-point mutations present in coding and non-coding re-
gions of HBB and assessed the bystander editing. The exact outcome
of BE is unpredictable and is often specific to the sgRNA, base editor
variant, and genomic locus. Therefore, we screened different variants
of BEs for their potential to precisely correct b-thalassemia mutations
in HUDEP-2 cells. HUDEP-2 cells are an immortalized human
erythroid progenitor cell line derived from CD34+ hematopoietic
cells which can differentiate into the erythroid lineage and expresses
adult hemoglobin (HbA0).29 For the primary screening, we generated
HUDEP-2 cells with a spectrum of b-thalassemia mutations (Fig-
ure 1A), as it is often challenging to obtain a b-thalassemia patient
CD34+ HSPCs with particular point mutations. We incorporated
the globally prevalent b-thalassemia point mutations (Table S1)
that could be corrected using BEs into an HBB gene fragment (Fig-
ure 1B) and integrated it into the HUDEP-2 cells by lentiviral trans-
duction. Before incorporation of the HBB gene fragment, we deleted
the endogenous HBB gene, including the promoter, from the
HUDEP-2 cells to avoid the potential bias in editing outcomes while
validating the efficiency of sgRNAs (Figures 1C and S1A and S1B).
Single-cell clones with homozygous HBB deletion (five clones) were
pooled and expanded for further experiments (referred to as HBB
null cells) (Figure S1C). A drastic decrease in the levels of HbA0
expression with a compensatory increase in the fetal hemoglobin
(HbF) was observed in HBB null cells upon erythroid differentiation
as previously reported30 (Figures 1D and S1D–S1E). We performed
qRT-PCR as well as multiplex ligation-dependent probe amplification
(MLPA) assay in the pool ofHBB null cells, a commonly usedmethod
for analyzing the copy number variations in b-thalassemia patients,
ia point mutations

pressing base editor. The engineered HUDEP-2 cells are devoid of the native HBB

and expressing base editors. (B) Layout of HBB gene fragment harboring b-thal-

ne deletion in HUDEP-2 cells by PCR amplification in control (WT HUDEP) and HBB

and control samples, respectively. (D) Evaluation of hemoglobin variants expression

B gene deletion in genomic DNA using qRT-PCR in HUDEP-2 cells (unpaired t test).

A analysis (gray shaded box indicates probes targetingHBB). Data are expressed as
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which further confirmed theHBB deletion with no signals detected by
the probes targeting at the HBB locus (Figures 1E and 1F). HBB null
cells expressing ABE (ABE 7.10 and ABE8e) and CBE were generated
to facilitate base editing for further experiments. Base editing poten-
tial of these stable cell lines was confirmed using a previously reported
sgRNA targeting the BCL11A binding site in the HBG promoter31

(Figure S1F). These cells were then transduced with a lentiviral vector,
encoding the HBB-mutant fragment and GFP reporter. MLPA anal-
ysis showed the integration of approximately one copy of mutated
HBB gene fragment in theHBB null cells (Figure 1F). Thus, we gener-
ated HUDEP-2 cells with a spectrum of b-thalassemia mutations ex-
pressing different BE variants.

Primary screening of base editor variants for the correction of

various b-thalassemia mutations in the HBB promoter, introns,

and exons

To investigate the on-target and bystander editing efficiency of BE
variants when correcting disease-causing variants, we used our engi-
neered HUDEP-2 cells harboring various b-thalassemia mutations
(Figure S2.1A). We used two variants of ABE (7.10 and 8e) for
A>G conversion and CBE (BE3) for C>T conversion. The sgRNAs
were selected based on the position of the target nucleotide within
the editing window of the BE and were delivered by lentiviral trans-
duction (Figure S2.1B).

The two promoter mutations,HBB -88(C>T) andHBB -28(A>G), re-
sulting in b+-phenotype, were corrected efficiently using ABE and
CBE, respectively. (Figure S2.1A). ABE8e showed �80% on-target
conversion at �88 site, while ABE7.10 showed very low editing
(�20%), and both the variants showed minimal bystander editing
at the�98 site (Figure 2A). This result indicated that careful selection
of BE variants can effectively correct the HBB promoter mutation
with high precision and efficiency. CBE-mediated correction of
HBB -28(A>G) mutation showed equivalent editing efficiency at
both on-target and bystander sites (Figure 2A). Although the
bystander editing at HBB -25(G>A) has not been reported to cause
the b-thalassemia phenotype, another variant, HBB -25(G>C), is
known to be pathogenic.4 The ramifications of this G>A bystander
edit will require further exploration.

Next, we aimed to reverse the severe b0-thalassemia phenotype
caused due to mutations in the coding region, beginning with the
transcription start codon (ATG>ACG) of HBB using CBE (Fig-
ure S2.1A). We achieved 51% of C>T base substitution at the desired
target site with a lower percentage of bystander deamination in the
codon2 (CD2) (CAT>TAT) and CD3 (CTG>TTG) (Figure 2B).
Interestingly, previous clinical reports indicate the existence of non-
Figure 2. Correction of various b-thalassemia point mutations in the engineere

(A–C) The point mutations in the engineered HBB gene fragment were corrected using d

categories based on their positions in the HBB gene: Promoter (A), Exonic (B), and In

b-thalassemia mutation (orange), precise correction (pink), and undesired bystander ed

The intended base conversion efficiency for all eight different HBB point mutations is re

editing. Data are expressed as mean ± SEM from duplicates.
pathogenic mutations co-inherited with initiation codon of HBB.
Bystander editing at CD2 (CAT>TAT) resulted in Hb-Fukuoka, a
normal variant in heterozygous form, whereas at CD3 (CTG>TTG)
created a silent mutation32 (Figure S2.1C).

