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Recent studies have shown that base editing, even with single-
strand breaks, could result in large deletions of the interstitial
regions while targeting homologous regions. Several therapeu-
tically relevant genes such asHBG,HBB, CCR5, and CD33 have
homologous sites and are prone for large deletion with base ed-
iting. Although the deletion frequency and indels observed are
lesser than what is obtained with Cas9, they could still diminish
therapeutic efficacy. We sought to evaluate whether these dele-
tions could be overcome while maintaining editing efficiency
by using dCas9 fusion of ABE8e in the place of nickaseCas9.
Using guide RNAs (gRNAs) targeting the g-globin promoter
and the b-globin exon, we evaluated the editing outcome and
frequency of large deletion using nABE8e and dABE8e in hu-
man HSPCs. We show that dABE8e can edit efficiently while
abolishing the formation of large interstitial deletions.
Furthermore, this approach enabled efficient multiplexed
base editing on complementary strands without generating in-
sertions and deletions. Removal of nickase activity improves
the precision of base editing, thus making it a safer approach
for therapeutic genome editing.
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INTRODUCTION
Base editing in the g-globin promoter for the reactivation of fetal he-
moglobin (HbF) or in the b-globin gene for direct correction of muta-
tions is a promising approach for the treatment of b-hemoglobinopa-
thies.1–5 Unlike other loci, the globin locus is highly homologous with
the probability of guide RNA (gRNA) binding simultaneously at two or
more sites in the locus. Consequently, while using double-strand break
(DSB)-mediated approaches, large deletions involving the intervening
regions occur in addition to the intended edits.6,7 Although base editing
was expected not to cause large deletions due to the absence of DSBs,
we and others have observed the occurrence of unintended large dele-
tions in both gamma- and beta-globin genes, possibly because of simul-
taneous nicking at homologous sites.6,8,9 Recent work also showed that
even with a 15% large deletion in input cells, upon long-term engraft-
ment, 50% of the mice harbored large deletions of one of the globin
genes, which would mean less hemoglobin production per cell.10 Addi-
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tionally, the indirect consequences of large deletions such as chromo-
thripsis, translocations, and p53 activation have not been investigated
extensively.11,12 Hence, it is important to develop genome editing stra-
tegies that generate minimal changes in the genome while achieving
therapeutic benefits. Here, we sought to evaluate whether fusing
dCas9 (dead Cas9) to ABE8e could overcome deletions generated
because of DNA nicks. We show that it not only overcomes large de-
letions while editing homologous regions but also prevents the forma-
tion of insertions or deletions (indels) while base editing in comple-
mentary strands.
RESULTS
Frequency of 4.9-kb deletion in the g-globin locus varies with

gRNAs

Base editors were designed to introduce point mutations in the target
region while avoiding the DSBs caused by Cas9 nucleases. The initial
design of base editors using deaminase fused to a dCas9, however, was
less efficient.13,14 The use of D10A nCas9 (nickase Cas9) allowed the
nicking of non-edited strands, thereby facilitating the effective instal-
lation of edits that resulted in significantly higher editing efficiency.
Base editors were subsequently evolved to improve the activity, and
the recently described hyperactive variant ABE8e was shown to
edit, with conversion reaching�100% in many target sites.15 Howev-
er, the use of nCas9 base editors in highly homologous regions re-
sulted in the deletion of intervening regions.8,9 We hypothesized
that with its high processivity, ABE8e would be able to install muta-
tions even when fused to catalytically dCas9 and thus can be used for
base editing in homologous regions without risking deletion of the
intervening region.
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Figure 1. DNA nickases can introduce large interstitial deletions in homologous regions

(A–C) Quantification of changes in the 4.9-kb intergenic region upon targeting the g-globin promoter by nCas9 (A), nABE8e (B), and dABE8e (C) in HUDEP 2 cells (by lentiviral

delivery), measured as relative fold change compared to locus control by quantitative real-time PCR. (D and G) Editing efficiency and indels generated by nABE8e (D) and

dABE8e (G) using gRNAs targeting g-globin promoter evaluated by next-generation sequencing. (E and F) Percentage of HbF+ cells evaluated by intracellular staining,

followed by flow cytometry upon base editing with nABE8e (E) and dABE8e (F) measured before and after erythroid differentiation. (H and I) Measurement of globin chains

after base editing in the g-globin promoter using RP-HPLC in nABE8e (H) and dABE8e (I). All experiments were performed as biological duplicates. Data represented as

mean ± SD. VC, vector control.
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Using previously validated gRNAs8 targeting the g-globin locus (G2,
G3, G11) with the potential for therapeutic applications, we sought to
evaluate whether the frequency of 4.9-kb deletion varies between the
2 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
gRNAs, irrespective of the base editor used (Figure S1). These gRNAs
were delivered as lentivirus to D10A nickase HUDEP-2 stables, and
the genomic alterations were evaluated. There was no appreciable
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base conversion or indels except in G11, which showed a very small
percentage of indels (Figures S2A and S2D). However, by quantitative
real-time PCR we detected large deletions occurring with the use of
G2 and G11 but not with G3 (Figure 1A). We believe that gRNA ef-
ficiency might be a driving factor in determining the deletion fre-
quency (Figures S2E and S2F; Note S1). While this level of deletion
might not be reflected during base editing, it shows the potential
for large deletion when the base editing components (gRNA and
Base Editor mRNA) are available in excess as in therapeutic ex vivo
editing of hematopoietic stem and progenitor cells (HSPCs).

