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Editing efficiency is pivotal for the efficacies of CRISPR-based
gene therapies. We found that fusing an HMG-D domain to the
N terminus of SpCas9 (named efficiency-enhanced Cas9 [ee-
Cas9]) significantly increased editing efficiency by 1.4-fold on
average. The HMG-D domain also enhanced the activities of
non-NGG PAM Cas9 variants, high-fidelity Cas9 variants,
smaller Cas9 orthologs, Cas9-based epigenetic regulators, and
base editors in cell lines. Furthermore, we discovered that ee-
Cas9 exhibits comparable off-targeting effects with Cas9, and
its specificity could be increased through ribonucleoprotein de-
livery or using hairpin single-guide RNAs and high-fidelity
Cas9s. The entire eeCas9 could be packaged into an adeno-asso-
ciated virus vector and exhibited a 1.7- to 2.6-fold increase in
editing efficiency targeting the Pcsk9 gene in mice, leading to
a greater reduction of serum cholesterol levels. Moreover, the
efficiency of eeA3A-BE3 also surpasses that of A3A-BE3 in tar-
geting the promoter region of g-globin genes or BCL11A
enhancer in human hematopoietic stem cells to reactivate
g-globin expression for the treatment of b-hemoglobinopathy.
Together, eeCas9 and its derivatives are promising editing tools
that exhibit higher activity and therapeutic efficacy for both
in vivo and ex vivo therapeutics.

INTRODUCTION
The CRISPR/Cas system is a revolutionary technology for the achieve-
ment of efficient and precise genome editing in multiple cell types, or-
ganisms, and human gene therapies.1 SpCas9 (Streptococcus pyogenes
Cas9, hereafter referred to as Cas9) is themost efficient and commonly
used nuclease that binds a single-guide RNA (sgRNA) and recognizes
an NGG sequence as the protospacer adjacent motif (PAM) in the
genome.2–4 Once Cas9 binds an NGG PAM, the double-strand
DNA is unwound to facilitate single-guide RNA (sgRNA) pairing
with the target.5,6 When the sgRNA perfectly matches the target,
Cas9 undergoes a conformational change, and two nuclease domains
(HNH and RuvC) adapt to an active state, catalyzing a blunt-end dou-
ble-stranded break (DSB).5,6 DSBs are repaired either by error-prone
non-homologous end joining to generate small insertions and dele-
tions (indels) or by homology-directed repair (HDR)with the presence
744 Molecular Therapy Vol. 31 No 3 March 2023 ª 2022 The Author(s)
This is an open access article under the CC BY-NC-ND license (http
of repair templates for precise sequence alterations.7 In addition to
generating DSBs, Cas9 and its variants have been adapted to a broad
spectrum of applications, such as epigenome regulation,8 base edit-
ing,9 and prime editing.10 Although the CRISPR/Cas system is the
most efficient technology comparedwith ZFNs (zinc-finger nucleases)
and TALENs (transcription activator-like effector nucleases), its activ-
ity varies in different loci. Therefore, highly active Cas9 variants are
eagerly demanded not only for basic research but also for numerous
applications, especially for gene therapy.

To increase gene-editing efficiency, researchers devoted their efforts
to two essential components of the CRISPR/Cas system, the sgRNA
and the Cas9 protein. Chemically modified sgRNA tends to be
more stable in cells, enabling much higher efficiencies in cleavage
and base editing in human cells and animal embryos.11,12 Through
electroporation of chemically modified sgRNA and Cas9 protein,
over 90% editing efficiency has been achieved in human hematopoi-
etic stem cells (HSCs).13 This strategy has also been successfully
applied in clinical investigations to treat b-hemoglobinopathies.14,15

Besides, modifications on Cas9, such as optimization of the nuclear
localization signals and codon usage,13,16 have also proved very effec-
tive. Another strategy is to enhance Cas9’s ability to access complex
chromatin regions. Since eukaryotic genomic DNA is assembled
into higher-order chromatin structures, chromatin remodeling
.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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proteins or peptides, such as yChd1,17 chromatin-modulating pep-
tides,18 or synthetic transcription activation domains,19 were respec-
tively tested on Cas9. Although these strategies are effective their ef-
ficacy is not well characterized, especially in living animals and for
gene therapy purposes.

Binding and interrogation of the target sequences are two crucial
steps for Cas9-mediated DNA cleavage.5,6 Thus, we hypothesized
that the activity of Cas9 might be elevated when the association be-
tween Cas9 and its DNA substrate is enhanced, as previously reported
on cytosine base editor (CBE) activity.20 Here, we developed an effi-
ciency-enhanced Cas9 (eeCas9) by fusing a double-strand DNA bind-
ing domain (dsDBD) with Cas9. The dsDBD is compatible with mul-
tiple Cas9 variants, other Cas9 orthologs, Cas9-based epigenetic
editors, and base editors. Importantly, eeCas9 exhibits comparable
off-targeting effects with Cas9 while presenting a higher editing effi-
ciency in both in vivo and ex vivo gene therapy models. Our results
demonstrate that enhancing the DNA binding activity of Cas9 could
significantly increase the editing efficiency, providing powerful tools
for basic research and gene therapies.
RESULTS
Screening of non-sequence-specific DNA binding domains to

increase Cas9 editing activity

We previously demonstrated that the increased affinity between CBEs
and single-strand DNA substrates dramatically improved base-edit-
ing efficiency.20 Inspired by this idea, we hypothesized that the fusion
of a non-sequence-specific dsDBD with the Cas9 protein could also
enhance the activity of Cas9. There are three major types of dsDBD
proteins among which the high-mobility group (HMG) family of
chromosomal proteins and archaeal chromosomal proteins are rela-
tively compact.21 Since smaller-sized Cas9 fusion proteins are friend-
lier for future engineering and application, we screened 11 candidates
derived from the compact dsDBDs by fusing each of them to the N
terminus of Cas9 via a flexible linker (Figures 1A, S1A, and S1B).
The fusion proteins were evaluated via a modified fluorescent re-
porter system in which an mCherry reporter was out of frame with
its start codon (Figure 1B). Once Cas9 cleaves the target region, the
resulting indel will correct the reading frame of the mCherry
randomly and then restore the fluorescence (Figure 1B). Seventy-
two hours after transfection, mCherry+ cells of each group were
counted by flow cytometry and normalized by their EGFP+ cell num-
ber, which was expressed by sgRNA plasmid as a transfection control
(Figure 1B). The results showed that almost all dsDBDs increased the
percentage of mCherry+ cells, indicating elevated Cas9 activity (Fig-
ure 1C). In addition, we also tested the 11 candidates on endogenous
EMX1-2 andVEGF-1 target sites in HEK293T cells. High-throughput
sequencing (HTS) results showed that all the 11 candidates increased
their indel efficiency when compared with Cas9 (Figure 1D). Overall,
we observed that the HMG-D from Drosophila melanogaster resulted
in the highest activity increase both on the fluorescent reporter target
(a 1.5-fold increase) and two endogenous targets (a 1.8- and 1.6-fold
increase, respectively) (Figures 1E and 1F). These results suggested
that enhancing the DNA binding affinity of Cas9 by fusing an extra
dsDBD significantly increased the Cas9 activity.