Further, we corrected another important severe b0-thalassemia muta-
tion at CD15 (TGG>TAG) using ABE variants (Figure S2.1A). Both
variants of ABE showed high on-target conversion, 65% using
ABE7.10 and 90% using ABE8e (Figure 2B). However, there was
bystander editing (41%) at CD17 that produced a naturally occurring
hemoglobin variant, Hb-Nagasaki with ABE8e32 (Figure S2.1D).
Although the on-target editing was lower with ABE7.10 at this locus,
the bystander editing that introduced Hb-Nagasaki was absent.

In addition, we attempted to correct the second most frequent
pathological structural Hb variant, HbE/CD26 (GAG>AAG) muta-
tion using ABE variants (Figure S2.1A). Correction of the HbE muta-
tion alone would be sufficient to reduce the severity of compound het-
erozygote HbE/b-thalassemia symptoms. Two potential sgRNAs
(sgRNA1 and sgRNA2) were designed for HbE correction. However,
the incorporation of IVS1-5 (G>A) mutation in the HBB gene frag-
ment altered the protospacer adjacent motifs (PAM) (TGG>TGA)
of sgRNA1, which hindered its validation in the engineered
HUDEP-2 cells. Using sgRNA2, we achieved 39% and 87% on-target
conversion of CD26 (G>A) mutation using ABE7.10 and ABE8e var-
iants, respectively (Figure 2B). Although the bystander effect was
observed for both the variants of ABE, the on-target editing was
8-fold higher while using ABE7.10 and �2-fold higher when editing
with ABE8e. Nevertheless, the bystander edit resulted in the creation
of Hb-Aubenas (CD26 (AAG >GGG) (Lys>Gly)), which is a naturally
occurring hemoglobin variant with normal hematological features in
heterozygous conditions32 (Figure S2.1E).

The base substitution at the consensus flanking regions surrounding
the exon-intron junction (HBB IVS1-5 (G>A) and HBB IVS1-110
(G>A)), and invariant dinucleotides (GT/AG) at the donor/acceptor
splice sites at theHBB locus (HBB IVS2-849 (A>G)) affect the mRNA
processing, leading to severe/mild b-thalassemia phenotype1 (Fig-
ure S2.1A). Here, we employed both ABE7.10 and ABE8e variants
to correct the IVS1-5 (G>A) mutation. Unlike the other validated
target regions, we observed that the bystander edits (at IVS1-7 and
1–10 positions) were more prominent (�4-fold) compared with
on-target conversion at the IVS1-5 site utilizing ABE8e, while
ABE7.10 failed to correct the desired base and only created bystander
mutations in the IVS1-7 site (Figure 2C). Notably, the bystander edit
creates a point mutation outside the consensus splice site within the
intron, which might be permissive for normal splicing.
d HUDEP-2 cells by base editors

ifferent base editor variants. The targeted point mutations were classified into three

tronic (C) regions. A graphical representation of the DNA sequences representing

iting (gray); highlights in blue represent the PAM sequence of the correction sgRNA.

presented in the pink bar, while the gray bar represents the unintended bystander
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Next, we aimed to correct a cryptic splice site mutation, HBB IVS1-
110 (G>A) using ABE variants (Figure S2.1A). Here, we targeted
specific correction of IVSI-110 (G>A) using ABE variants. At the
IVSI-110 (G>A) site, ABE7.10 delivered lower editing due to
the location of the target base outside the editing window,
but ABE8e yielded 50% conversion (A>G) (Figure 2C). Although
utilizing ABE8e improved editing efficiency, it led to substantial
bystander editing at IVSI-115 (A>G). Based on the earlier
results of Cas9-induced non-specific disruption and as per the
recently published article showing edits at IVSI-115 (A>G) site,
we expect that the bystander edit will not have a functional
consequence.8,17

Finally, we attempted to correct the common intron-exon splice
junction mutation, HBB IVS2-849 (A>G) using CBE (Figure S2.1A).
We achieved 60% on-target conversion (G>A) along with 30%
bystander editing at IVS2-850 at the splice junction, where variant
have been reported to cause b0-thalassemia4 (Figure 2C). Even
though half of edited alleles also have bystander edits, we anticipate
that the remaining 30% of G>A conversion at IVS2-849 with no
bystander edits would be sufficient to restore functional b-globin
production.

Although we observed several unintended bystander edits while uti-
lizing BEs for gene correction, we did not observe any indels at any
of the target sites in the coding and non-coding regions. Interestingly,
most bystander edits resulted in a normal phenotype or were not
implicated in functional HBB expression, except for bystander edits
in consensus splice sites. Collectively, our data demonstrate a BE-
mediated correction for multiple b-thalassemia point mutations
located in promoter, exonic, and intronic regions of theHBB gene us-
ing engineered HUDEP-2 cells harboring various b-thalassemia
mutations.

Multiplexed base editing facilitates simultaneous correction of

two distinct b-thalassaemia mutations

Previous attempts of genome editing for correction of b-thalassaemia
mutations have primarily focused on correcting single point mutation
anticipating that even correcting one allele would result in a normal
phenotype. However, since b/b+/0 genotypes can still lead to b-thalas-
semia minor, it would be preferable to correct both mutant alleles
simultaneously.33,34 Therefore, we attempted to correct two b-thalas-
semia pathogenic variants simultaneously using BEs.

To this end, we selected two pairs of b-thalassemia mutations (HbE
(G>A)/CD15 (G>A) and initiation CD (T>C)/IVS2-849 (A>G))
that have been already validated in this study. These mutation pairs
were selected based on their compatibility for concurrent correction
using the same base editor in engineered HUDEP-2 cells harboring
a spectrum of b-thalassemia mutations. We achieved simultaneous
correction of CD15 (TGG>TAG) and HbE/CD26 (GAG>AAG)
with 87% and 78% base conversions, respectively, with less than
15% bystander editing at both sites, using ABE8e (Figure S2.2A).
Similarly, the correction of initiation CD (T>C) and IVS2-849
6 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
(A>G) mutation showed 30%–40% on-target conversion with 12%
or less bystander editing by CBE (Figure S2.2B).

