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Base editors have substantial promise in basic research and as therapeutic
agents for the correction of pathogenic mutations. The development of
adenine transversion editors has posed a particular challenge. Here we
reportaclass of base editors that enable efficient adenine transversion,
including precise A*T-to-C+G editing. We found that a fusion of mouse
alkyladenine DNA glycosylase (mAAG) with nickase Cas9 and deaminase
TadA-8e catalyzed adenosine transversion in specific sequence contexts.
Laboratory evolution of mAAG significantly increased A-to-C/T conversion
efficiency up to 73% and expanded the targeting scope. Further engineering
yielded adenine-to-cytosine base editors (ACBEs), including a high-accuracy
ACBE-Q variant, that precisely install A-to-C transversions with minimal
Cas9-independent off-targeting effects. ACBEs mediated high-efficiency
installation or correction of five pathogenic mutations in mouse embryos
and human cell lines. Founder mice showed 44-56% average A-to-C edits
and allelic frequencies of up to 100%. Adenosine transversion editors
substantially expand the capabilities and possible applications of base

editing technology.

Human genetic disorders are mainly caused by genetic variants, of
which approximately half are pathogenic single-nucleotide variations
(SNVs)'. Precise DNA sequence conversions can be achieved through
gene editing technologies, such as programmable nuclease-induced
homology-directed repair (HDR), base editing and prime editing’.
HDR is a double-strand DNA break (DSB)-dependent process that is

inefficient in most therapeutically relevant cell types and requires
DNA donor templates. Moreover, DSBs are associated with undesired
side effects, such as P53 activation, large DNA fragment deletions and
chromosomal abnormalities, such as translocations®. Prime editors
are highly versatile and precise tools for genome editing, but their appli-
cationcanbelimited by the need totestavariety of designs to achieve
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efficient editing, especially in primary cells and in vivo* ¢, although
recently described engineered prime editing guide RNA (epegRNA)’
and PE4/5max prime editing systems® have greatly improved prime
editing efficiencies in many living systems.

For some single-nucleotide conversions, base editing remains the
most efficient technology to install base substitutions withoutinduc-
ing DSBs or requiring donor templates. Cytosine base editors (CBEs)
efficiently generate C+G-to-T-A conversions and are composed of a
Cas9 nickase, cytosine deaminase and uracil glycosylase inhibitor (UGI)
to inhibit cytosine transversion side products, including C+G-to-G+C
and C+G-to-A-T, which are induced by the uracil DNA N-glycosylase
(UNG)-mediated base excision repair (BER) pathway®'°. By substitut-
ing the CBE UGI with UNG or DNA repair factors, several C+G-to-G-C
base editors (CGBEs) thatincrease the frequency of cytosine transver-
sion editing were developed that mainly induce C-to-G conversionsin
mammalian cells but C-to-A transversionin Escherichia coli’ . Adenine
base editors (ABEs), composed of Cas9 nickase and laboratory-evolved
TadA deaminases, create A-T-to-G+C conversions with few byproducts.
The productpurity of ABEs canbe very high (=99% from ABE7.10 at some
targets, forexample), likely due to alack of efficient or well-expressed
endogenous DNA glycosylases that initiate BER at inosines to induce
insertions and deletions (indels) and adenine transversions™.

Adenine transversions could play animportantrolein therapeutic
gene correction and other applications for genome engineering. The
ability to make targeted A+T-to-C+G and A<T-to-T+A substitutions could
potentially correct 17% and 8% of known pathogenic SNVs, respectively
(Fig.1a). To date, however, no adenine transversion base editors have
been described'". In addition to corrective gene editing, program-
mable adenine transversions would increase the diversity of outcomes
for mutagenesis-based applications, such as lineage tracing, genetic
screening and molecular evolution. Here we describe the development
of adenine transversion base editors consisting of a Cas9 nickase, the
highly active evolved deoxyadenine deaminase TadA-8e and mouse
alkyladenine/3-methyladenine DNA glycosylase (mAAG) variants.
Through the laboratory evolution of mMAAG and embedding of the
mAAG and TadA-8e in Cas9 nickase, AsT-to-C+G base editors (ACBEs)
were developed that generate efficient and precise A-T-to-C+G con-
version in mammalian cells. ACBEs can install or correct pathogenic
SNVs in mouse embryos or in human cells. The development of
adeninebase transversion editors substantially expands the capabilities
and application scope of base editing.

Results
Screening enzymes for inosine excision
Although nucleotide transitions can be achieved through base deami-
nation, transversion is more complicated and typically requires target
nucleotide replacement. The BER pathway canachieve this replacement
by creation of anapurinic-apyrimidinic (AP) site and subsequent excision
and repair of the lesion in DNA in a mutagenic manner'®”, We hypothe-
sized thatit was possible to achieve target adenine transversion through
(1) programable adenine deamination to generate inosine; (2) removal
of hypoxanthine by a DNA glycosylase to create an AP site or direct exci-
sionofinosine by an endonuclease; (3) repair of the DNAlesion toresult
in pyrimidine substitution; and (4) installation of a nick on the unedited
DNA strand to stimulate DNA repair to retain the mutated nucleotide.
Evolved TadA and Cas9 nickase are capable of mediating the first and
the fourth step, but it is difficult to process a targeted inosine excision
because cellular repair ofinosine intermediates created by ABEs is ineffi-
cient™. We hypothesized that fusion of an active enzyme that catalyzes
inosine excision with an ABE would make the resulting proteinmuch more
capable of processing inosines to mediate adenine transversion (Fig. 1b).
Because in most prokaryotic and eukaryotic species, hypoxanthine
inDNAisremoved either by the alkyladenine DNA glycosylases (AAGs)
orbyendonuclease V through alternative excision repair pathways'®, we
chose nine enzymes for investigation: endonuclease Vfrom £. coli”® and

eight AAGs from different species, including ANPG* and its truncated
human form?, APDG from rat*, AAG from mouse*, MAG from yeast?,
UDG6 from Methanosarcina barkeri*, AAG from Bacillus subtilis*
and AIKA from E. coli*. These enzymes were individually fused to the
C-terminus of Cas9 nickase, resulting in nine constructs named AH1-9
(Supplementary Fig.1). After high-throughput sequencing (HTS) analy-
sis at an endogenous site in human cells, we were excited to find that
four constructs supported up to 8.7% A-to-Y (Y =C or T) transversion
events with an AH4 > AH3 > AH8 » AH1 hierarchy, and low indel events
were observed in all groups except AH5 candidate (Fig. 1c and Supple-
mentaryFig.2a). Although A-to-G transitions weresstill the major product,
it was encouraging to observe programmable adenine transversions
independent of donor templates in human cells. As AH4 exhibited the
highest efficiency, mAAG was selected for further evaluation. By test-
ing fusions of the mAAG in varied orientations within the construct,
we found that AH4 with mAAG on the C-terminus still showed the high-
est adenine transversion activity at the three tested targets, and we
named it AXBE (X = any nucleotide) (Fig.1d and Supplementary Fig. 2b).

Characterization of AXBE in human cells

To further characterize the performance of AXBE in human cells, 26
endogenoussites were investigated. AXBE induced adenine transver-
sions (averaging 14%, with up to 38% at the RUNX1-sg3 site) within a
relatively wide editing window from positions 2 to 12 (with 7-9 as the
major editing window, counting the PAM sequence as positions 21-23)
(Fig.2a). Notably, the proportion of A-to-C edits (averaging 9.7%, with
up to 29%) in the products was 2.5-fold higher on average than that of
A-to-T edits (averaging 4.1%, with up to 9.5%), which was consistent at
individual targets probably due to the intrinsic mechanisms of DNA
repair after inosine excision (Fig. 2a and Supplementary Fig. 3). We
also noticed that AXBE selectively generated A-to-Y edits in specific
positions—for example, transversions occurred at A;and A, but not
A, at PPPIR12C site 15, whereas A-to-G edits were observed at all three
positions (Fig.1d). These data suggest that mAAG might catalyze hypo-
xanthine excision in specific sequence contexts.

