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G E N E T I C S

High-purity production and precise editing of DNA base 
editing ribonucleoproteins
Hyeon-Ki Jang1†‡, Dong Hyun Jo2†, Seu-Na Lee3†, Chang Sik Cho4, You Kyeong Jeong1, 
Youngri Jung1, Jihyeon Yu1§, Jeong Hun Kim4,5,6*, Jae-Sung Woo3*, Sangsu Bae1*

Ribonucleoprotein (RNP) complex–mediated base editing is expected to be greatly beneficial because of its re-
duced off-target effects compared to plasmid- or viral vector–mediated gene editing, especially in therapeutic 
applications. However, production of recombinant cytosine base editors (CBEs) or adenine base editors (ABEs) with 
ample yield and high purity in bacterial systems is challenging. Here, we obtained highly purified CBE/ABE pro-
teins from a human cell expression system and showed that CBE/ABE RNPs exhibited different editing patterns 
(i.e., less conversion ratio of multiple bases to single base) compared to plasmid-encoded CBE/ABE, mainly be-
cause of the limited life span of RNPs in cells. Furthermore, we found that off-target effects in both DNA and RNA 
were greatly reduced for ABE RNPs compared to plasmid-encoded ABE. We ultimately applied NG PAM–targetable 
ABE RNPs to in vivo gene correction in retinal degeneration 12 (rd12) model mice.

INTRODUCTION
DNA base editing tools, which include cytosine base editors (CBEs) 
and adenine base editors (ABEs), are capable of inducing precise base 
transitions with high efficacy. These tools, which are mainly com-
posed of inactive Cas9 effectors fused with cytidine or adenosine 
deaminases, have key advantages: They rarely generate DNA double- 
strand breaks and do not require donor DNA templates (1, 2). Thus, 
base editors have been widely used in a broad range of research areas 
including plant genome engineering (3–6), mouse zygote engineering 
(7, 8), and biomedical applications (9–13). Recently, however, un-
expected drawbacks have been reported. Similar to previously devel-
oped CRISPR nucleases, base editors also exhibit single-guide RNA 
(sgRNA)–dependent genome-wide off-target effects. ABEs have also 
been found to catalyze the conversion of cytosines, in addition to 
adenines, located in preferred sequence motifs (14). Furthermore, CBEs 
generate promiscuous, sgRNA-independent DNA deamination in 
the genome (15, 16), and both CBEs and ABEs induce transcriptome- 
wide promiscuous RNA deamination in RNA transcripts (17–19). 
Attempts to minimize or mitigate those issues have included Cas9 
effector engineering and the modification of cytidine and adenosine 
deaminases, but none of the issues have been completely resolved.

A complementary approach for reducing off-target effects is to 
modify another crucial variable: the means by which base editing 
tools are delivered. The intracellular delivery of bacterial plasmids 
or viral vectors that encode base editors and sgRNAs usually results 

in high off-target editing rates because the exogenous base editors 
are persistently produced and their intracellular concentrations are 
difficult to control; thus, off-target effects accumulate accordingly. 
In contrast, the delivery of base editor–sgRNA ribonucleoprotein 
(RNP) complexes can reduce off-target effects (12, 20) because the 
RNPs are transiently active and rapidly degraded by endogenous 
cellular proteases (21). Furthermore, this method fundamentally avoids 
unexpected random integration of delivered DNAs and alleviates 
cellular immune responses mediated by excessive sgRNAs, increas-
ing the safety of base editing. Previously, many advantages of RNP 
delivery were partly demonstrated for CBE in a sickle cell disease 
model (13) and for ABE in terms of reducing sgRNA-dependent or 
sgRNA-independent DNA off-target effects (22). Nonetheless, it has 
not been widely used for other biomedical applications, mainly be-
cause of the difficulty of producing high-quality base editor pro-
teins. Previously, we used an Escherichia coli expression system to 
produce CBE and ABE but failed to obtain them at high purity and 
quantity (e.g., >99% purity and >1 mg per liter cell culture) due to 
the low level of expression of soluble full-length proteins, which 
consist of several different DNA/RNA binding proteins linked with 
long flexible linker peptides. In this study, we established a produc-
tion system in human cells that yielded CBE/ABE proteins at high 
purity, investigated the on-target activities and off-target effects of 
RNPs for both DNA and RNA, and ultimately applied ABE RNPs to 
in vivo gene correction of the genetic defect in retinal degeneration 
12 (rd12) model mice.