These results demonstrate that the multiplex base editing approach
efficiently reverses various mutations using both ABE8e and CBE
variants. Hence this can be used in b-thalassemia patients carrying
compound heterozygous mutation for the therapeutic correction
and more effective restoration of b-globin production.

Creation of a human erythroid cellular model of b-thalassemia/

HbE using base editor and Cas9

To functionally validate BE efficacy at pathogenic variants in their
native locus and determine its effect on the restoration of b-chain syn-
thesis, we created two different HUDEP-2 cell lines harboring b0-
thalassemia mutations at the coding (initiation codon (ATG>ACG))
and non-coding (IVS2- 849(A>G)) region of the endogenous HBB
gene. We separately employed CRISPR-Cas9 HDR for knockin of
these pathogenic variants. Both approaches were compared in
modeling severe b0-thalassemia mutations. To generate these muta-
tions, we delivered ABE8e mRNA with sgRNA for base editing (Fig-
ure S3.1A), and the Cas9 protein along with sgRNA and single-
stranded oligodeoxynucleotide (ssODN) donor template for HDR
into HUDEP-2 cells by nucleofection.

The base editing approach generated a higher proportion of cells with
HBB initiation codon (T>C) mutation with relatively fewer undesired
alleles with bystander edits compared with the HDR approach that
yielded lower on-target efficiency and more undesired alleles with in-
dels (Figure 3A (a-b)). In creating the IVS2-849 (A>G) mutation,
both base editing and HDR demonstrated similar efficiency, but
HDR led tomore undesired indel outcomes relative to fewer undesired
outcomes with bystander edits generated using base editing (Figure 3B
(a-b)). Although undesired bystander editing was observed at both the
target sites using BE, single-cell sorting yielded clones with mono and
bi-allelic edits that lacked any bystander edit (Figures S3.1C-D and
S3.2A-B(a)). Genotype analysis showed the retention of intron-2 in
HBBmRNA in cells harboring a homozygous IVS2-849 (A>G) muta-
tion and production of non-functional protein from alternative shorter
ORFs in cells harboring homozygous initiation-codon mutations,9,32

suggesting that the generation of functional b-globin protein was
adversely affected in both the cellular models after erythroid differenti-
ation (Figures 3A-3B(c) and S3.2A-B(b-c)). This results in the minimal
HbA0 tetramer formation with a compensatory elevation of HbF level
(Figures 3A-3B(d)), which is insufficient to exhibit normal phenotype,
as observed in b-thalassemia patients.

For generating an HbE/CD26 (G>A) cellular model, we adopted
Cas9/HDR approach as a suitable PAM site with an efficient editing
window was not available for BE (Figure S3.1B). We resorted to a
two-step HDR approach as the low editing efficiency after the first
treatment did not yield any homozygous clones (Figures 3C(a-b),
S3.1E, and S3.2C(a)). Mutation at the CD26 (G>A) has been re-
ported to activate a cryptic splice site at CD25 which could cause
aberrant intron splicing and decrease the HBB expression.35,36
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Figure 3. Creation of initiation codon (T>C), IVS2-849 (A>G), and HbE/CD26 (G>A) pathogenic mutations in human erythroid cells using a base editor and

Cas9

(A-C) Genotypic and phenotypic characterization of the created individual cellular model of initiation codon (T>C) (A), IVS2-849(A>G) (B), and HbE/CD26(G>A) (C) mutation.

The editing efficiency for the creation of desired mutations using base editor (a) and CRISPR-Cas9 mediated HDR (b) for (initiation CD (T>C) and IVS2-849 (A>G)) were

evaluated by Sanger sequencing. Similarly editing efficiency for two rounds of HDR for creation of HbE/CD 26 (G>A) (C(a-b)), was evaluated by Sanger sequencing. The

homozygous and heterozygous mutant clones with the desired mutation were pooled and then validated by western blot for b-globin protein expression (c) and hemoglobin

variant analysis using HPLC (RT-Retention Time) (d). HO-Homozygous, HT-Heterozygous. Data are expressed as mean ± SEM from triplicates.
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However, Sanger sequencing of the cDNA from homozygous clones
for the CD26 (G>A) mutation revealed normal splicing of exons
without any marked difference in b-globin chain expression after
erythroid differentiation (Figures 3C(c) and S3.2C(b-c)). Further,
cells with either mono- or bi-allelic CD26 (G>A) mutations pro-
duced the HbE variant, with no change in the level of HbF, unlike
the other two cellular models of b-thalassemia (Figure 3C(d)). These
data suggest that pathogenesis associated with HbE/CD26 (G>A)
mutation is more likely due to functional change of HbE rather
than impaired b-globin expression.

To further assess the efficacy of the base editor across different cell
lines, we established a b0-thalassemia disease model (initiation codon
(T>C) and IVS2-849 (A>G)) in K562 cells. Following the editing
of K562 cells, we observed a similar editing pattern to that of
HUDEP-2 cells (Figures S3.1F-G), suggesting that the base editor
has the potential to effectively edit various cell lines.

Together, these results suggest that BEs are highly efficient in the pre-
cise creation of cellular disease models for b-thalassemia mutation
compared to the HDR-based approach in human erythroid cells
but might be of limited application at certain sites due to the lack
of availability of suitable editing window. The created cellular models
with homozygous and heterozygous mutations can provide molecular
insight into the pathophysiology of b-thalassemia. Furthermore, these
b-thalassemia cellular models can now be used for the optimization of
genome editors mediated correction followed by functional validation
of HbA0 tetramer (a2b2) restoration.
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 7
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Figure 4. Correction of initiation codon (T>C), IVS2-849 (A>G), and HbE/CD26 (G>A) pathogenic mutations in human erythroid cells using base editors

(A–C) Genotypic and phenotypic characterization for the individual cellular models of initiation codon (T>C) (A), IVS2-849 (A>G) (B), and HbE/CD26 (G>A) (C) after correction

of relevant point mutation with the base editor. The efficient correction of point mutations (red) along with undesired bystander edits (blue) in heterozygous (a) and homo-

zygous (b) cellular disease models are represented. Immunoblot shows the expression of the b-globin chain (c). Chromatograms represent the functional restoration of adult

hemoglobin (RT-Retention Time) (d) in the relevant cellular models after erythroid differentiation. Control-AAVS1 transduced cells, HO-Homozygous cellular model, HT-

Heterozygous cellular model. Data are expressed as mean ± SEM from triplicates.