To characterize sequence context preferences of AXBE, the effi-
ciency of 93 adenines associated with their sequence context within
these 26 target lociwas further analyzed. We found that adenines prone
totransversion (>10% onaverage) were located withina YA X R(R=A/G)
motifwitha CAG > CAA > TAA > TAG hierarchy, and some other motifs
(CAT, GAA, GAG and AAG) also demonstrated notable editing efficiency
(Fig. 2b,c). These sequence context dependences were further con-
firmed through in vitro enzyme activity assays, which demonstrated
that recombinant mAAG preferentially removed hypoxanthine from
inosine in YIR as well as RIR motifs (Fig. 2d and Supplementary Fig. 4).
These findings suggest that AXBE selectively generates adenine trans-
versions in specific motifs in a manner dependent on mAAG activity,
which is known to be influenced by DNA sequence context®,

Furtherinvestigation of nine additional target sites containing at
least one YAR motif demonstrated that AXBE induced efficient (15-32%)
A-to-Y conversion within the major window (A,-A,), further confirm-
ing that the sequence context was critical for adenine transversions
(Fig. 2e). After analysis of all 28 tested YAR motif targets, we found
that AXBE induced transversion at A,-A,, with the average efficiency
up to 27% on Ag, including 19% of A-to-C edits and 7.7% of A-T-to-T-A
events (Fig. 2fand Supplementary Fig. 5a,b). Similarly to CGBEs", indels
were also observedin AXBE-edited products (Supplementary Fig. 5c).
Additionally, AXBE also induced robust adenine transversions (up to
46%),including A-to-C editing (15-33%) and A-to-T editing (3.8-14%) in
HeLacells, which was even higher thanin HEK293T cells, indicating that
AXBE-induced A-to-Y editing was applicable to different mammalian
celllines (Supplementary Fig. 6a,b).

We found that AXBE induced lower Cas9-dependent and Cas9-
independent off-target edits than ABE8e through HTS analysis of
confirmed or predicted 40 off-target sites’**” and orthogonal R-loop
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Fig.1|3-methyladenine DNA glycosylase-derived base editors mediate
programmable adenine transversions. a, Overview of site-specific base
transitions and transversions induced by reported base editors (unachievable
adenine transversions marked with ‘x’) (left). Distribution of human pathogenic
SNPs needed to reverse diseases in the ClinVar database (accessed 24 May
2021) is shown (right). b, Schematic illustration of the conceptual design to
induce programmed A-to-C/T (left) and a potential molecular mechanism
ofintracellular adenine conversions (right). ¢, Screening of nine candidate
fusion constructs, each composed of nickase Cas9 (nCas9), adenine deaminase
(TadA-8e) and a C-terminal enzyme that could potentially act oninosine, atan

endogenous target site (PD-I-sg4) in HEK293T cells. The enzymes to be screened
in each AH series were: AH1: ANPG from human; AH2: truncated ANPG from
human; AH3: APDG from rat; AH4: AAG (3-methyladenine DNA glycosylase) from
mouse; AH5: endonuclease V from E. coli; AH6: AIkA from E. coli; AH7: UDG family
6 from M. barkeri; AH8: AAG from B. subtilis;and AH9: MAG from yeast. d, Effects
of mAAG orientation of the AH4 construct on adenine transversion at three
endogenous target sites. Incand d, single triangle, diamond and dot represent
A-to-C, A-to-T and A-to-G editing of anindividual replicate, respectively. Data
represent the mean + s.d. of n =3 independent replicates.

assays” (lower efficiency at four of six sites), respectively (Fig. 3a,b).
Notably, AXBE displayed a 90% reduction of RNA A-to-1 off-target
effects, suggesting that mAAG in AXBE decreased the RNA editing

activity of TadA-8e because the protein level of AXBE and ABE8e was
similar (Fig. 3c and Supplementary Fig. 6¢). Because alkylated bases
and hypoxanthine in DNA chain are the only reported substrates, and
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no publications suggest that AAGs can bind or catalyze RNA substrates, mechanismsstillneed furtherinvestigations. These datademonstrated
we speculated that fusion of mAAG to ABE8e disrupted the binding  that AXBE displayed much less off-target effects than ABE8e at both
affinity of deaminase to RNA substrates; however, the detailed the DNAandRNA level.
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Fig.2| Characterization of AXBE in vivo and in vitro. a, Dot plots showing
the distribution of A-to-C and A-to-T editing of AXBE across the protospacers
(PAM s at positions 21-23) from the 26 endogenous genomic lociin HEK293T
cells 3 d after transfection of base editor plasmids. The dashed lines show

the major activity window by AXBE. Each dot represents the mean of three
independent biological replicates. b, Cumulative adenine transversions of AXBE
at 93 NAN motifs from 26 target sites in a with ABE8e as control. Each motif and
corresponding numbers are indicated on the bottom. Each dot represents a
biological replicate (n = 3). ¢, The sequence context of adenine transversions
(>10%) identified by HTS. Sequence conservation at positions from -5 to +5
isshown, with the mutated A at position 0. d, The fraction of inosine excision
mediated by mAAG in vitro. Inosine was embedded in 16 different motifs (NIN)

and incubated with mAAG for 15 min to cleave the 5’ 6-mer fragment of each
oligonucleotide (additional details in Methods). Data represent the mean of two
independent biological experiments. e, Bar plots showing the on-target DNA
base editing frequencies of AXBE and ABES8e at nine additional endogenous
target sites bearing a YAR (Y = C/T, R = A/G) motif. Single triangle, diamond

and dot represent A-to-C, A-to-T and A-to-G editing of anindividual replicate,
respectively. Datarepresent the mean +s.d. of n=3 independent replicates.

f, Average A-to-C, A-to-T and A-to-Y editing efficiencies of AXBE across the
protospacers from 28 endogenous genomic loci bearing a YAR motifinaande.
Corresponding numbers of target sites are listed on the bottom. Data represent
the mean of three biologically independent experiments.

AXBEinduced conversion of adenosine to the other three nucleo-
sides, which could generate more codon variations at agiven target site
than canonical ABEs. A-to-G conversion of the 64 triplet codons could
theoretically generate 122 codon and 32 amino acid variants, whereas
AXBE could induce 558 codon and 147 amino acid variants (Fig. 3d,e
and Supplementary Table 4). This suggests that AXBE substantially
increases the number of variants achievable with a given triplet code
compared to ABEs, indicating that it could be used as a mutator for
molecular evolution, functional genetic screening or generation of
genetic barcodes for lineage tracing.

Structure-guided engineering of mAAG
Next, we sought to use structure-guided laboratory evolution of mAAG
to improve the efficiency, product purity and editing scope of AXBE.
The structure of mAAG predicted by AlphaFold is almost identical to
the experimentally determined structure of human AAG (hAAG, with
Ca root mean square deviation (RMSD) of 0.2 A), and they share high
sequence homology to each other especially within the substrate bind-
ing pocket®. We, thus, harnessed the structure of human AAG in com-
plexwith double-strand DNA (dsDNA) containing an alkylated adenine
(1,N%-ethenoadenine) for reference (Fig. 4a). For the first round of muta-
tionscreening, 15residues that might participate in substrate recogni-
tionor catalyticreaction were selected. For example, E125 (mAAG E145)
is predicted to deprotonate the bound water for nucleophilic attack
onthe substrate glycosylicbond, and atyrosine (Y159 in hAAG or Y179
inmAAG) is predicted to form a hydrogen bond with the backbone of
dsDNA as well as a key t-mt stacking interaction with the flipped base
withintheactive site. Moreover, due to t-electron stacking, AAG likely
recognizes diverse substrate nucleosides through aromatic side chains
in the binding pockets®, and varying the size and hydrophobicity of
the side chains could alter engagement of adenine and inosine by
mAAG variants. In total, 38 variants were individually mutated
to modulate the performance of mMAAG (Supplementary Fig. 7a).
After evaluation of 38 AXBE variants with individual mAAG point
mutations at the FGF6-sg2 target, nine variants with individual muta-
tions at five amino acids (R165, Y179, G183, M184 and Y185) displayed
reduced A-to-G edits and increased A-to-Y efficiency compared to
AXBE (Supplementary Fig. 7a,b). To generate more active variants,
asecond round of screening was performed to increase the diversity
of substitutions on the above five residues and other additional adja-
centresidues. After evaluating 25 variants for editing at the EMXI site,

the AXBE-R165E mutation exhibited the highest editing efficiency and
a4.9-fold Y:G outcome ratio compared to AXBE (Fig. 4b,c). To further
increase AXBE activity, combinational mAAG pair mutations of R165E,
Y179F, G183Q, G183H, M184F, M184W and Y185F were generated and
analyzed. Among the tested 17 combination mutant AXBE variants,
AXBE-R165E-Y179F (AXBE-EF) displayed the highest A-to-Y transversion
efficiency (52.8%), and the A-to-Y versus A-to-G efficiency ratiowas 3.8,
which was 8.7-fold higher than that of AXBE. A-to-C editing was the
major outcome, ~-2.8-fold more frequent than either A-to-G or A-to-T
outcomes (Fig. 4b,c). Similar results were also observed at an addi-
tional target site (CCR5-sgl) (Supplementary Fig. 7c). This suggested
that AXBE containing an mAAG-EF mutation exhibited amuch higher
adenine transversion efficiency. This variant was named AXBEv2.