RESULTS
Base editor purification in a human cell expression system at 
high purity
To produce recombinant base editor proteins in a human cell sys-
tem, we cloned the sequences encoding optimized versions of ABE 
and CBE, ABEmax and AncBE4max, respectively (23), into the mam-
malian expression vector pEX-FlagR. This vector is designed to fuse 
a red fluorescent protein (mCherry) and a double-affinity tag to the 
target protein to allow easy monitoring of protein expression and 
efficient protein purification, respectively (Fig. 1A and fig. S1). We 
transfected the resulting plasmids into human embryonic kidney 
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(HEK) 293E cells in a suspension culture and purified ABE/CBE 
proteins by sequentially using Ni affinity, anti–FLAG-M1 affinity, 
and size exclusion chromatography techniques. The polyhistidine 
and mCherry tags were removed by protease cleavage during puri-
fication; therefore, only the N-terminal FLAG tag remained on the 
purified ABE/CBE proteins. With this expression and purification 
method, we could reproducibly obtain 1 mg of highly purified CBE 
or ABE protein from a liter of cell culture (Fig. 1B).

We first sought to confirm the activities of the purified ABE/CBE 
proteins. To this end, we tested ABE RNPs targeting 19 different 
endogenous sites (23, 24) and CBE RNPs targeting 8 different en-
dogenous sites (25, 26) in HEK293T cells. As a control, alternative 
delivery approach, we also transfected ABE/CBE-encoding plasmids. 
High-throughput sequencing data from bulk cell populations at 
3 days after transfection indicated that ABE/CBE RNPs showed effec-
tive editing activities (Fig. 1, C and D, and fig. S2), indicating suc-
cessful production of ABE/CBE proteins in our human cell system. 

It is notable that the overall ABE RNP activities were only slightly 
lower than those of plasmid-delivered ABEs (Fig. 1C), whereas CBE 
RNPs exhibited substantially lower activities than did plasmid- 
delivered CBEs (Fig. 1D and fig. S2E). CBEs include uracil DNA 
glycosylase inhibitor (UGI) to improve editing efficiency (25, 27). 
Hence, we speculated that the concentration of UGI fused with CBE 
in RNPs was relatively lower than that in the plasmid-encoded version 
so that it was insufficient to inhibit uracil N-glycosylase activity in 
cells. When we additionally overexpressed UGI, the overall CBE 
RNP editing activity was enhanced and the ratio of products con-
taining C-to-T edits to those containing any C edit was increased 
(Fig. 1E), confirming the speculation. We also found that both ABE 
and CBE RNPs were associated with better cell viability after trans-
fection than were ABE- and CBE-encoding plasmids (Fig. 1F). When 
we transfected green fluorescent protein (GFP) vectors (~3.5 kb) as 
a control, mild decrease of cell viability was observed, indicating 
that the large size of ABE/CBE plasmids (~9 kb) might be the reason 