Next, we tried to optimize the construct of HMG-D-Cas9 to further
increase its efficiency. We replaced the 32-amino-acid N-terminal
flexible linker (L4) with other linkers (Figures S2A and S2B), but
no other linkers outperformed the L4 linker (Figure S2C), and further
increasing the copy number of HMG-D did not elevate or even impair
editing efficiency (Figure S2C). We also tested fusing the HMG-D
domain to the C terminus of Cas9 with a long linker. The HTS results
showed that the two C-terminal HMG-D constructs had similar effi-
ciencies comparable with the N-terminal HMG-D construct via an L4
linker (Figure S2C). These data demonstrated that a single N-terminal
HMG-D with a flexible L4 linker is the optimized construct, which
was named efficiency-enhanced Cas9 (eeCas9).

To understand how HMG-D increases Cas9 activity, we tested
whether the HMG-D domain increased the expression of the fusion
protein. Western blot assay suggested that the N-terminal fusion of
HMG-D did not increase the protein level of eeCas9 (Figure S3A).
Next, we introduced three point mutations,22 which weaken the
DNA binding of HMG-D to eeCas9 (called 3m-HMG-D-L4-Cas9)
(Figure S3B). As expected, the enhancement effect of HMG-D was
abolished in 3m-HMG-D-L4-Cas9, indicating that the DNA binding
capability of HMG-D was critical to the elevation of Cas9 activity
(Figure S3B). These data suggest that the enhancement effect of
HMG-D comes from its DNA binding affinity.

HMG-Denhances the activities ofCas9 and its variantswith non-

canonical PAM compatibility in multiple cell lines

Cas9 achieves moderate to high efficiencies in a wide range of target
sites in multiple cell lines while only eking out low indel rates in
some refractory sites.19 To confirm that the effect of HMG-D is
not site specific, we tested an additional 39 endogenous targets in
HEK293T cells. The HTS results showed that eeCas9 consistently
led to higher indel frequencies (Figure 2A), with a mean indel fre-
quency 1.4 times that of the Cas9 group (Figure 2B). Although only
mild boosts were detected at sites where Cas9 exerted high indel fre-
quencies (e.g., 10% increase at MECP2-2 site), significant increases
of up to 110% (e.g., transforming growth factor b1 site) were
observed at some sites refractory to Cas9 cleavage (Figure 2A).
This characteristic of being more potent at low-efficiency target sites
is advantageous if some clinically related targets are resistant to
Cas9. Besides this, we also observed that the number of target sites
with frequencies greater than 50% increased from 14 (34%) in the
Cas9 group to 30 (73%) in the eeCas9 group (Figure 2C). Next,
we compared the efficiency of eeCas9 and Cas9 in other cell lines,
including HeLa, Hep-2, and SH-Sy5y, at five endogenous target
sites. As shown in Figure S4, eeCas9 activity was increased signifi-
cantly, up to 1.4-fold in HeLa cells, 1.8-fold in Hep2 cells, and
1.7-fold in SH-Sy5y cells (Figures S4A and S4B), suggesting that
the elevation of activity was broadly applicable in variant cell types.
To test whether eeCas9 could introduce higher HDR efficiencies
than Cas9, we evaluated the introduction of specific DNA fragment
Molecular Therapy Vol. 31 No 3 March 2023 745
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Figure 1. Design of eeCas9 through fusion of a non-sequence-specific DNA binding domain

(A) Schematic of Cas9 with N-terminal dsDBD. dsDBD, double-strand DNA binding domain. (B) Schematic diagram of themodified fluorescent reporter system. This reporter

system contains an mCherry protein which is out of frame with its start codon (left). FACS analysis of Cas9 induced mCherry expression in EGFP+ HEK293T cells (right). (C)

Quantification of the mCherry+ HEK293T cells induced by Cas9 with different N-terminal dsDBDs. (D) Quantification of the gene-editing efficiencies at two endogenous

EMX1-2 and VEGF-1 sites by HTS analysis. (E) Ratio of mCherry+ cells between Cas9 and Cas9 with different N-terminal dsDBDs on fluorescent reporter system. (F) Ratio of

indels between Cas9 and Cas9 with different N-terminal dsDBDs on two endogenous EMX1-2 (left) and VEGF-1 (right) targets. Data in graphs (C), (D), (E), and (F) represent

mean ± SD (n = 3 independent experiments).
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deletions or insertions at three endogenous sites using single-
stranded oligodeoxynucleotide (ssODN) donors. Sequencing results
indicated that eeCas9 achieved a 1.2- to 2.1-fold increase of HDR
efficiency (Figures 2D and S5), suggesting that eeCas9 also had ad-
vantages to introduce precise editing through HDR.
746 Molecular Therapy Vol. 31 No 3 March 2023
PAM restriction limits the targeting scope of the CRISPR/Cas system.
Several studies have shown that engineered Cas9 variants such as
xCas9,23 Cas9-NG,24 SpG,25 and SpRY exhibit broader PAM compat-
ibility.25 However, their activities on non-NGG PAM targets are
compromised.26 To increase the activity of the above Cas9 variants,
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targets (39 targets in A and two targets in D) in HEK293T cells. (C) Summary of target sites with an indel rate of over 50%. (D) Comparison of HDR-mediated precise editing

efficiencies of Cas9 and eeCas9 in HEK293T cells. (E) Summary of editing efficiencies of Cas9 variants with or without HMG-D domain at multiple endogenous targets for
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we fused HMG-D to their N terminus. Twenty non-NGG targets for
eexCas9, eeCas9-NG, and eeSpG, respectively, and ten non-NGG tar-
gets for eeSpRY were evaluated. HTS results showed that HMG-D
fusion increased indel frequencies of all these variants by over 1.3-
fold (Figures 2E, S6A, and S6B), especially for eeCas9-NG and eeSpG,
the average editing frequencies of which were comparable with Cas9
(Figures 2B and 2E).

Similarly, we tested HMG-D fusion on high-fidelity Cas9 variants,
which displayed improved accuracy but lowered activity.27,28 We
fused HMG-D to the N-terminal eCas9 1.1,29 Cas9-HF1,30 or
HypaCas931 to test their activities at multiple endogenous target sites
in HEK293T cells. As expected, fusion of HMG-D significantly
increased the activities of each high-fidelity variant on all tested target
sites (Figures 2F, S7A, and S7B). We observed an average increase of
2.8-, 1.7-, and 1.5-fold for ee-eCas9 1.1, eeCas9-HF1, and eeHypa-
Cas9, respectively (Figure 2G).