Expanded targeting scope of AXBEv2 variants

We speculated that increased activity might also lead to an expanded
targeting scope of AXBEV2. In vitro enzyme activity assay suggested
that mAAG-EF recombinant protein displayed a marked enhance-
ment of catalytic velocity with an average cleavage rate of 0.367 min,
whereas that of wild-type mAAG was only 0.056 min™ among
tested motifs (Supplementary Fig. 7d). For example, the activity of
mAAG-EF showed an 11-fold increase on CIG substrates and signifi-
cantimprovement at other motifs, suchas CIC, GIG and GIA, that were
very poorly processed by wild-type mAAG (Fig. 4d and Supplemen-
tary Fig. 7d,e). The R165E + Y179F mutations in mAAG thus markedly
enhanced the catalytic activity and sequence context compatibility
of the glycosylase.

Toinvestigate whether AXBEv2 had expanded targeting scopein
cultured cells, 16 target sites each containing one of distinct 16 NAN
motifs in the major editing window were tested. The average A-to-Y
conversion efficiency of AXBEv2 was 3.2-fold (up to 5.8-fold) compar-
ing to AXBE at all these 16 motifs, whereas the A-to-C efficiency was
increased an average of 3.7-fold (up to 9.8-fold) (Fig. 4e and Supplemen-
tary Fig. 7f). Notably, AXBEv2 was also compatible with PAM-relaxed
SpCas9 variants at all tested targets with variant PAM sequences, such
as SpCas9-NG™ and near-PAMless SpRY??, supporting A-to-Y conver-
sion efficiencies of up to 64% (highest C outcomes with frequencies
of upto43%) and 52% (up to 36% A-to-C edits), respectively (Fig. 4f,g).
These data suggest that AXBEv2 substantially increased A-to-Y trans-
version activity, sequence context tolerance and compatibility with
PAM-relaxed Cas9 variants.

Fig.3| Off-target assessment of AXBE. a, Cas9-dependent DNA on-target and
off-target analysis of cumulative adenine editing frequencies at the indicated
targetsinduced by ABES8e and AXBE using PX458 as control. Mismatched
nucleotidesin off-target sequences are indicated in lowercase letters. Data
represent the mean + s.d. of n = 3 independent replicates. b, Analysis of Cas9-
independent off-target adenine editing at the FGF6-sg2 target site induced by
ABES8e and AXBE using orthogonal R-loop assays (additional details in Methods).
Datarepresent the mean *s.d. of n =3 independent replicates. ¢, Off-target RNA
editingactivitiesinduced by ABE8e and AXBE. Jitter plots from RNA sequencing

experiments showing efficiency of A-to-1 conversion (y axis) 3 d after transfection
of ABE8e, AXBE base editor and GFP control plasmids, respectively (additional
details in Methods). Total number of modified bases is listed at the top. Each
biological replicate is listed on the bottom. d, Amino acid changes can be induced
by ABE (cyan) or AXBE (orange + cyan) with unique conversions in orange.

e, The total number of codon and amino acid changes induced by ABE or AXBE.
ChlIP-seq, chromatinimmunoprecipitation followed by sequencing; GUIDE-seq,
genome-wide unbiased identification of double-stranded breaks enabled by
sequencing.
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Engineering of A-to-Cbase editors
AXBEv2 mediated highly efficient A-to-Y editing with cytosinesas minimize unwanted edits. Because embedding the deaminase of base
dominant products for most target sites, but it alsoinduced A-to-G  editorsinto the Cas9 domain canalter the editing window and increase

edits. We sought to develop ACBEs with a narrower editing window to

a CCR5-s
E glp m PX458
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activity®, we first generated several constructs with TadA-8e and/or
mAAG-EF inserted into the CTD domain of Cas9, because insertion of
deaminase into this position showed higher adenine conversion with
narrow editing window (Supplementary Fig. 8). Almost all constructs
displayed elevated A-to-C efficiency compared to AXBEv2, among
which four constructs (AXBEv2-Ce01/Ce02/Ce07/Ce08) showed ~2-fold
and-~5-foldincrease inthe A;-to-C frequency and a substantial decrease
inA-to-Geditingefficiency at A,and A;compared to AXBEv2 and AXBE,
respectively (Fig.5a). As AXBEv2-Ce07 displayed high A-to-C efficiency
and reduced A-to-G activity, we designated the prototype ACBE.
To further reduce bystander editing, we used our recently evolved
TadA-8e-N108Q deaminase variant, which shows similar activity but
offers anarrowed editing window™*. After introducing N108Qinto the
above four constructs, all bystander edits were substantially reduced,
and AXBEv2-Ce07Q (ACBE-Q) displayed efficient A-to-C editing
but induced only minimal A-to-G editing at A; and A,, (Fig. 5a and
Supplementary Fig. 9a,b).

We compared AXBEs and ACBEs at 13 endogenous targets. ACBE
exhibited amuch higher A-to-C conversion efficiency, averaging 35% (up
to45%)withtransversionefficiency up to73% (Fig. 5b and Supplementary
Fig.9c).Editing activity was enhanced on average four-fold and 1.4-fold
compared to AXBE and AXBEv2, respectively, withasimilar level of indel
events (-14%) (Supplementary Fig. 9d,e). In addition to the activity
increase, ACBE also showed an A-to-C product purity averaging 48% (up
t0 69%), whichwas much higher than AXBE and AXBEv2, averaging 15%
and 39% product purity, respectively (Fig. 5b). We also observed that,
atsome non-YAR motiftargets, ACBE showed higher activity compared
to AXBE or AXBEv2, such as the RUNX1-sg1 (GAG motif) and EGFR-sg22
(GAA motif) (Supplementary Fig. 9¢). Similarly, ACBE-Q displayed
anincreased A-to-C efficiency, averaging 27% (up to 45%) (Fig. 5b,c
and Supplementary Fig. 9c) and broader editing sequence context
(Supplementary Fig. 9f). Compared to ACBE, ACBE-Q had a very steep
and narrow A,-A, editing window leading to greatly reduced bystander
A-to-Gbyproducts (Supplementary Fig. 9¢,g,h), suggesting that ACBE-Q
was more accurate than ACBE. To compare the relative precision ratio of
these two ACBEs, we calculated the ratio of desired single A-to-Creads
divided by all the reads of editing outcomes, including indels of the 12
target sites. ACBE-Q induced much higher ratios of precisely edited
alleles compared to ACBE (averaging 43-fold, ranging from 1.9-fold to
171-fold) (Fig. 5d). Similar results were also obtained in HeLa cells, sug-
gesting that the DNA repair processes responsible for A-to-C editing
outcomes were similar, although the minor differences in efficiency
and purity were observed at distinct target sites of these two cell lines
(Fig. 5e,fand Supplementary Fig. 10). Analysis of Cas9-independent
off-target events via orthogonal R-loop assays revealed that ACBE
(1.2-2%) induced fewer off-targeting edits compared to ABE8e (2.1-7.2%)
atfive of six sites. Notably, the off-target editing of ACBE-Q was lowered
to near-background levels (mean <0.3%) among all evaluated targets,
demonstrating that ACBEs, especially ACBE-Q, enable accurate editing
with minimal Cas9-independent DNA off-targets (Fig. 5g).