Fig. 1. Purification of ABE/CBE proteins in human cell expression system. (A) Schematic of base editor purification (see Materials and Methods). ORF, open reading 
frame. (B) Purified base editors. The peak fraction of ABEmax or AncBE4max from size exclusion chromatography (SEC) was collected, concentrated, and analyzed by 
SDS–polyacrylamide gel electrophoresis (PAGE). AU, absorbance unit. (C and D) Comparison of base editing frequencies after RNP- and plasmid-mediated ABE delivery 
(C) or CBE delivery (D). Dots represent the mean value of three independent biological replicates for each target. Error bars represent the SEM of the dots. (E) Percentage 
of sequencing reads with specific edited nucleotides that have been converted from target Cs in HEK293T cells after RNP- and plasmid-mediated CBE delivery with or 
without UGI overexpression. Cobalt, C to T; green, C to G; red, C to A. Error bars represent the SEM of three independent biological replicates. (F) Viability of HEK293T cells 
after RNP- and plasmid-mediated ABE/CBE delivery and GFP vectors. Viability was determined using a CCK-8 assay. Bars represent mean values, and error bars represent 
the SEM of three independent biological replicates. **P < 0.01, comparing with the GFP (lab-made) by one-way analysis of variance (ANOVA) test with Dunnett’s multiple 
comparison. n.s., not significant.
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of decreased cell viability, consistent with previous studies (28, 29) 
reporting that large size of plasmids (6 to 16 kilo–base pairs) shows 
low viabilities and transfection efficiencies. These results also suggest 
that RNP systems would be suitable for further applications such as 
a medical treatment.

Editing activity windows and editing patterns of RNP- and 
plasmid-mediated ABE and CBE DNA editing
We next investigated whether we could discriminate the editing ac-
tivity windows and editing patterns induced by ABE/CBE RNPs and 
by plasmid-encoded ABE/CBEs. An analysis of the editing outcomes 
in Fig. 1 (C and D) showed that the preferred editing activity windows 
of the RNPs and plasmid-encoded base editors were similar (fig. S2F), 
but the patterns of edits were different; RNPs generally converted 
fewer bases in an allele than did the plasmid-encoded editors. In the 
case of ABE_site 5, 47.8% of the products in ABE RNP–treated cells, 
but only 16.4% of the products in plasmid-treated cells, contained a 
single base conversion (Fig. 2A); multiple base conversions occurred 
more frequently via plasmid versus RNP delivery. This tendency was 
observed for most other targets (Fig. 2B) and also for CBEs (Fig. 2, C 
and D). To investigate the reason for the different editing outcomes, 
we measured the frequency of different editing patterns induced by 
plasmid-encoded ABEs at different time points (Fig. 2E). The ratio 
of multiple versus single base conversions gradually increased in a 
time-dependent manner (Fig. 2F), suggesting that prolonged expres-
sion of plasmid-encoded ABE is responsible for the conversion of 
multiple bases. In contrast, compared to plasmid-encoded ABE/CBEs, 
ABE/CBE RNPs generated fewer edits of bystander nucleotides, pri-
marily because of their short life span in cells. For the remainder of our 
analysis, we mainly focused on ABEs rather than CBEs, because the char-
acteristics of ABE proteins have not been thoroughly investigated to date.

To quantitate the amounts of ABE protein in cells resulting from 
the two different delivery methods, we transfected the ABE protein 
or ABE-encoding plasmid in the absence of sgRNAs and measured 
the ABE protein concentrations in cell lysates at different time points 
after transfection using Western blot assays. In the protein delivery 
experiment, the initial ABE protein concentration was maintained 
for 12 hours and was markedly decreased at 24 hours. However, in 
the case of plasmid delivery, the ABE concentration sharply increased 
until 6 hours, after which the maximum concentration was main-
tained until 24 hours. The concentration then slowly decreased for 
the next 6 days (Fig. 2G and fig. S3A). A comparison of the ABE 
protein abundance at each time point against the 6-hour time point 
in the plasmid-transfected cells showed that the protein delivery–
induced ABE protein concentration was always less than the plas-
mid delivery–induced concentration except during the initial 3 hours 
under our experimental conditions (Fig. 2H). We further measured 
the ABE protein abundance in the presence of sgRNAs in cells after 
ABE RNP or ABE/sgRNA-encoding plasmid transfection (fig. S3, B 
and C). We found that overall tendency was similar to the above 
results without sgRNAs, but the ABE concentrations were more 
slowly decreased in both ABE RNP and plasmid delivery methods, 
probably because Cas9/sgRNA complexes are more stable than apo 
Cas9 proteins in cells (30).