Given the remarkable effect of HMG-D, we wondered whether it
could be applied to other Cas9 orthologs such as the compact CjCas9
and Nme2Cas9.32,33 In the manner of eeCas9 construction, we gener-
ated eeCjCas9 and eeNme2Cas9 nucleases and tested them at the
endogenous targets. The next-generation sequencing data demon-
strated that fusion of HMG-D increased the activities of both eeCj-
Cas9 and eeNme2Cas9 to approximately 1.3-fold compared with
the controls (Figures 2H and 2I). Together, these data suggest that
fusion of the HMG-D domain is applicable not only to the Cas9
but also to its variants and orthologs.

HMG-D enhances the activities of Cas9-based transcriptional

activators and base editors

Cas9 is a versatile protein for different gene-editing purposes, such as
transcriptional regulation, base editing, and prime editing. To inves-
tigate whether HMG-D fusion could be adapted to Cas9-based tran-
scriptional activators, we fused a synthetic transcriptional activator,
VP64-p65-Rta (VPR),34 to the nuclease-dead eeCas9 (eedCas9) to
generate eedCas9-VPR (Figure S8A). We set up a transcriptional in-
duction assay at five endogenous promoter sites to compare the activ-
ity of eedCas9-VPR and dCas9-VPR. As shown by quantitative PCR
(qPCR), eedCas9-VPR exhibited stronger induction ability than
dCas9-VPR at all target sites (ranging from 1.7- to 2.9-fold higher;
Figure S8B).

Next, we investigated whether HMG-D could be adapted to base edit-
ing. Considering that the deaminases were always fused to the N ter-
minus of Cas9 nickase (Cas9n), we fused the HMG-D domain to the
C terminus of BE4max or ABEmax via the L5 linker (Figures S2A and
S2C),16 resulting in eeBE4max and eeABEmax (Figures S9A and S9B).
We compared eeBE4max and eeABEmax with their respective coun-
Indel efficiencies of Nme2Cas9 and eeNme2Cas9 at six endogenous targets in HEK2

experiments). Because editing efficiencies were highly variable among all tested targets,

(I) (right) were performed by using paired two-tailed Student’s t test, while the remainin

**p < 0.01, ***p < 0.001.
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terparts at multiple endogenous target sites. HTS analysis demon-
strated that the fusion of HMG-D to the C terminus of BE4max or
ABEmax had an overall enhancement effect for each substrate base
in its corresponding editing windows (Figures 3A and 3B). The
average fold increase in editing efficiency was 1.4-fold for eeBE4max
and 1.6-fold for eeABEmax (Figures 3C and 3D). Likewise, we gener-
ated a series of CBE and ABE variants with non-NGG PAM compat-
ibility. We observed a similar enhancement effect by HMG-D
(Figures S9C–S9F) and a 1.2- to 1.5-fold increase on all tested targets
(Figures 3C and 3D). Interestingly, the fusion of an HMG-D to BE-
max or ABEmax did not change its editing characteristics, including
product purity, indel frequencies, and editing windows (Figures 3A,
3B, 3E, 3F, S10A. and S10B). Collectively, these results demonstrated
that the HMG-D dsDBD could be broadly adapted to various Cas9-
based genome-editing tools with enhanced efficiency.

Off-target analysis of eeCas9 and a series of base editors in

human cells

As eeCas9 had higher activity because of the enhanced affinity be-
tween Cas9 and DNA, this could also increase the possibility that
Cas9 would bind to the non-target sequence. Therefore, it is critical
to investigate whether HMG-D could also enhance the off-target
cleavage of Cas9. We first designed a gRNA-target mismatch toler-
ance experiment at the VEGF-1 target site. We constructed two sets
of sgRNAs with all possible single-base mismatches or two-consecu-
tive-base mismatches in the protospacer (Figure 4A). As previously
demonstrated,3 Cas9 maintained moderate activity if single-base mis-
matches were in the PAM distal region (Figure 4A, sgRNAs m18-
m20), while the activity gradually declined as the mismatch was
moved toward PAM. The enhancement effect by HMG-D was
observed in the single-base mismatched sgRNA group, especially in
those with a mismatch in the PAM distal region (sgRNAs m13-
m20, increase of 1.4- to 2.3-fold) (Figure 4A). However, we did not
observe noticeable enhancement effects when consecutive mis-
matches were in the PAM-proximal region (Figure 4A, sgRNAs
m23-m30), indicating that the enhancement on off-target could be
greatly avoided by careful sgRNA design that excludes PAM distal
mismatches.

Next, we analyzed 40 previously reported off-target candidates calcu-
lated from two endogenous sites in HEK293T cells to compare the
off-target activity between eeCas9 and Cas9 (Figures S11A and
S11B).35 Consistent with the sgRNA mismatch assay, we observed
only slightly higher off-target activity (0.3%–2.3% higher indels on
OT4, OT11, and OT15 of EMX1-6 site, and OT8 of FANCF-2 site)
at candidate sites with single or double mismatches in the PAM distal
region (Figures 4B, S11A, and S11B). However, the enhanced off-
target activities were barely detectable if three or more mismatches
were present in the protospacer, confirming that sgRNA-target
93T cells. Data in (A), (D), (F), (H), and (I) represent mean ± SD (n = 3 independent

statistical analysis of the average editing efficiencies including (E), (G), (H) (right). and

g graphs were performed by using unpaired two-tailed Student’s t test. *p < 0.05,
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pairing is critical for the cleavage process. Hence, we tried to coun-
teract the off-target enhancement via hairpin (hp)-sgRNA,36 which
impedes the formation of the R loop due to RNA-DNA mispairing.
Indeed, replacing the FANCF-sg2 site with hp-FANC2-sg2 signifi-
cantly reduced the off-target indel efficiencies while still maintaining
a higher specificity ratio (on-target versus. off-target ratio)
(Figures 4B and 4C). In addition to modifying the structure of the
sgRNA, we also tried the strategy of electroporating the purified
eeCas9 protein because the purified protein would have fewer chances
of cutting the off-target sites due to a shorter intracellular half-life.37

As expected, when compared with plasmid delivery, ribonucleopro-
tein (RNP) electroporation of eeCas9/sgRNA reduced its off-target
efficiencies (Figure 4B), resulting in much higher specificity ratios
at EMX1-6 and FANCF-2 sites, respectively (Figure 4C).