Nickase-deficient ABE8e can edit efficiently in human erythroid

cells

We introduced H840Amutation in nABE8e and tested whether it can
edit efficiently to achieve therapeutic benefits. We tested this in
HUDEP-2 cells stably expressing nABE8e or dABE8e using the
same gRNAs. As expected, all three gRNAs resulted in >90% editing
with nABE8e, while the efficiency was �60%–70% with dABE8e
(Figures 1D, 1G, S2B, and S2C). No indels were detected with either
construct, and there was no alteration in the editing window (Fig-
ure S2G). We did not observe any significant 4.9-kb deletion in any
of the samples by quantitative real-time PCR (Figures 1B and 1C).
This suggests that even with nickase activity in nABE8e, rapid kinetics
of deaminase resulting in accelerated editing in HUDEP-2 cells likely
reduced the deletion frequency, which was not picked up in the quan-
titative real-time PCR. Corresponding to the editing efficiency, we
also observed a drop in HbF levels while editing with dABE8e, but
the levels would be sufficient for therapeutic applications in b-hemo-
globinopathies (Figures 1E, 1F, 1H, and 1I).

dABE8e can efficiently edit in human CD34+ HSPCs and prevent

the formation of interstitial deletions

As nicking by itself can generate large deletions in homologous re-
gions, we evaluated whether the formation of large deletions during
base editing in HSPCs can be overcome using dABE8e. We first tested
base editing efficiency and the resulting large deletions in CD34+

HSPCs in the therapeutically relevant HBB gene using gRNAs target-
ing exon-1 with (HBB1) and without (HBB2) homology toHBD gene
(Figure S3A). Cells were nucleofected with nABE8e/dABE8e mRNA
and the respective single-guide RNA, and as expected, the editing ef-
ficiencywas slightly reducedwhile targetingwith dABE8e (Figure 2A).
Figure 2. dABE8e can edit efficiently in HSPCs without generating large deleti

(A) Base editing efficiency of HBB1 gRNA inHBB andHBD genes using ABE8e and dABE
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Base conversion in HBD and resulting large deletion with nABE8e
was observed only in HBB1 gRNA, which had binding sites at both
genes and not with HBB2, which had binding sites only in HBB (Fig-
ure S3B). However, with dABE8e, large deletion was absent even
when very high levels of editing were observed at both genes using
HBB1 (Figure 2C). Quantitative real-time PCR with primers specific
to large deletion between HBD and HBB showed that nABE8e had a
10-fold increase in amplicons with large deletion compared to uned-
ited control and dABE8e edited samples (Figure 2B).

We further compared both of the editors in the HBG promoter. G11
was used along with AAVS1 targeting gRNA as the negative control.
While the editing efficiency reached >90% in nABE8e, it was slightly
lower in dABE8e (Figures 2D and S3C). As expected, we observed the
4.9-kb deletion with nABE8e but not in dABE8e (Figures 2F–2H).
The edited cells upon differentiation showed similar elevation in F+

cells reaching close to 80% in both nABE8e and dABE8e, suggesting
that editing by dABE8e would be sufficient for therapeutically rele-
vant HbF elevation (Figure 2E). We also tested two other gRNAs in
the HBG promoter that were shown to elevate HbF to therapeutic
levels and found that while editing efficiency with dABE8e was
slightly lower than what was observed with nABE8e, it abolished
the creation of the 4.9-kb deletion (Figures S3D–S3G).

Additionally, we tested the utility of dABE8e in preventing indel for-
mation during multiplexed editing in complementary strands using
two sgRNAs targeting theHBB gene (HBB3 and HBB4) (Figure S4A).
While nABE8e resulted in indel formation due to nicking on opposite
strands, dABE8e resulted in pure base conversion without any indels/
large deletions (Figures 2I, 2J, and S4B). These data suggest that
simultaneous nicking in the homologous site during base editing
with nABE8e is responsible for large deletions and can be overcome
using dABE8e.