Molecular Therapy: Nucleic Acids
Correction of mutations in human b-thalassemia/HbE cellular

models using BEs

After creating the cellular disease model, we evaluated the BE po-
tential in the native locus for correction of these point mutations
and restoration of b-globin synthesis. The correction potential
for initiation codon (T>C) point mutation was evaluated by lenti-
viral delivery of CBE along with respective sgRNA (Figure S4A(a)).
Consistent with the preliminary screening, we observed 33% and
42% conversion in heterozygous and homozygous models for initi-
ation codon mutation, respectively, with minimal bystander edits
at the adjacent codons and no indels detected (Figure 4A(a-b)).
Additionally, the formation of the corrected HBB mRNA transcrip-
tion was detected by sequencing the cDNA (Figure S4A(b)). In
contrast to the truncated b -globin generated in the initiation
codon mutated cells, the efficient correction of the mutation
8 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
enabled the synthesis of wild type HBB protein after erythroid dif-
ferentiation32 (Figures 4A(c) and S4A(c)). Despite the possibility
that the observed bystander edits could result in Hb-Fukuoka
and a silent mutation, we observed an average of 39% increase
in the HbA0 restoration with a corresponding decrease in the
expression of HbF in the edited homozygous cells compared to
control which could be therapeutically sufficient to alleviate the
severity of the disease (Figure 4A(d)). Additionally, we observed
an increase in the peak (P2) both in edited heterozygous and ho-
mozygous cells in comparison to control cells, which we expect
corresponds to Hb-Fukuoka.

In parallel, we performed CBE-mediated correction ofHBB IVS2-849
(A>G) point mutation in the generated cellular model by transduc-
tion with respective sgRNA (Figure S4B(a)). The efficient editing
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window allowed for cytosine deamination at both the targeted base
"C" at IVS2-849 and the adjacent non-targeted base at the IVS2-850
position. Surprisingly, we observed a higher on-target conversion
while editing this region in the native locus than what was noted in
the designed HBB construct, with a minimal bystander impact (Fig-
ure 4B(a-b)). Although the bystander effect accounted for roughly
18% of total editing that could influence the consensus sequence at
the splice junction ("GT-AA”), the remaining edited cells with the
desired sequence ("GT-AG") could have contributed to efficient trans-
lation into the normal b-globin chain, without the retention of
intron-2 (Figures 4B(c) and S4B(b-c)). The precise correction of
splice site mutation led to 73% restoration of the HbA0 expression
in homozygous condition (Figure 4B(d)). These results suggest that
the higher on-target correction of desired mutation compared to
bystander edit at splice junction could be sufficient in clinical settings
to correct disease phenotypes.

Further, we also attempted to reverse the HbE genotype in the
HUDEP-2 (ABE8e stable) cells carrying the HBB/CD26 (G>A) mu-
tation by transduction with suitable sgRNAs (Figure S4C(a)). Due to
the presence of two adjacent adenine bases at HBB CD26, we de-
signed two different sgRNAs based on the position of the PAM
that altered the position of target and bystander conversion-sgRNA1
(A5, A6) and sgRNA2 (A9, A10). Interestingly, a minimal reduction
in bystander conversion was observed with the alternative sgRNA2
in both homozygous and heterozygous population, with a mild
reduction in efficiency of correction at the HbE mutation
(Figures 4C(a-b) and S4C(b)). Moreover, the produced bystander
edits resulted in Hb-Aubenas variants (HBB CD26 (Glu>Gly))
which is reported to exhibit a normal phenotype when heterozy-
gous.32 In addition, the level of b-globin chain expression was not
altered after the correction of a structural HbE/CD26 (G>A) muta-
tion in erythroid differentiated cells, which is consistent with our
previous results (Figures 4C(c) and S4C(c)). However, evaluation
of edited cells through hemoglobin variant analysis showed a signif-
icant reduction in HbE variant levels with a concomitant increase in
Hb-Aubenas variant expression as expected (Figure 4C(d)). These
results suggest that alteration of the target base position within the
editing window by selecting the suitable sgRNA has the potential
to reduce the undesired conversions mediated by the BEs during
the correction of HbE mutation.

Altogether, by using b-thalassemia cellular models that mimic the ge-
notype of actual patient samples, we successfully demonstrated the
Figure 5. Evaluation of the effects of bystander edits on HBB expression and of

b-thalassemia/HbE mutations in human erythroid cells

Genotypic and phenotypic characterization upon the creation of bystander edits with the

(G>A) mutations (C). Bar plot represents the efficiency of bystander conversion along w

differentiation in homozygous cellular model using base editors (a). Base conversion perc

in wild type HUDEP-2 cells expressing base editors evaluated by Sanger sequencing (b)

differentiation (c) (unpaired t test). (D) The percentage of base conversions at the top-1

initiation codon (T>C) (a), IVS2-849 (A>G) (b) and HbE/CD26 (G>A) (c) mutations ana

Homozygous cellular model; HT, Heterozygous cellular model. Data are expressed as
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BE-mediated correction of b-thalassemia and HbE mutations at cod-
ing and non-coding region of HBB.

The effect of bystander edits on HBB gene expression

As bystander edits were present in all base edited samples, we
sought to evaluate the functional consequences of these bystander
variants. Upon analyzing the editing pattern over several days, we
observed that no pathological variants were generated in any of the
samples, except for the sgRNA targeting IVS2-849. In these sam-
ples, we noticed a gradual increase in the frequency of bystander
edits and an increase in on-target editing during the correction
of all three mutations (Figure 5A(a)-C(a) and S5A(a-c)). The
persistence of bystander variants until the end of differentiation
suggests that there are no survival disadvantages associated with
these mutations.