Another precision gene editing technology capable of
installing or correcting transversion mutations is prime editing®.

Achieving high levels of prime editing efficiency often requires
optimization of several components, including the lengths and
sequences of primer binding sites and reverse transcriptase tem-
plates, the position of pegRNA and nicking sgRNA protospacers and
the combination of silent and non-silent edits to be made®". Because
prime editing is the state-of-the-art technology to install targeted
A-to-Cconversions, we sought to directly compare ACBEs with a mini-
mally optimized application of the PE4/5max system with epegRNAs”%,
Thirty-six combinations of prime editing parameters were evaluated
at three target sites for precise A-to-C editing, and base conversions
up to 33% (ABL) and 22% (EGFR) were observed, although limited
prime editing was detected at the third target (FBNI) (Supplemen-
tary Fig. 11a). In comparison to the above prime editing strategies,
ACBEs demonstrated significantly higher efficiency in A-to-C edit-
ing (=40% at all the three sites), and ACBE-Q displayed enhanced
Aq-to-Cediting purity (21-40%) (Supplementary Fig. 11). These results
suggest that ACBEs are better suited for installing A-to-C edits with
minimal optimization in an efficient manner at these tested target
sites. As expected, given the unique mechanism of prime editing,
the PE4/5max prime editing strategies yield higher product purities
than ACBEs (Supplementary Fig. 11b), consistent with other compari-
sons between base editors and prime editors>"">, ACBEs offer a more
convenient and efficient option for certain targets, whereas prime
editing offers a higher product purity. Thus, they offer complementary
strengths.

During peer review of this manuscript, a study reported the
independent development of an adenine transversion base editor,
AYBE, by fusion of ABE8e with engineered hAAG (also known as hypo-
xanthine excision protein N-methylpurine DNA glycosylase (MPG))*°.
We directly compared the performance of AYBEv3 with our AXBEv2
and ACBE-Q at six endogenous sites. HTS data revealed that AYBEv3
and AXBEv2 showed asimilar adenine transversion activity in specific
sequence contexts as well as simultaneous A-to-G bystander mutations
(Supplementary Fig.12a). ACBE-Q also showed similar A-to-C activity as
AYBEv3 and AXBEv2, but it greatly reduced A-to-G bystander edits
(Supplementary Fig. 12). These data suggest that variant AAGs
can be applied to adenine base transversion and that ACBE-Q is
advantageous for efficiently converting A-to-C with minimal bystander
A-to-G mutations.

Generation of disease-relevant mouse models

To further evaluate ACBE activity in vivo, we used ACBE-Q to install
precise base conversions in mouse embryos to model human diseases.
Through targeting the splicing acceptor siteinintron 26 of the dystro-
phin gene (Fig. 6a), 94% (30/32) of FO pups contained mutations at
this site, and 70% (21/30) of the mutants harbored A-to-C conversion
with the desired A,-to-C editing efficiency (the rate of reads contain-
ing on-target A-to-C edits among total reads), averaging 56% (up to
99.5%) and purity (the frequency of A-to-C yields divided by adenine
mutation efficiencies) up to 99.8%. Among these 21 mutant pups, only
seven of them had edits on the Ag position, demonstrating that
ACBE-Q also had a narrow editing window in embryos (Fig. 6b-d and

Fig. 4| Evaluation of evolved mAAG in vivo and vitro. a, Crystal structure of
hAAG in complex with DNA containing a1,N®-ethenoadenine lesion (left) and the
substrate binding site of hAAG (right) (Protein Data Bank: 1F4R). For clarity, all
residues are numbered according to their aligned counterpartin mAAG, which
is essentially identical to hAAG for the labeled residues except at L180 (1160
inhAAG). b, Comparison of adenine conversion efficiency of AXBE and AXBE
variants at the EMX1-sg7 site in HEK293T cells using ABES8e as control 3 d after
transfection of conducts. Data represent the mean + s.d. of n = 3 independent
replicates. ¢, Theratio of A-to-Y to A-to-G editing efficiency induced by AXBE
and 26 AXBE variants at the same target in b. An optimal R165E-Y179F variantin
pink was chosen for further evaluation, and original AXBE editor is highlighted
inblue. Datarepresent the mean of three independent experiments. d, The

cleavage activity of mMAAG-WT and mAAG-R165E+Y179F for the indicated motifs
asafunction of time. e, Heat map showing AXBEv2/AXBE fold changes in the
frequencies of A-to-C, A-to-T and A-to-Y editing at 16 target sites with different
NAN motifs in the canonical window, respectively. The specific motif and
corresponding target information are listed on the top with the fold change
values labeled in the box. All data represent the mean of three independent
biological experiments. f,g, The on-target transversion efficiency induced by
AXBEvV2-SpNG and AXBEv2-SpRY using indicated sgRNAs with PAMs, which
are compatible with SpCas9-NG (NGN) and SpCas9-RY (NRN/NYN) variants

in HEK293T cells (ABE8e-SpNG and ABE8e-SpRY as a control). Single triangle
and diamond represent A-to-C and A-to-T editing of an individual replicate,
respectively. Datarepresent the mean +s.d. of n =3 independent replicates.
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Supplementary Fig. 13a-c), and considerable indels (18% on aver-
age) were also observed among the seven pups (Supplementary
Fig.13d). The expression of dystrophin was disrupted in highly mutated

Glycosylase pocket

DNA binding interface

c 400 -
o 8.7x
i)
i
5 2300 4
o=
< g
“w O
5 9 200 -
29
=
& X 100 |
8
o4
K & K 0O K A K QD KKK K RO D KR R0 KKK K
O XM 8
FEEEEICEELSITES
d 100 cis 50 7 TiA = MAAG-WT
S 80+ G 40 4 « RI65E-Y179F
8 60 g 30 4
o 40 o 20 4
X 20 10 A
0 — 0 . . :
0O 5 10 15 20 25 0 20 40 60
Time (min) Time (min)
100 TIG 100 A CIA
S 804 C 80 -
3 3
g 601 g 60
a 40 A a 40+
X 204 20 A
0 — 0 . . . )
0O 5 10 15 20 25 0 10 20 30 40
Time (min) Time (min)
25 4 AlIG 50 GIA
B 204 S 40 -
3 3
g 151 g %0
a 10 - o 204
€ 5| 7 o &
0 ? . : 0 . . )
0 20 40 60 0 20 40 60
Time (min) Time (min)
_ 809 felle] _ 1097 cic
5 60 E 80 7
O 40 S %91
a o 40 1
& 20 £ 201
0 T 0 . . )
0 10 20 30 40 50 0 20 40 60
Time (min) Time (min)
f ABE8e-SpNG (A-to-Y ') AXBEv2-SpNG (A-to-CH, A-to-T")
80
2704
=4 T
el
(5]
—
5
o
>
o
=
<
8

founders, which efficiently transmitted the mutations to the F1
generation (Fig. 6e,f), indicating successful generation of aDuchenne
muscular dystrophy (DMD) disease model.
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Premature stop codons cause numerous genetic diseases and can
alsobeleveraged to terminate gene expression for multiple purposes.
However, in AT-only codons, neither CBEs/CGBEs nor ABEs are able to
generate premature stop codons. We converted TAA into TCA on the
antisense stand to create a TGA stop codon in sense strand to termi-
nate tyrosinase gene transcription in mouse embryos to generate an
albinism disease model (Fig. 6g). ACBE-Q introduced desired A,-to-C
conversions in 13 of 15 FO pups with an efficiency averaging 44% (up
to 75%) (Supplementary Fig. 13e,f). Notably, the A-to-T byproducts on
this TAA target also induced a stop codon to re-enforce the efficiency
of transcriptional termination in the tyrosinase gene, leading to instal-
lation of stop codons in 45% of the alleles on average and an albino
phenotype in founders (Fig. 6h,i). As previous reports showed that
base transversion by prime editors was inefficientin primary cells and
mouse embryos*’, our datademonstrated that ACBE-Q could generate
highly efficient and accurate A-to-C transversion in vivo and expand
the range of base editor for generation of premature stop codons at
AT-only sites.