To test whether the HMG-D fusion could create a better balance be-
tween on-target and off-target efficiencies for those high-fidelity
Cas9s, we tested ee-eCas9 1.1, eeCas9-HF1, eeHypaCas9, and the con-
trols on five endogenous targets. As expected, HMG-D fusion ex-
hibited more dramatic on-target activity than the activity on the
off-target sites (Figure 4D), leading to higher specificity ratios for
the HMG-D fused high-fidelity Cas9 variants (Figure 4E).

To further evaluate the specificity of eeCas9 at the whole-genome-
wide level, we performed primer-extension-mediated sequencing
(PEM-seq),38,39 an HTS method based on detecting the translocation
junctions between on-target and off-target sites. Our results showed
that eeCas9 did not significantly increase the number of off-target
sites for the five tested targets compared with Cas9 (Figures 4F and
S12; see materials and methods).

Recent studies have shown that base editors could induce sgRNA-
dependent and -independent off-target events.40 We first evaluated
sgRNA-dependent off-target events of eeBE4max and eeABEmax
on 73 previously reported off-target sites41,42 and 28 web-predicted
(https://www.benchling.com/) off-target sites. The results indicated
that off-target enhancements were not detectable at sites where BE4-
max or ABEmax achieved low off-target editing rates (<0.5%)
(Figures S13A–S13D and S14A–S14D). Similar to the eeCas9, we
also reduced the off-target enhancements of eeBE4max by delivering
the RNP complex (Figure 5A), resulting in much higher specificity ra-
tios (Figure 5B). Most strikingly, although the ABEmax seems to
increase the off-target editing on multiple off-target sites
(Figures S13A and S13B), the specificity of eeABEmax was compara-
ble with or even slightly improved by ABEmax (Figure 5C). Next, we
Figure 3. Characterization of HMD-G fusion to base editors in HEK293T cells

(A) Comparison of the C-to-T base-editing efficiencies of BE4max and eeBE4max at 24

efficiencies of ABEmax and eeABEmax at 15 endogenous targets in HEK293T cells. (C

variants andmultiple eeBE4max variants at endogenous targets for “NGG” PAM and “no

efficiencies of multiple ABEmax variants and multiple eeABEmax variants at endogenou

indels by BE4max and eeBE4max. Each point represents the average indel frequenc

represents the average indel frequency at a target site. Data in (A) and (B) represent mea

(F) was performed by using paired two-tailed Student’s t test. **p < 0.01, ***p < 0.001;
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analyzed sgRNA-independent DNA off-target events of eeBE4max
and eeABEmax using an orthogonal R-loop assay.43 After HTS anal-
ysis of six R-loop sites generated by catalytically inactivated dSaCas9
and corresponding sgRNAs, we observed that neither eeBE4max nor
eeABEmax induced significantly higher sgRNA-independent off-
target efficiency than their corresponding controls (Figures 5D and
5E). Collectively, these results fully demonstrated that eeCas9 and
its derivatives maintained comparable specificity at sites where the
off-target editing rates were low or almost undetectable when
compared with their respective wild-type editors.

eeCas9 increased editing efficiency on the Pcsk9 gene in the

mouse model

Higher editing efficiencies often lead to better therapeutic efficacies in
gene therapies, although it is challenging to improve genomic editing
efficiencies in vivo. To test the efficiency of eeCas9 in vivo, we aimed
to target the proprotein convertase subtilisin/kexin type 9 (Pcsk9)
gene in mice, since Pcsk9 is a prime therapeutic target for the preven-
tion of cardiovascular disease.44 We designed two Pcsk9-targeting
sgRNAs (sg1 and sg2) and tested, respectively, their efficiencies
with eeCas9 or Cas9 in NIH3T3 cells (Figure 6A). eeCas9 achieved
higher indel efficiencies than Cas9 at both target sites (mean
1.7-fold higher at Pcsk9-1 site and 1.9-fold higher at Pcsk9-2 site;
Figure 6B).

Next, to target Pcsk9 in vivo, we cloned eeCas9 or Cas9 into an adeno-
associated virus 8 (AAV8) construct. Minimal-cytomegalovirus-pro-
moter (miniCMV) and a short polyadenylation signal (short polyA)
were used to minimize the cargo size to 4.9 kb/4.5 kb for the ee-
Cas9/Cas9 construct (Figure 6C and Table S6). Targeting sgRNAs
(sg1 or sg2) were cloned into a separate AAV8 construct containing
an EGFP gene for labeling of the infected hepatocytes (Figure 6C).
On day 0, AAV8 particles of Cas9 or eeCas9 were injected with
AAV8-sg1 or AAV8-sg2 (5 � 1011 vg/mouse for each vector) into
6-week-old mice via tail vein injection. Fourteen days later, a partial
hepatectomy was performed to assess the infection rate and the
expression level of eeCas9/Cas9. We observed a comparable amount
of GFP-expressing cells between the groups of eeCas9 and Cas9 (Fig-
ure S15A), which indicated that the infection efficiencies were similar
between the two groups. This was also supported by similar levels of
eeCas9 and Cas9 mRNA expression (Figure S15B). Wemonitored the
total serum cholesterol level at different time points from day 0 to day
35. Lower serum cholesterol levels were observed on day 7 of the
experiment in all treated groups. More dramatic decreases were
observed over time. However, treatment with eeCas9 led to a more
endogenous targets in HEK293T cells. (B) Comparison of the A-to-G base-editing

) Summary of the cumulative C-to-T base-editing efficiencies of multiple BE4max

n-NGG” PAM in HEK293T cells. (D) Summary of the cumulative A-to-G base-editing

s targets for “NGG” PAM and “non-NGG” PAM in HEK293T cells. (E) Frequency of

y at a target site. (F) Frequency of indels by ABEmax and eeABEmax. Each point

ns ± SD (n = 3 independent experiments). The statistical analysis of (C), (D), (E), and

ns, not significant.
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Figure 4. Evaluation of the off-target effects of eeCas9 in HEK293T cells