Although the generated mutations are mostly non-pathogenic, and
their proportion is relatively low, we conducted further evaluation
to determine if these variants had any effect on b-globin production.
To address this, we introduced bystander edits in wildtype HUDEP-
2 cells at frequencies comparable to those generated after editing
our HUDEP-2 disease models, and then analyzed the effect on
HbA0 formation (Figure S5B(a-c)). As expected, two mutations
were generated during the correction of initiation codon (T>C) mu-
tation, CD2- Hb-Fukuoka and CD3-silent mutation (Figures 5A(b)
and S2.1C). This resulted in a slight decrease in HbA0 levels and a
concomitant increase in unknown hemoglobin variant (P2 peak)
(Figures 5A(c) and S5C). To confirm if the resulting unknown he-
moglobin variant is indeed Hb-Fukuoka, we obtained single-cell
clones with individual mutations (CD2- Hb-Fukuoka and CD3-si-
lent mutation) and evaluated the produced hemoglobin variants.
The resulting chromatogram confirmed that the additional hemo-
globin variant (P2 peak) corresponds to Hb-Fukuoka but its fre-
quency relatively low in the pool of edited cells (Figures S5C and
S5D). Surprisingly, the IVS 2–850 mutation, created by the gRNA
targeting IVS2-849 (A>G) was expected to affect mRNA splicing,
but did not show any significant alteration in adult hemoglobin pro-
duction, possibly due to its low frequency (�17%) (Figures 5B(b-c)
and S5E). Subsequently, the Hb-Aubenas variant generated by
bystander editing with gRNA targeting HbE mutation could not
be discerned due to its similar retention time with HbA037

(Figures 5C(b-c) and S5F). Considering that the bystander edits
are produced at a lesser frequency than the on-target conversion
and that the generated hemoglobin variants are non-pathogenic
f-target editing associated with base editor during the correction of various

respective sgRNAs for initiation codon (T>C) (A), IVS2-849 (A>G) (B) and HbE/CD26

ith the correction of on-target point mutations on different days of pre- and post-

entage of bystander edits generated by each of the sgRNAs targeting b-globin gene

and its effect on hemoglobin production analyzed by HPLC on day 8 of HUDEP-2 cell

0 in silico predicated Cas9-dependent DNA off-target sites during the correction of

lyzed using targeted amplicon sequencing. Control-AAVS1 transduced cells; HO,

mean ± SEM from triplicates.
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variants, our results support that the BE is a viable approach for the
therapeutic correction of b-thalassaemia mutations.

Analysis of off-target effects and chromosomal deletions

between HBB and HBD in b-thalassemia/HbE cellular models

after correction using BEs

Although BEs reduce genotoxicity induced by DSB, sgRNA-depen-
dent off-target editing is inevitable. Hence, investigating the off-
target editing sites for the sgRNAs employed in correcting initiation
codon (T>C), IVS2-849 (A>G), and HbE/CD26 is required before
proceeding to clinical settings. We used two in silico prediction
tools, Cas-OFFinder and Cosmid with default settings including
up to three mismatches, to identify the top 10 off-target sites in
the human genome (Tables S4 and S5). Between the two computa-
tional tools, few of the top nominated off-target sites overlapped.We
performed targeted amplicon sequencing to assess base conversion
at the off-target sites in the genomic DNA from edited cells. Among
the predicted off-target sites for the sgRNAs used in the correction
of initiation codon (T>C), we observed 15% editing at the HBD re-
gion (OT9), due to high homology withHBB gene (Figure 5D(a)). In
case of an IVS2-849 targeting sgRNA, we observed� 2%–4.5% edit-
ing in the pseudo gene (Cas-OFFinder OT10 and Cosmid OT6).
HbE-sgRNA2 displayed unexpected edits in the pseudogenes (Cos-
mid OT3 and OT8), intergenic (Cosmid OT1) and intronic regions
of GDF6 (Cas-OFFinder OT2), SALC25A48 (Cas-OFFinder OT4)
and TBL1X (Cosmid OT4) genes respectively (Figure 5D(b-c)).
Notably, no alterations in coding sequence were observed except
for the off-target editing in HBD, which is generally not highly ex-
pressed relative to the other adult b-globin gene HBB. Therefore,
the sgRNAs used for editing the initiation codon (T>C), IVS2-849
(A>G) and HbE/CD26 mutation have no clear detrimental off-
target editing propensities. Further we speculate that sgRNA-inde-
pendent off-target editing using ABE7.10, ABE8e (A-to-I conver-
sion) and CBE (C-to-U conversion) edited cells would be minimal
as previously reported.38–40

Due to the high homology between HBB and HBD genes,41,42 we
further evaluated the editing and deletion events in the HBD gene
within b-thalassemia/HbE cellular models after the correction of cor-
responding mutations (Figure 6A). We hypothesized that simulta-
neous nicking by BEs at both loci might result in the deletion of
HBD (�7.4 kb), similar to what occurs at the highly homologous
HBG locus. Interestingly, our findings revealed that following BE
correction of the initiation codon T>C variant, HBD editing (deter-
mined by Sanger sequencing) and deletion (determined by the pres-
ence of a PCR product only formed after deletion between the target
and off-target sites in HBB and HBD) had occurred (Figures 6B(a-b)
and 5D(a)). Conversely, no HBD editing or deletion was observed for
the IVS2-849 (A>G) mutation, possibly due to the consecutive pres-
ence of three mismatches in the HBD target site (Figure 6C(a-b)).
When assessing the HbE (G>A) cellular model, we observed HBD
gene editing and deletion following the correction of the mutation us-
ing sgRNA1 and sgRNA2 (Figure 6D(a-b)). These findings shed light
on the potential implications of base editormediated editing and dele-
tion events within the highly homologous HBB and HBD genes in
b-thalassemia/HbE cellular models.