Installation and correction of SNVs with ACBEs

As A-T-to-C-G conversion can, in principle, reverse the second most
common class of pathogenic SNVs (Fig. 1a), ACBE and ACBE-Q were
evaluated to either mimic or correct pathogenic variants in human
cells. To further examine ACBEs for generation of stop codons in an
AT-rich sequence context, we tried to convert TAA into TCA on the
antisense stand to create a TGA stop codonin the sense strand, which
would terminate SH3TC2 gene transcription to mimic Charcot-Marie—
Tooth disease (accession: VCV001030852.1) in human cells. As A-to-T
byproducts on this TAA target also create termination codons on the
opposite strand, ACBEs generated premature stop codonin 63% of the
alleles, among which 51% were A-to-C edits (Fig. 6j and Supplementary
Fig.14a). ACBE-Qwas also able to precisely install a desired A-to-C muta-
tion eliciting L618R missense substitutionin MYO7A gene causing Usher
syndrome type 2 (ref. 37) with 31% efficiency (Fig. 6k and Supplementary
Fig.14b). Toinvestigate the therapeutic potential of ACBEs, astable cell
line containing atarget sequence of ¢.1145G > T in STAT3, which causes
recurrent infectious disease®®, was generated. Both ACBE and ACBE-Q
introduced the desired A-to-C corrections with over 40% efficiency at
thetargetsite (Fig. 61and Supplementary Fig.14c). These datashowed
that ACBEs can generate efficient A-to-C conversions to either mimic or
correct pathogenic SNVs. Due toits narrower editing window, ABCE-Q
offers fewer bystander edits, which can be useful for diverse applica-
tions (Supplementary Fig. 14b,c), including potential correction of
pathogenic mutations for therapeutic applications.

Discussion

Base editing technology enables highly efficient and programmable
nucleotide conversions without requirement of donor templates and
induction of DSBs. Previously reported base editors, including CBE,

CGBE/GBE and ABE, can generate eight different types of base conver-
sions, but the other four types of base substitutions (A-to-C, A-to-T,
T-to-Aand T-to-G) have not been achieved through base editing (Fig. 1a).
This study describes the development and characterization of a
series of base editors that mediate adenine transversions, including
an ACBE architecture (ACBE-Q) that is capable of catalyzing efficient
andselective A-T-to-C-G base transversions in distinct human cell lines
and in mouse embryos, suggesting their broad application scenarios
of variant cell types.

The critical steps to generate adenine transversions are adenine
deamination and subsequent removal of hypoxanthine by DNA glyco-
sylase. However, endogenous AAGs are inefficient or have difficulty
accessing and catalyzing removal of target inosines, because their opti-
mal substrates are alkyladenosines. For example, the AAG homologue
in E. coli has an 84-fold weaker K, and an even poorer (-70,000-fold)
catalytic efficiency (k./K.,) toward inosine versus alkyladenosine.
Several studies have attempted adenine transversion base editing via
ectopic expression or fusion of hAAG with ABEmax or ABE8e in human
embryonic stem cells or in plants but did not observe A-to-Y edit-
ing**°. After fusing nine enzymes with hypoxanthine excision potential
with ABE8e to increase their accessibility to substrate inosines, only
DNA glycosylases from mouse, rat and B. subtilis supported detected
adenine transversions, with hAAG possessing marginal activity to
stimulate A-to-Y conversions (Fig. 1c). Low hypoxanthine glycosylase
activity of hAAGs might be the reason why previous studies failed to
detectadeninetransversions. Through extensive molecular evolution
of hAAG, Yang et al.>® successfully developed an adenine transver-
sion base editor, AYBE, indicating that variant AAGs can be applied to
induce adenine transversion. Through direct comparation, our AXBEv2
exhibits similar activity with AYBEv3 (Supplementary Fig. 12a). Due
to high bystander A-to-G editing, the major utility of adenosine trans-
version editors is hyper-mutagenesis-based applications. Further
evolution of AAGsis very important to expand the targeting scope and
efficiency of adenine transversion editors.

Both AXBE and AYBE are not suitable to generate base conversions
at specific positions due to bystander adenosine conversions, which
severely limits their applications, such as generation of disease model
and gene therapy. We found that introducing an N1I08Q mutation
in TadA-8e greatly reduced bystander AsT-to-G+C editing’*, and the
ACBE-Q variant showed much higher accuracy than ACBE (averaging
43-fold) to obtain desired single A-to-C yields efficiently (Fig. 5d).
Additionally, introduction of the N108Q mutation markedly reduced
Cas9-independent DNA off-target editing to near-background levels
(Fig.5g).Based on our observation that RNA off-target editing of AXBE
reduced to 10% of that achieved with ABE8e (Fig. 3¢), we speculate
that AXBEv2 induces similar or fewer RNA off-target edits compared
to AXBE because the higher glycosylase activity of mAAG-EF prob-
ably results in fewer RNA edits. Additionally, ACBE-Q was developed
through two known strategies to reduce RNA off-targeting effects:

Fig. 6 | Applications of ACBEs in mouse embryos and humancells. a, The
target sequence of the splicing acceptor site inintron 26 of the mouse Dmd gene
(the ‘ag’ sequence and PAM are in black). The desired A6 (green)-to-C (blue)
transversion is shown. b, Sanger sequencing chromatograms of DNA from
wild-type (Wt) and representative FO mice injected with ACBE-Q mRNA and
sgRNA targeting the Dmdssite. ¢, Genotyping of representative FO pups treated
with ACBE-Q mRNA. The frequencies of mutant alleles were determined by

HTS. d, Desired A6-to-C transversion frequencies of A-to-C founders generated
by ACBE-Q. Data represent the mean + s.d., and each data point represents an
individual mouse (n = 21). e, Immunofluorescence staining of tibialis anterior
muscle tissues from 5-week-old Wt and founder (D02) mice. Dystrophin or
lamininisindicated in red, with nucleiin blue. Histological analysis images are
representative of threeindependent experiments. Scale bars, 50 pm. f, HTS
alignments of mutant sequences from F1generated by mating founder DO7 ()
with D10 (&). g, The target DNA and corresponding amino acid sequence in exon
1ofthe mouse Tyrgene. The target A-T pair and corresponding amino acid are

highlighted in orange. h, Datarepresent the mean + s.d., and each data point
represents an individual mouse (n =14). i, The albino phenotype of FO pups by
ACBE-Qinjection. The photo on the top shows Wt and founder (T14) miceat 7 d
old, whereas the bottom was taken at 14 d old. j, Ratio of HTS reads containing
the stop codons introduced by the indicated editors for the disease-relevant cell
model (SH3TC2¢.383T > G). The desired A is marked in orange. Data represent the
mean +s.d. of n=3independent replicates. k, Generation of A-to-C conversion
of the disease-relevant cellmodel by ACBE or ACBE-Q (MYO7A c.1853T > G).

1, Correction of pathogenic mutations by ACBE or ACBE-Qin a target-integrated
stable cellline (STAT3¢.1145G > T). The desired A is marked in orange, and the
firstline marked with an asterisk indicates desired alleles. In k and 1, the allele
frequencies were determined by HTS. The target adenines in orange indicate the
pathogenic mutations. The desired transversion patterns marked with asterisks
areshowninthe top, and corresponding values are highlighted with pink boxes.
Datarepresent the mean of three biologically independent experiments.
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embedding the deaminase into Cas9n and introducing the N108Q
mutation in TadA-8e***. Therefore, we think that ACBE-Q will induce

is highly efficient and accurate in mouse embryos with up to 100%
A-to-C frequency (Fig. 6¢,d,h and Supplementary Fig. 13b,e,f), sug-

background levels of RNA edits. We also demonstrated that ACBE-Q  gesting its potential to support a wide range of in vivo applications.
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Although reducing the deaminase editing window could increase the
purity of CGBEs", ACBE-Q did not significantly increase in AsT-to-C+G
product purity (Fig. 5a,b). This difference between CGBEs and ACBEs
may arise from the difference in DNA repair mechanisms between
adenine and cytosine deamination outcomes, especially the large
difference in endogenous DNA glycosylase activity on uridine and
inosine. Additional dissection of the DNA damage repair mechanisms
involved ininosine excision, similar to our previous study on CGBEs®,
may suggest strategies to further increase the efficiency and product
purity of adenine transversion editors.