(A) gRNA-target mismatch tolerance experiment to evaluate the specificity of Cas9 and eeCas9. VEGF-targeting sgRNAs with single mismatch or two consecutive mis-

matches in the protospacer region were generated to evaluate gene-editing efficiencies by HTS analysis. The PAM sequences are shown in blue. The mismatched nu-

cleotides are shown in red. n.c., not calculated because of no significance between eeCas9 and Cas9. (B) Comparison of on- and off-target efficiencies of Cas9 or eeCas9

with sgRNA plasmid delivery, Cas9 or eeCas9 with hp-sgRNA plasmid delivery, and Cas9 or eeCas9 RNP delivery at EMX1-6 site and FANCF-2 site. (C) Specificity metric of

eeCas9 and Cas9 with different delivery strategies in (B). (D) On- and off-target efficiencies by high-fidelity Cas9 with or without HMG-D domain were measured by HTS
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significant reduction in cholesterol level at each time point, regardless
of whether combined with sg1 or sg2 (Figure 6D). On day 35, mice
treated with eeCas9 exhibited a 55% (with sg1) and a 65% (with
sg2) reduction in serum cholesterol levels. However, the reductions
in the Cas9-treated groups were only 40% and 30% at this time point,
suggesting that eeCas9 had a higher editing efficiency than Cas9
(Figures 6D, S16A, and S16B). To further analyze the in vivo editing
efficiency, we amplified the targeted region from the liver genomic
DNA of each group followed by HTS. Efficiencies of eeCas9 groups
were about 1.7- and 2.6-fold higher than that of Cas9 groups at
Pcsk9-1 and Pcsk9-2 sites, respectively (mean 38.4% at the Pcsk9-1
site and 31.2% at the Pcsk9-2 site for eeCas9 versus 22.7% at the
Pcsk9-1 site and 11.9% at the Pcsk9-2 site for Cas9) (Figures 6E,
S16A, and S16B). As expected, the Pcsk9 protein levels in eeCas9-
treated mice were dramatically reduced compared with Cas9-treated
mice or control mice, as detected by western blot (Figure 6F). Finally,
we evaluated the in vivo off-target rates of eeCas9 and Cas9. We first
checked the top 20 web-predicted (https://www.benchling.com/) off-
target sites for sg1 or sg2 by HTS and detected no apparent (>0.1%
efficiency) off-target event among those sites (Figures S17A and
S17B). Then we performed whole-genome sequencing (WGS) and
PEM-seq analysis using genomic DNA from the liver tissue of each
group to reveal the potential off-target events more sensitively. Inter-
estingly, WGS and PEM-seq did not detect prominent off-target
events in groups treated with either eeCas9 or Cas9 (Figures 6G,
6H, S17C, and S17D).

eeA3A-BE3 induced higher g-globin gene expression in human

hematopoietic stem cells

Reactivation of g-globin is an alternative strategy to treat b-hemoglo-
binopathies. Studies have shown several therapeutic target sites,
including the promoter region of g-globin genes (HBG1/2) and the
BCL11A DHS +58 functional core sequences, to reactivate g-globin
by base editors.45,46 Base-editing efficiency is critical for an excellent
therapeutic effect, but our previous study has shown that the editing
efficiency of A3A-BE3 is limited at the site on HBG promoter in
HSCs.45 Therefore, we tried to compare the editing efficiency and po-
tential efficacy of eeA3A-BE3 with those of the classical A3A-BE3 via
base editing of the HBG1/2 promoter or the BCL11A DHS +58 func-
tional core (Figures 7A and 7B). We electroporated the purified
eeA3A-BE3 or A3A-BE3 protein with the chemically modified
sgRNA targeting theHBG1/2 promoter or BCL11A enhancer into hu-
man HSCs. Base-editing efficiencies were evaluated 72 h after electro-
poration via HTS. The results demonstrated that eeA3A-BE3
achieved higher C>T conversion rates within the editing windows
at both the HBG-2 and the BCL11A-1620 sites (Figure 7C). The
average fold increases were 1.2 at HBG-2 site (mean 41.3% at C6,
42.3% at C7 for A3A-BE3 versus 49.3% at C6, 50.9% at C7 for
eeA3A-BE3) and 1.2–1.3 at the BCL11A-1620 site (mean 59.1% on
analysis. (E) Specificity metric of high-fidelity Cas9 with or without HMG-D domain for ind

Cas9. The values above the columns represent the number of detected off-target sites.

sum of all off-target editing rates. Data in (A) and (D) represent means ± SD (n = 3 indep

tailed Student’s t test in (A). **p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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C6, 44.4% on C8 for A3A-BE3 versus 69.5% on C6, 59.6% on C8
for eeA3A-BE3) (Figure 7C), which indicated that the eeA3A-BE3-
treated cells would have a higher g-globin mRNA level. Indeed,
when these cells were subjected to erythropoiesis to evaluate the
g-globin expression by qPCR, cells treated with eeA3A-BE3 exhibited
a 1.2-fold (with HBG-2 site) and 1.4-fold (with BCL11A-1620 site)
higher g-globin mRNA level compared with cells treated with
A3A-BE3 (Figure 7D). Furthermore, similar to previous results, we
did not observe significant variations in the product purity, indel fre-
quencies, and editing windows in the eeA3A-BE3-treated group
(Figures 7E and 7F).

DISCUSSION
Editing efficiency, targeting scope, and fidelity are the major issues
that affect the broad applications of Cas9-based genome-editing tech-
nology. Previous studies have demonstrated substantial improvement
in targeting scope by identifying novel Cas9 variants with distinct
PAMs or engineering well-characterized Cas9 to relax its PAM strin-
gency.47 Although these novel Cas9 variants had been engineered,
their activity is generally reduced compared with wild-type
Cas9.26,27 In this study, through the fusion of a non-sequence-specific
HMG-D dsDBD to Cas9 protein, a series of eeCas9 tools with signif-
icantly enhanced activity has been engineered. This strategy is
compatible with multiple Cas9 variants and other Cas9 orthologs
and can be adapted for base editing and epigenetic regulation.
More importantly, eeCas9 exhibited substantial elevation of editing
activity for gene therapy in both an in vivo model targeting Pcsk9
to treat hypercholesterolemia and an in vitromodel for the treatment
of b-thalassemia.

Molecular evolution is the most commonly used and successful strat-
egy to improve the performance of genome-editing tools.48 However,
mutagenic library-based screening is difficult in eukaryotic cells, espe-
cially in mammalian cells. As Cas9 is super-active in prokaryotic cells,
it is difficult to filter out mutations with limited activity enhancement.
Thus, fusing dsDBD to Cas9 is an important strategy for engineering
genome-editing tools. Our previous report has demonstrated that
insertion of RAD51 ssDBDbetweenCas9n and cytosine deaminase re-
sulted in hyperactive CBEs (hyCBEs), which exhibited dramatically
increased activity and targeting scope.20 RAD51 ssDBD has two func-
tions in hyCBEs, as a linker making deaminase more flexible and as a
DNAbinding domain to increase affinity for theDNA substrate. In ee-
Cas9, this suggests that HMG-D dsDBD only functions in increasing
the DNA binding activity because of weakening DNA binding affinity
throughmutation of HMG-D protein eliminating its enhancement ef-
fects. It would inspire us to enhance Cas9 activity through structure-
based rational design of its DNA binding domains to elevate the
DNA affinity of Cas9 proteins. In a study by Bolukbasi et al.,49 a
programmable DNA binding domain (pDBD, a sequence-specific
icated target sites. (F) Number of PEM-seq detected off-target sites for eeCas9 and

In (C) and (E), the specificity metric is defined as on-target editing rate divided by the

endent experiments), and statistical analysis was performed by using unpaired two-
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zinc-finger protein or transcriptional activator-like effector) was fused
to Cas9 and enhanced its editing efficiency onmultiple sites with non-
NGG PAM, thus expanding its targeting range. Compared with
pDBD,HMG-D in eeCas9 is a non-sequence-specific dsDBD indepen-
dent of the targeted locus. In our experiment, HMG-D exhibited
compatibility with multiple Cas9 variants and orthologs.