Characterization of dABE8e activity in CD34+ HSPCs

As dABE8e showed slightly reduced editing compared to nABE8e at
all the sites, we evaluated whether this was due to the limited editing
efficiency of dABE8e in the more primitive quiescent cells. The edit-
ing efficiency of nABE8e and dABE8e was compared in CD90+ prim-
itive HSPCs with that of bulk edited cells, and no significant difference
was observed (Figures 3A and S5). We also tested whether increasing
ons
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PCR. A band at �1,700 bp indicates large deletion. (I) Editing efficiency and indel
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agarose gel electrophoresis after PCR. A band at �800 bp indicates large deletion.
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Figure 3. Characterization of nABE8e and dABE8e activity in HSPCs

(A) Base editing efficiency of nABE8e and dABE8e (by mRNA delivery) in a pool of HSPCs and in a primitive (CD90+) population, with G11 targeting g-globin promoter

measured by Sanger sequencing (n = 3). Student t test was used for comparison between the groups. (B) Comparison of base editing efficiency with escalating doses of base

editors in HSPCs using G2 targeting g-globin promoter after 48 h of electroporation measured by Sanger sequencing (n = 1). (C and D) Evaluation of base editing efficiency

over time after electroporation in HSPCs using HBB1 (C) and HBG G11 (D) gRNAs measured by Sanger sequencing (n = 1). (E) Percentage of colonies formed from base

edited HSPCs compared to unedited (mock electroporated) control after 14 days of seeding in MethoCult medium (n = 3). (F) Relative fold change inmRNA expression of P21

andGADD45 genes after 48 h of electroporation (mRNA) by HBGG4measured by quantitative real-time PCR. Data are normalized tomock electroporated control (G4 gRNA,

n = 3). (ANOVA with multiple comparisons was used for evaluating statistical significance.) Data represented as mean ± SD. ***p < 0.001. NS, nonsignificant; UE, unedited

control.
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the base editor cargo would improve the editing efficiency in target
sites that showed moderate editing efficiency, but we did not observe
any appreciable improvement in editing, even with a 4-fold increase
in the cargo, suggesting that reagent availability is not the limiting fac-
tor for editing at these sites (Figures 3B and S3H). It was also noted
that both nABE8e and dABE8e started editing within 3 h of nucleo-
fection, but the editing kinetics is much faster in nABE8e (Figures 3C
and 3D). The edited cells were also subjected to clonogenic assay, and
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 5
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we observed no difference in colony-forming potential between the
samples (Figure 3E). Finally, we tested the levels of P21 and
GADD45, both markers of DNA damage response and observed
that while nABE8e showed a slight elevation in RNA levels, dABE8e
and themock electroporated sample showed similar levels (Figure 3F).
Thus, dABE8e would be a better approach, in terms of purity of out-
comes, while editing regions that are highly homologous and during
multiplexed editing for therapeutic applications.

DISCUSSION
As base editors are entering into clinical trials for the treatment
of various disorders, there is an increasing interest in improving the
precision of genome editing while minimizing undesired genomic al-
terations.16,17With precision genome engineering, there is often a very
limited number of available gRNAs to generate the desired mutation,
and hence the base editors must be precise, with minimal undesired
outcomes.3,18–20 It has been reported that base editors generate unde-
sired genotoxic effects due to DNA nicking11 and that single-strand
breaks can have detrimental effects on cell fitness.21 In this study, we
show that large deletions are generated in homologous regions during
base editing in a gRNA-dependent manner. These deletions can be
overcome using nickase-deficient dABE8e that can edit efficiently
even in CD34+ HSPCs. The editing occurs even in CD90+ HSPCs,
and the edited cells show no lineage bias, suggesting the potential
for long-term engraftment and repopulation. The editing efficiency
by dABE8e is, however, lower than nABE8e by 20%–30% in all target
sites tested. Hence, in non-homologous regions or sites that do not
cause the formation of indels, nABE8e can be used because it would
provide better editing efficiency. While here we demonstrate only
the use of dABE8e, it is similarly possible to develop nickase-deficient
cytosine base editors (CBEs) using hyperactive variants of CBEs.22 A
recent study has shown the proof of concept for overcoming indels us-
ing nickase-deficient CBEs.23 In addition to targeting the homologous
regions, dABE8e can be used for multiplexed editing in a single locus
or simultaneous editing in complementary strands without risking the
generation of large deletions or indels.

There are, however, certain limitations to our study. First, the
approach was tested in two sites in the globin locus (HBG and HBB
genes) to evaluate the abolishment of large deletions. There are other
homologous loci such as CCR5 and CD33 that can be tested for the
same. Additionally, cell-cycle dependence of dABE8e-mediated edit-
ing was not directly tested, and only an engraftment study would
show the long-term repopulation potential of the cells edited with dA-
BE8e. Considering the in vitro data, we believe that nABE8e is still a
better option in non-homologous sites as the editing efficiency is
evidently higher compared to dABE8e. However, dABE8e would be
a suitable approach in terms of purity of outcomes while base editing
in situations where two or more nicks are introduced in the same lo-
cus as in homologous regions or during multiplexed editing.

MATERIALS AND METHODS
Details of materials andmethods used in the study can be found in the
supplemental information.
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