Adenine base transversion editors could be used for awide range
of applications. As AXBEs can access up to 558 codon and 147 amino
acid alterations (with 436 codon and 115 amino acid alterations that
are unique compared to other editors) (Fig. 3d,e and Supplemen-
tary Table 4), they may serve as a useful tool for laboratory evolu-
tion, genetic screening and lineage tracing, especially if combined
withadualbase editing strategy*. As TadA-8e and mAAG are compat-
ible with PAM-relaxed Cas9 variants to expand the targeting scope
of A-to-C editing, generation of ACBEs based on other CRISPR-Cas
systems would further broaden the targeting range and potentially
correctawide range of C-G-to-A-T pathogenic SNVs, which represent
the second most common category of known human pathogenic
SNVs (Fig. 1a). As a prototype of base editor to induce A-to-C con-
version, the product purity and efficiency of ACBEs are not perfect,
but they are potentially used to correct SNVs to ameliorate many
genetic diseases. For example, we and others have shown that about
10% of correction in hepatocytes can ameliorate certain liver meta-
bolic diseases and hemophilia (such as phenylketonuria***, ornithine
transcarbamylase (OTC) deficiency-caused hyperammonemia** and
hemophilia B***®). All these diseases have reported C+G-to-A«T patho-
genic SNVs (obtained from the ClinVar database’) that can potentially
be corrected by ACBEs. Because natural adenosine deamination and
hypoxanthine excisionin DNA are very inefficient inmammalian cells,
our ACBEs also provide unique tools for probing the mechanism of
how specific abasic sites opposite thymine are repaired, which could
lead to further improvements of adenosine transversion editors.
The development of AXBEs and ACBEs thus substantially expands
the capabilities of base editing for both basic research and potential
therapeutic applications.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Plasmid construction

The primers and oligonucleotides used in this study are listed in Sup-
plementary Table 2. Plasmid DNA sequences are listed in Supplemen-
tary Table 1. ABE8e (138489), lentiCRISPR v2 (52961) and pCMV-PE2
(132775) plasmids were purchased from Addgene. New base editor
plasmids were constructed using a previously published method*..
In brief, DNA fragments were amplified using PrimeSTAR Max DNA
Polymerase (TaKaRa) and assembled with a ClonExpress MultiS One
Step CloningKit (Vazyme) according to the manufacturer’s protocol.
Codon-optimized AAGs, endonuclease V and MLH1dn sequences for
human cell expression were synthesized (GENEWIZ). PEmax archi-
tecture employing a human codon-optimized RT and an additional
C-terminal c-Myc NLS with R221K/N394K mutationsin SpCas9 was con-
structed. The codon-optimized MLH1dn sequence was co-expressed
with pCMV-PEmax using a P2A sequence for the PE4max construct. AH
candidates were constructed by attaching human codon-optimized
AAGs and endonuclease V to the C-terminal of ABE8e vector back-
bone. A series of AXBE variants introduced individual or combina-
tional mutations and were constructed by site-directed mutagenesis
using aPCR-based method. The SpCas9 variants nCas9-NG (D10A) and
nCas9-RY (D10A) were synthesized (GENEWIZ) and constructed to
obtain ABE8e-SpNG, ABE8e-SpRY, AXBEv2-SpNG and AXBEv2-SpRY.
Engineered ACBE constructs were generated by inserting TadA-8e/
TadA-8e-N108Q and mAAG (R165E-Y179F) inside SpCas9 with different
combinations. AYBEv3 was constructed by integrating the synthesized
fragmentincluding corresponding mutations at the hAAG (GENEWIZ)
based on ABE8e. For construction of sgRNAs, a pair of oligonucleotides
were annealed from 95 °C down to room temperature and ligated into
Bbsl-linearized U6-sgRNA(sp)-EF1a-GFP (Thermo Fisher Scientific).
Plasmids formammalian expression of epegRNAs containing the spacer
sequence, flip and extension’ (F+E) sgRNA scaffold, 3’ extension and
tevoPreQ, motif were cloned using Golden Gate assembly as previously
reported’. A lentiviral transfer plasmid was constructed by cloning a
150-bp fragment associated with a C-G-to-A-T disease-associated gene
from the ClinVar database into a modified lenti-vector (lentiCRISPR
v2). Antibiotics were used at the following working concentrations:
ampicillin, 100 pg mI™, and kanamycin, 50 pg ml™. Plasmids used for
further transfection were isolated using the TIANprep Mini Plasmid
Kitaccording to the manufacturer’sinstructions.

Cell culture and transfection

Human HEK293T cells (American Type Culture Collection (ATCC),
CRL-3216) and HeLa cells (ATCC, CCL-2) were cultured in DMEM (Gibco)
supplemented with10% (v/v) FBS (Gibco) and 1% (v/v) penicillin-strep-
tomycin. All cell types were maintained at 37 °C with 5% CO, and pas-
saged every2or3 d.HEK293T cells or HeLa cells were seeded in 24-well
plates (Corning) and transfected at 70-80% confluence. For base edit-
ing, 750 ng of base editor plasmid and 250 ng of sgRNA plasmid were
co-transfected into HEK293T cells or HeLa cells using polyethyle-
neimine (PEI, Polysciences) following the manufacturer’s protocol. For
prime editing, 750 ng of PE4max plasmid, 250 ng of epegRNA plasmid
and 83 ng of nicking sgRNA plasmid (for PESmax) were co-transfected
into HEK293T cells using PEI. For Cas9-independent off-target evalu-
ation, the orthogonal R-loop assay was modified by dSaCas9-sgRNA
plasmid. Similarly, 300 ng of SpCas9 sgRNA plasmid, 400 ng of base
editor plasmid (ABE8e, AXBE, AXBEv2, ACBE or ACBE-Q) and 300 ng
of dSaCas9-sgRNA plasmid were co-transfected into HEK293T cells
using PEL For the RNA sequencing experiment, HEK293T cells were
seeded in10-cm dishes and transfected with 25 pg of Cas9n-P2A-GFP,
ABE8e-P2A-GFP and AXBE-P2A-GFP plasmids using PEI.

Genomic DNA extraction and amplification
HEK293T cells or HeLa cells transfected after 72 h were washed with 1x
PBS and digested with 0.25% trypsin (Gibco) for fluorescence-activated

cellsorting (FACS). Positive cells with green fluorescent protein (GFP)
were collected, and the genomic DNA was extracted using QuickExtract
DNA Extraction Solution (Epicentre) according to the manufacturer’s
recommended protocol. The extraction solution was incubated at 65 °C
for 6 min and then at 98 °C for 2 min. To obtain genotype of modified
mice, genomic DNA for PCR was extracted from tail tips of newborn
mice using the One Step Mouse GenotypingKit (Vazyme) based on the
manufacturer’s instructions. The extraction solution was incubated
at 55 °C for 30 min and then at 95 °C for 5 min. To assess gene editing
efficiency, genome loci of interest were amplified with site-specific
primers (Supplementary Table 2) using KOD-Plus-Neo DNA Polymer-
ase (Toyobo) or DNA Polymerase in the One Step Mouse Genotyping
Kit (Vazyme).

Westernblot assay

The western blot assays were performed as previously described®’.
In brief, HEK293T cells were cultured in six-well plates (Corning) and
transfected with 3.75 pg of Flag-tagged base editor plasmids. Three
days after transfection, cells were lysed using RIPA buffer with pro-
teinase and phosphatase inhibitors (Calbiochem). The total protein
samples were boiled and quantified using the BCA Protein Assay Kit
(Thermo Fisher Scientific). Then, 20 pg of total protein was loaded per
wellinto a15-well 8% SDS-polyacrylamide gel for electrophoresis and
transferred to nitrocellulose membranes (Millipore). Subsequently,
the membranes were blocked with 5% BSA for 1 hat room temperature
andincubated with different primary antibodies separately overnight,
including anti-tubulin (1:5,000 dilution, Abcam, ab210797) and the
anti-Flag (1:10,000 dilution, Sigma-Aldrich, F1804). Then, the mem-
branes were incubated with goat anti-rabbit IgG H&L (IRDye 8O0CW,
1:10,000 dilution, Abcam, ab216773) or anti-mouse IgG H&L (Alexa
Fluor 488, 1:10,000 dilution, Abcam, ab150113) for 1 h and then visu-
alized using an Odyssey imager. Uncropped blots are shown in Sup-
plementary Fig.15.