DNA binding affinity is a double-edged sword to Cas9 tools. Since
HMG-D is a non-sequence-specific dsDBD, it may function on
both on-target and off-target sites. Slightly increased off-target editing
(4 of the 40 off-target sites only increase 0.3%–2.3% indels) was
observed on some previously reported targets in eeCas9-treated cells
compared with Cas9. The specificity of eeCas9 was higher than Cas9
when combined with other strategies to reduce the off-target effect,
such as RNP delivery, usage of hp-sgRNA, or high-fidelity Cas9 var-
iants (Figures 4B–4E). Moreover, no more off-target sites were de-
tected through genome-wide PEM-seq and WGS analysis
(Figures 4F, 6G, and 6H). In this study, we further analyzed the
sgRNA-dependent and -independent off-target events of HMG-D
fused base editors, which were not significantly increased
(Figures 5A–5E). This is a very exciting observation, since the off-
target effect of eeCas9 and its derivatives, including base editors
and epigenetic editors, is able to be avoided through careful design
and analysis of sgRNA.

In summary, we developed a generic approach to improve Cas9-
mediated genome-editing efficiencies, such as gene knockout, precise
HDR, base editing, and epigenetic regulation. Importantly, eeCas9
can be packaged into AAV vectors and exhibits very high activity
in vivo and ex vivo. As lipid nanoparticles-mediated mRNA delivery
has achieved amazing success for the first time in transthyretin
amyloidosis patients,50 the increased size of eeCas9 or eeCas9-based
base editors would not be a concern. eeCas9-based editing tools
exhibit higher activity and comparable specificity and would be
important for both basic research and gene therapy, especially for
those targets inefficiently edited by other Cas9 variants.

MATERIALS AND METHODS
Plasmid construction

Plasmids, sgRNAs, and primer sequences used in this study are listed
in the Tables S1 and S2 and S3–S5. The dsDBD (Table S1), oligonu-
cleotides (Table S2), ssODN (Table S3), and primers (Tables S2, S4
and S5) were synthesized by Azenta (Suzhou, China). Px330
(#42230), BE4max (#112093), and ABEmax (#112095) were pur-
chased from Addgene. The DNA sequence of CjCas9 and
Nme2Cas9 were also synthesized by Azenta. Cas9 variants with
non-NGG PAM compatibility (xCas9, Cas9-NG, SpG, and SpRY)
Figure 5. Evaluation of the off-target effects of eeBE4max and eeABEmax in H

(A) Comparison of on- and off-target efficiencies of BE4max or eeBE4max with sgRNA

FANCF-3, and HBB 02 sites. (B) Specificity metric of eeBE4max and BE4max with diff

indicated target sites. (D) Evaluation of sgRNA-independent DNA off-target efficiencies

sgRNA-independent DNA off-target efficiencies of ABEmax and eeABEmax using an o

editing rate divided by the sum of all off-target editing rates. Data in (A), (D), and (E) rep
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were generated by introducing corresponding mutations via PCR.
Cas9-mediated gene activation tool (dCas9-VPR) was generated by
fusing a synthetic VPR activation domain to catalytically dead Cas9
(dCas9). The eeCas9, its variants, eeCjCas9, eeNme2Cas9, and eed-
Cas9-VPR were generated by fusing HMG-D to the N terminus of
Cas9. The eeBE4max, eeABEmax, and its variants were constructed
by fusing HMG-D to the C terminus of the Cas9n domain of a base
editor. AAV expression plasmids were generated by cloning the cor-
responding sequence into the AAV2 backbone plasmid with two
intact inverted terminal repeats (Table S6). Protein expression plas-
mids were generated by cloning bacterium codon-optimized
sequence into pET-28a. All sgRNA oligonucleotides were annealed
and ligated into BbsI-linearized sgRNA expression plasmid (PB:
U6-sgRNA-EF1a-GFP). PCR was performed using TransStart Pfu
DNA polymerase (TransGene, China), and the standard molecular
cloning experiments were performed using T4 ligase (Beyotime,
China) or a ClonExpress MultiS One Step Cloning Kit (Vazyme,
China).
Cell culture and hematopoietic stem cell differentiation

The HEK293T, HeLa, Hep2, SH-Sy5y, and NIH3T3 cell lines were
purchased from American Type Culture Collection and cultured in
DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco)
and 1% penicillin/streptomycin (Thermo Fisher Scientific, USA).
CD34+ HSCs were enriched from mobilized peripheral blood and
cultured in X-VIVO 15 serum-free medium (Lonza, Switzerland)
supplemented with 100 ng/mL human stem cell factor (SCF) (Pepro-
tech, USA), 100 ng/mL human thrombopoietin (Peprotech), and
100 ng/mL human Flt3-ligand (Peprotech). For the erythroid differ-
entiation assay, 48 h after electroporation CD34+ cells were subjected
to three-phase differentiation. During phase I (0–7 days), cells were
cultured in Iscove’s modified Dulbecco’s medium (Cellgro, USA) sup-
plemented with 330 mg/mL holo-human transferrin (Sigma, USA),
10 mg/mL recombinant human insulin (Sigma), 2 IU/mL heparin
(Sigma), 5% human solvent detergent pooled plasma AB (Beau
Tompkins), 3 IU/mL erythropoietin (Amgen, USA), 1%
L-glutamine (Life Technologies, USA), 1% penicillin/streptomycin
(Thermo Fisher Scientific), 1 mM hydrocortisone (Sigma), 100 ng/
mL human SCF (R&D Systems, USA), and 5 ng/mL human
interleukin-3 (IL-3) (R&D Systems). During phase II (7–11 days)
culturing, hydrocortisone and IL-3 were withdrawn from the me-
dium. During phase III (11–18 days), SCF was withdrawn. Eighteen
days later, cells were harvested for subsequent analysis.