Therapeutic correction of HbE/CD26 (G>A) mutation in severe

b0-thalassemia patient cells using adenosine base editor

To determine the therapeutic potential of BE to correct the HbE/
CD26-mutation, two severe, plerixafor-mobilized, b0-thalassemia pa-
tient’s cells with the heterozygous genotypes (b0/bE) (HbE (G>A)/
IVS1-5 (G>C)) were edited independently. These patient cells were
nucleofected with ABE8e-mRNA and sgRNA2. After five days of nu-
cleofection, we noticed a reduction in HbE alleles for both the patient
samples (Figure 7A). To our surprise, we noticed a significant reduc-
tion in the proportion of bystander edits in patient cells compared to
erythroid cell line, which might be due to the transient delivery of BE
components.43

Even though the presence of the HbE variant alone does not result in a
major clinical phenotype, its coexistence with other b-thalassemia
mutations leads to increased disease severity, possibly due to the
inability of the produced structural variant (HbE) to compensate
for the loss of b-globin caused by the mutation in the other allele.
Therefore, we assessed the concomitant reversal of phenotypic man-
ifestations after the correction of HbE variant in patient cells that
were in vitro differentiated into erythroblasts. We first evaluated
the erythroid maturation and enucleation potential of the base edited
cells. The expression of the terminal erythroid-differentiation
markers and the percentage of enucleation was higher in HbE-cor-
rected cells compared to the control (AAVS1 edited cells)
(Figures 7B and 7C), suggesting that erythroid differentiation is stabi-
lized after the correction of HbE variant. We noticed a decrease in the
mean fluorescence intensity (MFI) of DCF in the edited samples,
demonstrating a reduction in ROS production (Figure 7D). Further-
more, HPLC analysis showed a remarkable shift in the expression of
hemoglobin from HbE to HbA0 in both patients without any alter-
ation in HbF levels. The average production of HbA0 in these patients
was around 13.2% (average from both patients) before base editing,
which after correction increased to about 31%, accompanying the
reduction of HbE (Figure 7E). During the correction of the HbE
G>A mutation in patient HSPCs, we noticed editing in the HBD
gene, accompanied by a slight decrease in HBD gene content, which
mirrors our observations in the cellular models (Figures S6A and
S6B); however, the editing frequency was low because of mismatch
in gRNA sequence due to absence of mutation in HBD region. Over-
all, our data suggest that the BE-mediated precise correction of HbE/
CD26 using the optimized sgRNA and BE variant in severe b0bE pa-
tient cells efficiently restores the production of HbA0 to a therapeu-
tically relevant level.

DISCUSSION
Genome editing approaches have become an attractive strategy for
the treatment of b-thalassemia as even partial correction of disease-
causing mutations can be sufficient to restore functional hemoglobin
production and ameliorate disease severity. Most of the current
studies rely on Cas9-dependent HDR-mediated direct correction of
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Figure 6. Validation of HBD-HBB gene integrity in the b-thalassemia/HbE cellular model after base editor meditated correction of relevant point mutations

(A) Schematic illustration of the highly homologous HBB and HBD gene (highlights in green color represents the homologous regions between two genes). Chromatogram

representing the editing of HBD gene obtained by Sanger sequencing (a) and agarose gel electrophoretogram showing the deletion of HBD-HBB gene confirmed by PCR

amplification (b) in the cellular models of initiation-codon (B), IVS2-849 (C), and HbE/CD26 (D); the presence of band at 788 bp indicates the deletion of the HBD gene. HO,

Homozygous cellular model; HT, Heterozygous cellular model. Data are expressed as mean ± SEM from triplicates.
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various b-thalassemia mutations.10–12,44,45 The major drawback of
the CRISPR-Cas9 HDR system for disease correction is its relative in-
efficiency in quiescent cells and the creation of large unintended de-
12 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
letions and chromosomal-level alterations due to the DSBs.19 More-
over, indels at the coding region of the b-globin locus might lead to
severe b0-thalassemia phenotypes.
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Figure 7. Therapeutic correction of HbE/CD26 (G>A) point mutation in severe b0/bE -thalassemia patient cells using adenosine base editor

(A) The base correction efficiency for HbE mutation in edited patient cells after 5 days of nucleofection analyzed by NGS (Patient-1 n = 3; Patient-2 n = 3). (B) Erythroid-

differentiation (CD71+/CD235a+) and (C) maturation (NucRed-CD235a+) potential of edited cells analyzed by flow cytometry on the final day of erythroid differentiation

(unpaired t test; nonparametric t test). (D) Change in ROS production was determined by the fold change in the DCF mean fluorescence intensity (MFI) in HbE mutation-

corrected erythroblasts (unpaired t test). (E) Chromatograms representing the restoration of the functional adult hemoglobin variant in erythroblast derived from base edited

patient cells analyzed using HPLC (Patient-1 n = 3; Patient-2 n = 1) (RT-Retention Time). Data are expressed as mean ± SEM from triplicates. Asterisks indicate levels of

statistical significance (**p < 0.01).
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Previous studies have demonstrated the use of BEs to create or correct
specific mutations in different genomic loci in various genetic disor-
ders.46–49 Most studies in b-hemoglobinopathies have demonstrated
the therapeutic up-regulation of HbF expression by introducing he-
reditary persistence of fetal hemoglobin (HPFH)-like mutations or
by disruption of HbF repressors using BEs to compensate for the defi-
cient b-globin.38 Despite this, only a few attempts have been made to
address the correction of b-thalassemia point mutations using base
editing strategy. The most common HBB�28(A>G) promoter muta-
tion that decreases the production of b-globin has been extensively
studied for correction using different BE variants in various cell
types.46,50 Additionally, while the manuscript was in preparation,
two other articles have shown the direct correction of IVS1-110
and IVS2-654 mutations using adenosine base editor.51,52

In our present study, we extended the use of BEs for direct correction
of eight b-thalassaemia point mutations across the proximal pro-
moter, exons, and introns of the HBB gene for the DSB free editing
at the target site. We achieved highly efficient correction of disease-
causing point mutations along with the restoration of HbA0 in the
b-thalassaemia cellular model and in patients HSPCs, which confirms
the potential of base editing for therapeutic gene correction. The se-
lection of BEs offers several advantages over conventional gene edit-
ing approaches. First, the BEs enable the generation of point muta-
tions without introducing undesired indels, which is especially
advantageous in correcting mutations in the coding regions where
the sequence integrity is critical. Second, highly efficient variants
like ABE8e enable more than 50% editing in almost all of the evalu-
ated target sites. Further, the disadvantages associated with DNA
DSB, such as deletions, inversion, translocations, p53 activation etc
could be largely circumvented using BEs.18,19 Base edited HSPCs
have been demonstrated to engraft and persist in animal models
over time,46,47 which will be required for an effective therapeutic
applications.