RNP-, mRNA-, and plasmid-mediated DNA off-target effects 
of ABE at endogenous DNA sites
We next investigated DNA off-target effects following each delivery 
method. We first evaluated the sgRNA-dependent off-target DNA 

editing activity that is known to be caused by the Cas9 effector por-
tion of ABE. In this experiment, we used mRNA delivery method 
(31) in addition to the RNP and plasmid delivery methods. mRNAs 
were in vitro transcribed, and sgRNAs were synthetized from Inte-
grated DNA Technologies (IDT) Inc. To optimize the concentrations 
of ABE-encoding mRNA and sgRNA, we tested them with different 
doses for adenine base editing in HEK_site 2 and found the most 
efficient condition (i.e., 3.0 g of each ABE-encoding mRNA and 
sgRNA) in HEK293T cells (fig. S4). For four defined targets (i.e., 
HBG_site 3, HPRT_exon 8, VEGFA, and HEK_site 4; table S2) 
(24, 32, 33), we assessed editing frequencies at both on-target and 
off-target sites after the transfection of ABE RNPs, ABE-encoding 
mRNAs, and ABE-encoding plasmids. High-throughput sequencing 
data showed that A-to-G conversion frequencies were markedly re-
duced at all off-target sites in RNP- and mRNA-transfected versus 
plasmid-transfected cells (Fig. 3A), even when RNP and mRNA de-
livery methods exhibited higher on-target DNA editing activities in 
HPRT_exon 8 and VEGFA sites than the plasmid delivery method, 
similar to findings from previous studies (12, 22).

Next, we examined the sgRNA-independent promiscuous DNA 
deamination activities for both ABEs or CBEs. To this end, we used 
an orthogonal R-loop assay by which single-stranded DNA regions 
could be formed with a catalytically inactive SaCas9 (dSaCas9) (Fig. 3B) 
(22, 34). Results from the orthogonal R-loop assay showed that al-
most no A editing was detected at both R-loop site 5 and site 6 in 
ABE RNP–transfected cells, whereas a few rates of A editing were 
observed at the CA12G, CA9A, and AA10T motifs of both R-loop 
sites in ABE-encoding plasmid-transfected cells (Fig. 3C). Similar 
tendency but marked discrimination was observed in CBE RNP and 
CBE-encoding plasmid-transfected cells (Fig. 3D), consistent with 
previous findings (34). These results indicate that RNP delivery re-
sults in much more precise and specific base editing.

We further inspected the ABE-mediated cytosine deamination 
activity for ABE RNP and plasmid delivery methods. A previous 
study revealed that ABEs catalyze cytosine conversions in a narrow 
editing activity window (positions 5 to 7) and in a preferred TC*N 
sequence context (Fig. 3E). For a representative target site (FANCF 
target), we found that C conversions were commonly observed in 
both ABE RNP– and plasmid-transfected cells and that the ratio of 
C edit versus A edit was similar regardless of the delivery method 
(Fig. 3F). This result indicates that, to reduce the ABE-mediated C 
editing, further engineering of ABE would be necessary (35).