All cells used in this study were cultured in an incubator maintained
at 37�C and 5% CO2.
EK293T cells

plasmid delivery, and BE4max or eeBE4max RNP delivery at EMX1-6, FANCF-2,

erent delivery strategies in (A). (C) Specificity metric of eeABEmax and ABEmax for

of BE4max and eeBE4max via using an orthogonal R-loop assay. (E) Evaluation of

rthogonal R-loop assay. In (B) and (C), the specificity metric is defined as on-target

resent means ± SD (n = 3 independent experiments).
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Figure 6. AAV delivery of eeCas9 for in vivo genome editing

(A) Schematic depicting the experimental procedure to edit Pcsk9 gene in wild-type mice. Two sgRNAs (sg1 and sg2) were selected to target exon 3 and exon 5 of Pcsk9

gene, respectively. (B) sgRNA validation in NIH3T3cells via HTS analysis (n = 3 independent experiments). (C) Schematic diagram of dual AAV vector system for liver-directed

gene editing. MiniCMV, minimal cytomegalovirus; short PolyA, short polyadenylation signal; ITR, inverted terminal repeat. (D) Time course of total serum cholesterol in animals

treated with AAV8-Cas9 or AAV8-eeCas9. n = 6 for sg1, n = 3 for sg2. (E) Indels at Pcsk9-1(n = 6) and Pcsk9-2 (n = 3) targeting sites of Pcsk9 in mice. (F) Analysis of Pcsk9

protein expression in mouse liver by western blot. Psck9 level was determined by densitometry of western blot bands normalized by that of actin in each sample. (G) WGS

analysis of potential off-target of two representative mice (1# and 2#) for Pcsk9-1 target. SNV, single-nucleotide variant; Indels, insertions and deletions. (H) PEM-seq analysis

of the number of off-target sites of two representative mice (1# and 2#) for Pcsk9-1 target. Data represent means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Cell transfection and genomic DNA extraction

For the fluorescent reporter assay, HEK293T cells were seeded onto a
24-well plate and transfected with the mCherry reporter plasmid
(200 ng per well), nuclease plasmids (1,200 ng per well), and sgRNA
plasmid (600 ng per well) at approximately 80% confluence. After 72
h, cells were analyzed by fluorescence-activated cell sorting (FACS)
(BD, USA), and the percentage of mCherry+ cells among the GFP+

cells was calculated. For gene-editing assays, HEK293T cells, HeLa
cells, Hep2 cells, and SH-Sy5y cells were seeded onto 24-well plates
and transfected with nuclease plasmids (1,200 ng per well), sgRNA
plasmids (600ng per well), with or without ssODN (50mM) at approx-
imately 80% confluence. For VPR-mediated transcriptional activation
Molecular Therapy Vol. 31 No 3 March 2023 755
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Figure 7. Efficient base editing with eeA3A-BE3 in CD34+ HSCs

(A) Schematic of the base-editing strategy in the promoter of HBG1/2 and in the enhancer of BCL11A. The core sequence of BCL11A repressor binding site is boxed in red.

The editing C base (C6 and C7 for HBG-2, or C6 and C8 for BCL11A-1620) in windows are boxed in black. The PAM sequence is highlighted in blue. (B) Schematic diagram

of the construct of A3A-BE3 and eeA3A-BE3 proteins. (C) Analysis of C-to-T editing efficiency of eeA3A-BE3 and A3A-BE3 by HTS. (D) Analysis of g-globinmRNA expression

relative to a-globin mRNA by qPCR. (E) Analysis of C-to-T, or -A, or -G base conversion efficiency for A3A-BE3 and eeA3A-BE3 at HBG-2 site and BCL11A-1620 site by HTS.

(F) Analysis the indel efficiency induced by A3A-BE3 and eeA3A-BE3 at HBG-2 site and BCL11A-1620 site. Data represent means ± SD (n = 3 independent experiments).

*p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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assays, HEK293T cells were seeded into 24-well plates and transfected
with Cas9-mediated activator plasmids (1,200 ng per well) and
sgRNA plasmids (600 ng per well) at approximately 80% confluence.
For base-editing assays, HEK293T cells were seeded onto 24-well
plates and transfected with nuclease plasmids (1,200 ng per well)
and sgRNA plasmids (600 ng per well), with or without uracil glyco-
756 Molecular Therapy Vol. 31 No 3 March 2023
sylase inhibitor-expressed plasmid (200 ng per well) at approximately
80% confluence. In all transfection assays, polyethyleneimine (Poly-
sciences, USA) was used according to the manufacturer’s protocol.
Seventy-two hours post transfection the cells were collected, and
genomic DNAwas extracted using the Genomic Extraction Kit (Tian-
gen Biotech, China) according to the manufacturer’s instructions.



www.moleculartherapy.org
Animal experiments

C57BL/6 mouse strains were housed in standard cages and supplied
with sufficient food andwater.All animal experimentswere performed
following East China Normal University Center for Animal Research
approved protocol. AAV8 vectors were packaged in HEK293T cells
and purified by iodixanol density gradient centrifugation. AAV titer
was determined using qPCR. For virus injection, 6-week-old C57BL/
6 wild-type mice were injected with AAV8-Cas9 (or AAV8-eeCas9)
(5 � 1011 genome copies) and AAV8-sgRNA (5 � 1011 genome
copies) via tail vein. To detect the levels of total cholesterol in serum,
mice were fasted overnight for 12 h before blood testing. Serum was
separated by centrifugation and stored at�20�C for subsequent anal-
ysis. At the endpoint of the experiment, mice were euthanized by car-
bon dioxide inhalation and the liver tissue collected.

Serum analysis and immunofluorescence assay

Total cholesterol levels in serum were detected using the Total
Cholesterol Assay Kit (NJJCBIO, China) following the manufac-
turer’s protocol. To detect GFP expression levels of liver tissue using
immunofluorescence assay, liver tissue was collected, fixed with 4%
paraformaldehyde (Sangon, China) for 2 h, embedded with optimal
cutting temperature compound (OCT) (Leica, Germany), and cryo-
sectioned at 4 mm. After removing the OCT by PBS, tissue sections
were stained with DAPI (Sigma, USA) and analyzed by fluorescence
microscopy (Olympus, Japan) following the standard protocols.

Western blot

Cells or smashed liver tissue were lysed with RIPA solution (supple-
mented with proteinase inhibitors) for 30 min on ice, vortexed every
10 min, and centrifuged at 10,000 rpm at 4�C for 10 min to remove
the sediment. The protein solution was quantified using the BCA
kit (Thermo Fisher Scientific). For Cas9 detection, 40 mg/well of total
protein loaded on 8% SDS-PAGE gel, and Cas9 protein was deter-
mined by anti-FLAG (Sigma, #F1804). For Pcsk9 detection, 20 mg/
well of total protein was loaded on a 12% SDS-PAGE gel, and
Pcsk9 protein was determined by anti-Pcsk9 (R&D Systems,
#AF3985). b-Actin protein was taken as a loading control and deter-
mined by anti-b-actin (Cell Signaling Technology, USA, #3700).