We used an innovative strategy of introducing an engineered HBB
construct harboring diverse b-thalassemia mutations into human
erythroid cells for screening and optimizing BE components. This
eliminated the requirement for patient samples or patient-derived
cell models such as iPSCs with specific mutations for the validation
studies. The acquired editing frequency using this approach was
comparable to that of the human b-thalassemia cellular model, indi-
cating that this method is suitable and could be applied for other ge-
netic disorders with a diverse mutation spectrum. We validated
editing of eight b-thalassemia mutations (�88 C>T;�28 A>G; initi-
ation CD T>C; CD 15 G>A; IVSI-5 G>A; IVSI-110 G>A; IVS2- 849
G>A; HbE/CD26 G>A). While modeling editing of this lentiviral
transgene is a convenient way to assess many targets in one cell
line, the outcomes may not perfectly match editing at the endoge-
nous locus because the transgene has an uncontrolled chromosomal
integration and may have different epigenetic features relative to the
endogenous locus. Thus, preclinical tests at native variants are still
important to verify the activity that can be achieved in a clinical
context.
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Therefore, we demonstrated a simple and efficient approach for
generating the human erythroid cellular model harboring specific
b-thalassemia point mutations at the endogenous HBB locus using
BEs. In these models, we validated our optimized editing strategies
and achieved the desired correction at a significantly higher frequency
than bystander edits in almost all the sites. We demonstrated that
these editing strategies led to the production of functional HbA0
hemoglobin both in our HUDEP-2 disease models and in patient
(b0/bE) samples.

One important consideration when designing BE strategies to correct
disease variants is the possibility of bystander editing at other nucle-
otides within the editing window. Careful selection of BE variants and
designing of sgRNA with alternative editing windows can help to
overcome this limitation.53 The HBB CD15(G>A) correction illus-
trates this point where precise 65% on-target editing was obtained
with ABE7.10, while the use of the same sgRNA with ABE8e resulted
in around 90% editing with bystander editing, which might be due to
the expanded editing window or higher processivity. Although we
achieved substantial correction of two specific mutations in the
HBB promoter and three HBB mutations in intronic regions, these
edits co-occurred with bystander conversion, and they were not re-
ported to cause any disease phenotype other than IVS2-849. Further,
efficient base conversion at three exonic mutations was also accompa-
nied by bystander edits. Remarkably, most of these undesired conver-
sions were reported to display normal phenotypes in heterozygous
conditions. In this study, we observed off-target editing at the homol-
ogous HBD site and the presence of deletions between the targeted
HBB site and the off-target HBD site. These HBB-HBD deletions
result in the loss of part of the HBD coding region and the entire
HBB promoter. The generated hybrid fusion may be expressed at a
lower level since it is expressed under the control of the HBD pro-
moter which is much less active thanHBB. However, the level of dele-
tion observed was low and we do not expect this would substantially
reduce the effectiveness of a treatment based on these editing
strategies.

In conclusion, our study provides compelling evidence for using BEs
to create and correct various b-thalassemia mutations in human
erythroid cells with high efficiency and precision, thus establishing
a promising therapeutic framework to address hereditary monogenic
disorders caused by point mutations. As BE-mediated approaches are
entering clinical trials, we anticipate that this developed approach
could benefit b-thalassemia patients in the near future.

MATERIALS AND METHODS
Cloning of sgRNA and HBB-mutant fragment

All sgRNAs (Tables S2 and S3) were designed using SnapGene soft-
ware and either obtained as synthetic-gRNA (Synthego) or cloned
into the lentiviral backbone (Addgene#57822/57823).38 The HBB
gene sequence (Gene ID 3043) was retrived from the NCBI website
and the details of various b-thalassemia point mutations was ob-
tained from Ithagenes and globin gene server. Among multiple
point mutations, we selected the mutations to be incorporated based



www.moleculartherapy.org
on their prevalence and their suitability for correction using BEs. A
synthetic gene fragment of HBB was designed by incorporating
these point mutations at appropriate locations along with suitable
restriction site overhangs required for cloning into the plasmid
(Table S7) and synthesized by IDT, which was then cloned into
Addgene-plasmid#57822 via Gibson-Assembly using HiFi DNA-as-
sembly master-mix (NEB).

Cell culture and flow cytometry analysis

HEK 293T cells were cultured in Dulbecco’s modified Eagle’s me-
dium (Gibco) supplemented with 10% fetal bovine serum (FBS)
(Gibco) and 1� penicillin-streptomycin-glutamine (Gibco). K562
cells were cultured in RPMI (Hyclone) supplemented with 10%
FBS and 1� Pen-Strep. HUDEP-2 cells were cultured and differen-
tiated toward erythroid lineage as previously described.29 b-thalas-
semia patient blood samples were obtained with informed consent
as per clinical guidelines authorized by the Christian Medical
College, Vellore Intuitional Review Board. Peripheral blood mono-
nuclear cells (PBMNCs) were isolated from G-CSF mobilized
b-thalassemia patient blood samples by density gradient centrifuga-
tion (Lymphoprep, STEMCELL Technologies) and directly sub-
jected to three-phase erythroid-differentiation protocol as previously
described,54,55 due to the lower yield. HbF+ cells were estimated as
per the previously described protocol.56 Enucleation of edited pa-
tient HSPCs was determined in the differentiated cells by staining
with CD235a (BD) and NucRed (Invitrogen). ROS levels in patients
HSPCs were estimated by acquiring DCF(20,70-dichlorofluorescein)
(Inivitrogen) stained cells after 30 min of incubation at 370C by
flow cytometry. AnnexinV (Invitrogen) and 7AAD (Invitrogen)
were used to stain the percentage of early and late apoptotic cells
(Table S9). All experiments were performed in BC CytoFLEX-LX
and BD FACSCelesta cell analyzer. Single-cell sorting was per-
formed using BD-FACSAriaIII.