RNA sequencing experiments

Seventy-two hours after transfection, HEK293T cells were washed with
1xPBS and digested with 0.25% trypsin (Gibco). Around 400,000 cells
with the top 15% GFP-positive signal were collected through on a FAC-
SArialll (BD Biosciences). FACS gating data were collected using FACS-
Divaversion 8.0.2 (BD Biosciences). mMRNA was prepared according to
thestandard protocol. Atotal of 3 ug of RNA per sample was adopted as
input material to get preparations for the sample. Sequencinglibraries
were generated with the NEBNext Ultra RNA Library Prep Kit for Illu-
mina (New England Biolabs) following the manufacturer’sinstructions.
Sequencelibrary was purified (Agencourt AMPure XP Beads), and the
quality was evaluated on a Bioanalyzer (Agilent High Sensitivity Chip).
According to the manufacturer’s instructions, index-coded samples
were clustered by a cBot Cluster Generation System using TruSeq PE
Cluster Kit v3-cBot-HS (Illumina). After cluster generation, the library
was sequenced onanllluminaNovaSeq 6000 platform,and125-150-bp
paired-end reads were obtained.

Transcriptome-wide RNA analysis

The analysis of RNA sequencing data was performed as previously
reported*®. For the RNA sequencing analysis, clean data were obtained
from raw data of FASTQ format by removing adapter and trimming
low-quality base with Trimmomatic. At the same time, the Q20, Q30
and GC contents of the clean datawere calculated. All the downstream
analysis was based on the clean data. Paired-end clean reads were
aligned to the reference genome (Ensembl GRCh38) withindex added
using Hisat2 version 2.0.5. We selected Hisat2 as the mapping tool
because Hisat2 can generate a database of splice junctionsbased on the
gene model annotation file and can, thus, produce a better mapping
result than other non-splice mapping tools. GATK (version 4.0) software
was used to perform single-nucleotide polymorphism (SNP) calling.
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Variant loci of ABE8e or AXBE overexpression were filtered to exclude
sites without high-confidence reference genotype calls of the control
experiment. The read coverage for a given SNV in the control group
should be more than 90th percentile of the read coverage across all
SNVsin the corresponding overexpression experiment. Additionally,
these loci were required to have a consensus of at least 99% of reads
containing the reference allele in the control experiment. RNA edits
in Cas9n-P2A-GFP control were filtered to include only loci with more
than 10 reads and with more than 0% of reads containing an alternate
allele. Base edits labeled as A-to-1 comprise A-to-l edits on the positive
strand as well as T-to-C edits on the negative strand.

Protein preparation

Wild-type and mutant mAAG (enzymatic domain) were cloned into
pMCSG7, separately. The protein was then expressed in £. coli BL21 strain.
Cells were grown at 37 °C until culture density OD,, reached 1.2. The
culture was cooled down to 20 °C and induced with 0.4 mM IPTG for
16 h. The cells were harvested by centrifugation at 1,500g per minute
for 50 min and lysed by a high-pressure homogenizer. Cell debris was
removed by centrifugation, and the soluble fraction was applied onto
anNi-affinity column. The columnwas washed thoroughly with20 mlof
washbufferl (20 mM Tris pH7.5,1 M NaCl, 25 mMimidazole) and 20 ml of
wash buffer2 (20 mM Tris pH7.5,500 mMNaCl, 30 mMimidazole), which
lately eluted with 15 ml of elution buffer 20 mM Tris pH 7.5,500 mM Nacl,
300 mM imidazole). Finally, the protein was purified by size-exclusion
chromatography using a Superdex 75 column equilibrated with20 mM
HEPES pH 7.5,150 mM NaCl and 0.1 mM TCEP. The protein was pure
whenanalyzed by SDS-PAGE. The protein was concentrated to4 mg ml™.

Invitro DNA glycosylase activity assay

The DNA oligonucleotides containing hypoxanthine were 3’-end
labeled with FAM (Supplementary Table 3). Each reaction contained
0.5 nMsubstrate DNA and 4 pg of purified glycosylase. The incubations
were carried outin buffer containing20 mM HEPES pH 7.5,100 mMKClI,
1mMDTTand2 mMEDTA at 37 °C for the indicated time. After incuba-
tion, NaOHwas added to 0.15 M, and each reaction was raised to 95 °C
for 15 min to break abasic sites. Later, HCl was added to the samples
until the pH was adjusted to 6-10. Lastly, proteinase K was used; the
reaction was treated at 55 °C for 1 h to separate DNA glycosylase and
DNA; and 20% denaturing polyacryamide gel was used to separate
the product from the substrate. Relative catalytic rate was analyzed
by images taken on a Chemiluminescence Imaging System (Bio-Rad).

Preparation of sgRNA and mRNA

Chemically modified sgRNA was synthesized by GenScript. mRNA
preparation was performed as previously described*”*. In brief,
ACBE-Q coding region with T7 promoter was amplified by PCR using
primer T7-mRNA (ACBE-Q)-F and -R as follows. T7-ACBE-Q PCR product
was transcribed with anin vitro RNA transcription kit (mMMACHINE T7
ULTRAKit, Ambion) following the manufacturer’sinstructions. ACBE-Q
mRNA was eluted in nuclease-free water and stored at -80 °C.

Primers Primer sequence (5'-3')

T7-mRNA (ACBE-Q)-F  GCCGCGATCACTAATACGACTCACTATAGGGAGAGCCGC

T7-mRNA (ACBE-Q)-R

CTAGACTTTCCTCTTCTTCTTGGGCTCGAATTCG

Animals and microinjection of zygotes

Animal manipulation was consistent with a previous report®. All
animal experiments met the regulations drafted by the Association for
AssessmentandAccreditationofLaboratory Animal CareinShanghaiand
were approved by the Experimental Animal Welfare Ethics Committee
of East China Normal University (license number ARXM2022042).
C57BL/6) and ICR mice used asembryo donors and foster mothers were
housedinstandard cagesin aspecific pathogen-free (SPF) facility under

al2-hdark/lightcycle. For microinjection, the preparations, including
superovulation, and the embryo collection were described in keeping
witha previousreport*. The mixture of ACBE-Q mRNA (200 ng pl™) and
sgRNA (100 ng pl™) was diluted in nuclease-free water and injected into
cytoplasm using an Eppendorf TransferMan NK2 micromanipulator.
Injected zygotes were transferred into pseudopregnant female mice
immediately afterinjection or after overnight culture in KSOM medium
at37°Cunder 5% CO,inair.

Immunofluorescence staining

Tibialis anterior muscle of about 5-week-old wild-type or Dmd mutant
micewasfrozeninliquid-nitrogen-cooledisopentane and then embed-
dedin OCT compound and kept frozenin liquid nitrogen. Forimmuno-
fluorescence staining, the transversal sections (5-10 pm) were washed
twice with PBST for 3-5 min. After blocking with 5% BSA for 40 min, the
tissue sections were incubated with specific antibodies, respectively,
overnight at4 °C. Dystrophinor laminin proteins were detected witha
1:500 dilution of anti-dystrophin antibody (Abcam) or a1:500 dilution
of anti-laminin antibody (Abcam), respectively, and the nuclei were
stained with DAPI (Sigma-Aldrich). After washing twice with PBST for
3-5min, antibodies were detected by 1:1,000 dilution of Alexa Fluor
594 donkey anti-rabbit secondary antibody. Images were obtained by
aLeica DMI4000B fluorescence microscope.