Protein purification and RNP electroporation

For Cas9 or base-editor protein purification, corresponding plasmids
were transformed into E. coli strain BL21 (DE3) (TransGen, China),
and a single colony was cultured in 2� TY medium at 37�C until OD
0.8–1.0. The cultures were then cultured at 18�C, induced with
0.2 mM isopropyl b-D-1-thiogalactopyranoside (Sangon, China),
and shaken at 170 rpm for 18 h. Protein purification procedures
were performed at 4�C. Cells were collected by centrifugation and
lysed using a homogenizer in buffer A (20 mM Tris [pH 8.0],
500 mM NaCl, 10% glycerol, 1 mM tris(2-carboxyethyl)phosphine
[TCEP]). Cell lysate was centrifuged at 12,000 rpm for 1 h to remove
cell debris. The supernatant was slowly loaded onto an Ni-NTA col-
umn (GE Life Sciences, USA) and eluted via a linear gradient of 0%–

100% buffer B (20 mM Tris [pH 8.0], 500 mM NaCl, 10% glycerol,
250 mM imidazole, 1 mM TCEP) using AKTA Pure FPLC (GE Life
Sciences, USA). Eluted protein fractions were pooled and subjected
to ion-exchange purification on a 5-mL SP HiTrap column (GE
Life Sciences) with a linear gradient of 100 mM to 1 M KCl, then
further purified by gel filtration (GE Life Sciences) via buffer C
(20 mM Tris [pH 8.0], 500 mM KCl, 10% glycerol, 1 mM TCEP)
and stored in liquid nitrogen. Protein solution was filtered via a
0.22-mm membrane (Millipore, USA) before use.

The Lonza 4D Nucleofector Kit was used for nucleofection according
to the manufacturer’s recommendations. In brief, Cas9 (20 mg) or
base editor (20 mg for HEK293T cells and 90 mg for CD34+ cells) pro-
tein with guide RNA (300 pmol for HEK293T cells and 800 pmol for
CD34+ cells) (Genscript, China) were prepared as RNP complex and
incubated at room temperature for 10 min. The 20-mL electropora-
tion buffer was then prepared according to the V4XP-3032 kit
(Lonza), and cells (HEK293T or CD34+ cells) were resuspended
with the 20-mL electroporation buffer containing the RNP complex.
Electroporation mix was transferred in 16-well cuvettes for electropo-
ration with program EO-100. After electroporation, cells were washed
once using 1� PBS and finally cultured in an incubator at 37�C.

On- and off-target editing efficiency determination

All on-target sites and off-target sites used in this study are listed in
Tables S2 and S4. On- and off-target sites were amplified from 50–
100 ng of genomic DNA from corresponding cell lines or tissues.
PCR was performed with TransStart Fast Pfu DNA polymerase
(TransGene Biotech, China) using site-specific primers containing
an adapter sequence. All primers used in this study are listed in
Tables S2 and S4. The above PCR products were subjected to a second
round of PCR using primers containing unique barcode sequences.
The final PCR products were mixed and purified to generate an
HTS amplification library and sequenced on an Illumina HiSeq plat-
form. The indels (30-bp window surrounding the cut site), HDR, and
base conversions (including C-to-T, A-to-G, or others) in HTS files
were analyzed using Cas-Analyzer and BE-Analyzer (www.
rgenome.net), respectively. The accumulative base-editing efficiency
was determined by calculating the frequencies of modified target sites
with at least one edit within the editing window (positions 3–9 for
CBE and positions 4–8 for adenine base editor).

Total mRNA extraction and qPCR quantification of gene

expression

Total mRNA was extracted from cell or liver sample using RNAiso
Plus (TaKaRa, Japan). The purified mRNA was reverse transcribed
using the PrimeScript RT Reagent Kit (TaKaRa) followed by qPCR
using SYBR Green Master Mix (Yeasen, China) on the QuantStudio
3 real-time PCR system (Applied Biosystems, USA). Targeted gene
expression was normalized to b-actin, and the g-globin expression
was normalized to a-globin. All qPCR primers are listed in Table S5.

Whole-genome off-target analyzed by PEM-seq and WGS

For the PEM-seq assay, first a total of 20 mg of genomic DNA was ex-
tracted from cells or mouse liver samples. The genomic DNA was
then fragmented to 300–2,000 bp by sonication followed by primer
Molecular Therapy Vol. 31 No 3 March 2023 757
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extension with Bst polymerase 3.0 (NEB, USA). Biotinylated PCR
product was enriched by Dynabeads MyOne Streptavidin C1
(Thermo Fisher Scientific). Next, the enriched PCR product on C1
beads was washed with 1� B&W buffer (5 mM Tris-HCl [pH 7.4],
1 M NaCl, 1 mM EDTA) and 10 mM Tris-HCl (pH 7.4) in turn, fol-
lowed by ligating with the bridge adapter containing a random bar-
code sequence by T4 DNA ligase (Thermo Fisher Scientific) over-
night. After ligation, C1 beads were washed twice each with 1�
B&W buffer and 10 mM Tris-HCl (pH 7.4). A library was obtained
by a nested PCR with I5-nested primer and I7-index primer and
then tagged with Illumina adapter sequences. Finally, the library
DNA was sequenced on an Illumina HiSeq platform with
2 � 150 bp reads. For off-target hotspot identification, we excluded
translocation junctions located within ±250 kb around the on-target
cleavage site, identified translocation enriched regions by using
MACS2 callpeak with the parameter –extsize 50 -q 0.05 –llocal
10000000, then filtered and removed sites with no on-target site-
similar sequence (<8 base substitutions) or fewer than three translo-
cation junctions as previously reported.38,39 Moreover, a bona fide
off-target site should be detected in at least two biological replicates.

For the WGS assay, a total of 1.5 mg of genomic DNA was extracted
from the mouse liver samples. The sequencing libraries were gener-
ated by sonication (�350 bp), end-repair, and adapter ligation. These
libraries were sequenced by the Illumina Nova6000 platform at an
average coverage of 30� to 40�. The WGS files were processed
through the Genome Analysis Toolkit to generate the total single-
nucleotide variants (SNVs) and indels. SNVs and indels with less
than three reads or containing homopolymers or near-low-
complexity region were filtered. The candidate off-target sites were
determined by two characteristics, which were “any sequence not
more than six base substitutions of 20-nt target site followed by an
NGG or NAG PAM” and “any sequence matching the last 10 nt of
the target site followed by an NGG or NAG PAM.”
Statistics

All statistics used in this study were performed on at least n = 3 bio-
logically independent experiments and calculated using an unpaired
or paired two-tailed Student’s t test using GraphPad Prism v.7.
Detailed information on samples and experimental replicates can
be found in the figure legends. p values less than 0.05 were considered
significant, denoted as *p < 0.05, **p < 0.01, and ***p < 0.001.
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