Lentivirus production and transduction

The second-generation packaging constructs (Addgene-plasmid
#12259/12260) were used for lentivirus production for sgRNAs as
well as stable preparation (ABE7.10 (Addgene-plasmid#112675),
CBE (Addgene-plasmid#110841), and pLenti-ABE8e-puro vector
constructed from ABE8e (Addgene-plasmid#138495)). HUDEP-2
cells were transduced with produced lentivirus as previously
described.38 After 48 hrs, the transduction efficiency of all sgRNAs
was measured using flow cytometry for GFP/RFP expression. For sta-
ble cellline preparation, the transduced cells were selected using puro-
mycin (1 mg/mL (Sigma-Aldrich)) for 10 days.

Nucleofection

To generate engineered HUDEP-2 cells with a spectrum of b-thalas-
semia mutations, endogenous HBB gene was deleted from HUDEP-2
cells by RNP-complex with two synthego sgRNAs (Table S2) (EnGen
Cas9 NLS (M0646M) Cas9:40 pmol; each sgRNA:100 pmol) electro-
porated into 1 � 106 HUDEP-2 cells using Lonza-4D electroporator
(pulse-code: EN138). To generate cellular models for HbE, initiation
codon and IVS2-849 using an HDR-based approach, we electropo-
rated an RNP-complex (Cas9: 50 pmole; sgRNA: 100 pmol) along
with donor template (Table S8) (100 pmol; IDT) in 1 � 106

HUDEP-2 cells using Lonza-4D electroporator (pulse-code:
CA137). For multiplex editing, we simultaneously electroporated
two different sgRNAs (50 pmol each sgRNA) targeting b-thalassemia
point mutations into 0.6 � 106 engineered HUDEP-2 stable cells
harboring spectrum of b-thalassemia point mutations using Lonza-
4D electroporator (pulse-code: CA137). For the creation of b-thalas-
semia mutation cellular models (initiation codon and IVS2-849) and
correction of HbE point mutation in patient samples, ABE8e-mRNA
was prepared using T7-mScriptStandard-mRNA Production System
(CELLSCRIPTTM) using Addgene#138495 as a template. HBB initi-
ation codon and IVS2-849 cellular models were generated similarly
using respective sgRNA (100 pmole) and ABE8e-mRNA (5 mg)
(pulse-code: EN138). The correction of HbEmutation in patient sam-
ples was performed in unsorted PBMNCs that were differentiated to
erythroid precursors, with HbE-sgRNA2 (100 pmole) and ABE8e-
mRNA (5 mg) using Maxcyte-electroporator (pulse-code: HSC-3).
Editing outcomes and off-target analysis

Genomic DNA was isolated using DNA isolation kit (Nucleospin
Blood-Macherey-Nagel). HUDEP-2 cells were collected on day 6 of
erythroid differentiation for RNA isolation using NucleoSpin RNA
kit (Macherey-Nagel) and reverse transcribed to cDNA by using Pri-
mescript RT-mastermix kit (Takara) as per the manufacturer’s proto-
col. Genomic DNA/cDNA was amplified with respective primers
(Table S6) and subjected to Sanger sequencing. The data were
analyzed for base editing efficiency by EditR and indels by Inference
of CRISPR-Edits (ICE-Synthego).57,58 The deletion of HBB was
confirmed using gel electrophoresis after amplification from genomic
DNA with primers using PrimeSTARGXL DNA-Polymerase (Ta-
kara) and quantified by qRT-PCR59 using SYBR-green (Takara).
HBB-deletion and HBB-mutant fragment incorporation was recon-
firmed by performing MLPA using SALSA MLPA probe mix P102
HBB (MRC Holland). HBD gene deletion was confirmed by gel elec-
trophoresis after amplification from genomic DNA with primers
(Table S6) using Hot-Start GoTaqDNA polymerase (Promega). The
top 10 sgRNA-dependent off-targets identified from Cas-OFFinder
and Cosmid were deep sequenced by MiSeq System (Illumina)32

(Table S4, S5, S10, and S11). The data were analyzed using
CRISPResso-2.60
Hemoglobin chain and variant analysis

For the globin-chain analysis, 25 mg of lysate from HUDEP-2
cells in erythroid differentiation was used for western-blots analysis
using anti-hemoglobin b (1:1,000) and anti-actin (1:1,500) (Santa-
cruz) with anti-mouse IgG HRP-secondary antibody (Invitrogen)
(1:5,000). For the total hemoglobin estimation, samples were pre-
pared on the final day of erythroid-differentiation as per published
protocols61 and quantified by VARIANT-II Hemoglobin-Testing
System (Bio-Rad) (HUDEP-2 cells) or G11-90SL HPLC analyzer
(Tosoh-Bioscience, HLC-723G11) (HbE-patient cells and HUDEP-
2 cells).
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Statistics

GraphPad-Prism 8.1 was used for all the statistical tests. An unpaired
t test (nonparametric t test) was performed to evaluate the statistical
significance, and p value < 0.05 was considered significant.
DATA AND CODE AVAILABILITY
NGS data (submission number: PRJNA910509) have been submitted
to NCBI-SRA. The entirety of the data can be found either in themain
text or the supplemental information. The supporting data for this
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