Creating stable cell line of disease model

To package lentivirus for generating a stable cell line, HEK293T cells
were seeded into a 24-well plate. After 12-16 h, 300 ng of transfer
plasmid (Lenti STAT3 (c.1145G > T)-EF1a-DsRed-P2A-puro), 300 ng of
pMD2.G and 300 ng of psPAX2 were co-transfected using PElat 80-90%
confluency according to the manufacturer’sinstructions. Eight hours
after transfection, the medium was changed. Viral supernatant was
harvested and centrifuged at 12,000 r.p.m. for 5 min to remove cellular
debris 48 hafter transfection. For construction of astable cell line, 50 pl
offfiltered viral supernatant was added into a12-well plate cultured with
HEK293T cells of approximately 40-50% confluency. Twelve hours
after transfection, the mediumwas changed. After1 pg pl™ puromycin
(Sangon) selection for 3 d, cells were harvested from the well with the
fewest surviving colonies to ensure single-copy integration and were
further cultured for transfection.

Next-generation sequencing and data analysis

The second PCR amplifications were performed with primers contain-
ing an adaptor sequence (forward 5’-GGAGTGAGTACGGTGTGC-3’;
backward 5’-GAGTTGGATGCTGGATGG-3’) and diverse barcode
sequences at the 5’ end. The resulting HTS libraries were pooled
and purified by electrophoresis with a 1.5% agarose gel using HiPure
Gel Pure DNA Mini Kit (Magen) eluting with 60 p of water and then
sequenced on an lllumina HiSeq X Ten platform. To assess base edit-
ingefficiencies, the A-to-C, A-to-T, A-to-G efficienciesand indelsin the
HTS data were analyzed using BE-Analyzer®. To assess prime editing
efficiencies, A-to-C efficiencies and indels in the HTS data were ana-
lyzed using CRISPResso02 (ref. 52). For base editing, base editing effi-
ciencies were calculated as: base substitution reads divided by total
reads. Purities were calculated as: percentage of (the reads of A-to-C
edits) / (the reads of adenine edits without indels). Indel frequencies
were calculated as: percentage of (the reads of indels) / (total reads).
For prime editing, A-to-C substitution frequencies were calculated
as: percentage of (the reads of intended edits without indels) / (total
reads). Purities and indels were calculated the same as base editing.

Statistical analysis and reproducibility

Dataare presented as mean + s.d. fromindependent experiments. All
statistical analyses were performed on n =3 biologically independ-
ent experiments unless otherwise noted in the figure captions, using
GraphPad Prism version 9.3.1 software.
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Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

HTS data have been deposited in the National Center for Biotech-
nology Information (NCBI) Sequence Read Archive under accession
codes PRJNA954164, PRJNA954271 and PRJNA954456 (refs. 53-55).
RNA sequencing datahave been depositedinthe NCBISequence Read
Archive under accession code PRJNA954055 (ref. 56). Source data for
Figs.1-6 and Supplementary Figs. 1-15 are presented with the paper.
Thereare norestrictions on dataavailability. Source data are provided
with this paper.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code

Policy information about availability of computer code

Data collection  Targeted amplicons sequencing data were collected and demultiplexed by an Illumina HiSeq X Ten instrument.
RNA-seq data were collected and demultiplexed by an Illumina NovaSeq 6000 instrument.
FACS gating data were collected on a FACSAria IIl (BD Biosciences) using FACSDiva version 8.0.2 (BD Biosciences).

Data analysis High-throughput sequencing data were analyzed by BE-Analyzer (http://www.rgenome.net/be-analyzer/#!) (Hwang G-H et al, BMC
Bioinformatics, 2018) or CRISPResso2 (http://crispresso.pinellolab.partners.org/) (Clement, K. et al.Nat Biotechnol, 2019) for base editing
(A>C, A>T and A>G), prime editing (A>C) and indel efficiencies.
Potential DNA off-target sites for ABESe and AXBE were predicated using Cas-OFFinder web (http://www.rgenome.net/cas-offinder/).
RNA-seq data were analyzed using Hisat2 v2.0.5 and GATK (v4.0) software.
GraphPad Prism 9.3 was also used to analyze data.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- A description of any restrictions on data availability
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HTS data have been deposited in the NCBI Sequence Read Archive database under accession codes PRINA954164, PRINA954271 and PRINA954456. RNA-seq data
have been deposited in the NCBI Sequence Read Archive database under accession code PRINA954055. There are no restrictions on data availability.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. Experiments were performed in biological triplicate n=3 unless otherwise
noted. Sample sizes were chosen based on standards and precedents in the field/ literature that have been carried out in the past, to obtain
statistically significant data.

Data exclusions  No data were excluded from the analysis.

Replication Three independent biological replicates were performed on different days. All replications were successful.

Randomization  Samples were randomly distributed into groups.

Blinding Investigators were not blinded to group allocation in this research since experimental conditions were evident and all samples of treatment
were consistent throughout experiments.

Reporting for specific materials, systems and methods
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
X Antibodies XI|[] chip-seq
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Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Antibodies

Antibodies used Anti-laminin (Abcam, ab11575) (1:500 for Immunofluorescent staining).
Anti-dystrophin (Abcam, ab15277) (1:500 for Immunofluorescent staining).
Donkey Anti-Rabbit IgG H&L (Abcam, ab150076) (1:1000 for Immunofluorescent staining).
Anti-tubulin(Abcam, ab210797) (1:5,000 for western blotting).
Anti-Flag(Sigma, F1804)(1:10,000 for western blotting).
goat anti-rabbit IgG H&L (Abcam, ab216773) (1:10,000 dilution for western blotting).
goat anti-mouse 1gG H&L (Abcam, ab150113) (1:10,000 dilution for western blotting).

Validation The laminin antibody has been validated by mouse anterior tibialis (https://www.abcam.cn/laminin-antibody-ab11575.html).




Validation The dystrophin antibody has been validated by mouse triceps muscle (https://www.abcam.cn/dystrophin-antibody-ab15277.html).
The tubulin antibody has been validated by western blot in HEK293T cells (https://www.abcam.cn/tubulin-antibody-epr13796-
loading-control-ab210797.html).

The Flag antibody has been validated by western blot in HEK293T cells (https://www.sigmaaldrich.cn/sigma/f1804).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) HEK293T cells (purchased from ATCC CRL-3216) and Hela cells (purchased from ATCC CCL-2).
Authentication Cells from ATCC were undergone authenticated manufacturers by STR profiling.
Mycoplasma contamination All cell lines used were tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6J, ICR mouse strain purchased from Shanghai Laboratory Animal Center were housed in standard cages at 20-22°C with
40-60% humidity in specific pathogen-free facility (SPF) under a 12h dark-light cycle with ad libitum access to food and water. 4-6
week-old female wild-type C57BL/6) mouse and 6-12 week-old female wild-type ICR mouse strain were used as embryo donors and
foster mothers, respectively. Dmd mutant founders (#D02, #D03, #D04, #D07, #D11, #D15, #D18, #D20, #D21, #D23, #D24, #D29)
were 5 week-old female. Dmd mutant founders (#D01, #D05, #D06, #D09, #D10, #D12, #D13, #D14, #D16, #D17, #D22, #D25, #D26,
#D27, #D28, #D30, #D31, #D32) were 5 week-old male.

Wild animals No studies with wild animals were performed.
Field-collected samples  No studies with field-collected samples were performed.
Ethics oversight All animal experiments conformed to the regulations drafted by the Association for Assessment and Accreditation of Laboratory

Animal Care in Shanghai and were approved by the Experimental Animal Welfare Ethics Committee of East China Normal University
(IACUC). License number is ARXM2022042.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plots

Confirm that:
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Methodology
Sample preparation Cell culture and transfection procedures are described in the methods. Cells were washed and filtered through a 45um
cell strainer cap before sorting (72h after transfection).
Instrument FACSAria Il (BD Biosciences)
Software BD FACSDiva Software Diva 8.0.2
Cell population abundance HEK293T cell numbers gated for target populations were similar in different biology replicates.
Gating strategy For HEK293T cells, gates were established using uninfected control cells and GFP positive control. Gates were drawn to

collect subsets of GFP-expressing cells. And for specified transcriptome profiling, cells with top 15% of GFP signal were
sorted. Detailed gating strategy is provided in the Supplementary Note.
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