RNP-, mRNA-, and plasmid-mediated RNA off-target effects 
of ABE at RNA transcripts
We next investigated promiscuous ABE-mediated RNA deamination 
activities following each delivery method. To this end, we calculated 
adenine mutation frequencies in complementary DNAs (cDNAs) 
derived from well-defined RNA transcripts (AARS1, RSL1D1, and 
TOPORS; table S1) (17–19) at different time points after the trans-
fection of ABE RNP, ABE-encoding mRNA, or ABE-encoding plas-
mids in the presence of sgRNAs targeting HEK_site 2. Notably, in 
RNP-transfected cells, ABE showed almost no RNA editing activi-
ties at the AARS1 and RSL1D1 sites at any time point and minor 
activity at the TOPORS site for the first 3 hours, whereas mRNA or 
plasmid-transfected cells showed the accumulation of promiscuous 
RNA deamination events at all three sites for more than 3 days 
(Fig. 4A). To examine that such RNA deamination activities are not 
related to the sgRNAs, we repeated the experiments in the absence 
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Fig. 2. RNP- and plasmid-mediated editing characteristics and at human endogenous DNA target sites. (A and B) Number of base conversions in ABE-edited alleles. 
Bars represent the ratio of the number of reads containing single (pink), double (yellow), or triple (blue) A conversions to the total number of reads containing A conver-
sions. In (A), the five most common sequences (positions 1 to 20) at ABE_site 5 are visualized, with the frequency indicated to the right. Colored nucleotides represent 
edited sequences. (C and D) Number of base conversions in CBE-edited alleles at different target sites. Bars represent the ratio of the number of reads containing single 
(pink), double (yellow), or triple (blue) C conversions to the total number of reads containing C conversions. In (A) to (D), error bars represent the SEM of three independent 
biological replicates. (E) ABE editing efficiencies in HEK293T cells at different time points after transfection of the ABE-encoding plasmid. (F) Number of base conversions 
in ABE-edited alleles at different time points after transfection of the ABE-encoding plasmid. Error bars represent the SEM of two independent biological replicates. (G and 
H) Analysis of ABE abundance in HEK293T cells at different time points after transfection of the ABE protein (blue) or ABE-encoding plasmid (orange) in the absence of 
sgRNA. In (G), the points indicate the ABE abundance relative to the maximum abundance obtained for a given delivery method; in (H), the bars represent the ABE 
abundance relative to that obtained from plasmid-mediated expression at 6 hours after transfection. Dots (G) and bars (H) represent the mean value of two independent 
biological replicates.
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Fig. 3. Delivery-dependent variations in ABE-mediated DNA off-target effects. (A) Off-target DNA base editing in HEK293T cells after ABE RNP, ABE-encoding mRNA, and 
ABE-encoding plasmid delivery. A-to-G editing efficiencies (top) and the ratio of off-target over on-target A-to-G editing efficiencies (bottom) are shown. Bars represent mean 
values, and error bars represent the SEM of three independent biological replicates. (B) Overview of orthogonal R-loop assay. (C and D) sgRNA-independent off-target DNA 
editing frequencies detected by the orthogonal R-loop assay. Each R-loop was performed by cotransfection of ABE RNP or ABE-encoding plasmid in (C) and CBE RNP or 
CBE-encoding plasmid in (D) with HEK_site 2–targeting sgRNA and dSaCas9-encoding plasmid with SaCas9 sgRNA targeting R-loop 5 or 6. Bars represent mean values, and 
error bars represent the SEM of three independent biological replicates. (E) Overview of cytosine conversion by ABEs. (F) Editing efficiency of DNA C conversions in HEK293T 
cells after ABE RNP and ABE-encoding plasmid delivery was analyzed. Bars represent mean values, and error bars represent the SEM of three independent biological replicates.
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of sgRNAs and found that the off-target RNA editing similarly oc-
curred (Fig. 4B).

In vivo gene correction of the disease-associated mutation 
in rd12 mice via NG-ABEmax RNP
To demonstrate biomedical application of ABE RNPs, we established 
in vivo DNA editing via ABE RNP delivery. As a proof of concept, 
we targeted Fah (36), Vegfa (37), and Nr2e3 (38) genes in normal 
mice. The purified ABEmax and synthesized sgRNAs from IDT were 
injected together with Lipofectamine 2000 into one eye of adult mice 
via subretinal injection (fig. S5A). Genomic DNAs were isolated 
from retinal pigment epithelium (RPE) cells of RNP-injected mice 
at 1 week after injection and were subjected to the high-throughput 
sequencing data. The results showed clear base editing with average 
editing efficiencies of 1.7, 2.0, and 2.1% at Fah, Vegfa, and Nr2e3, 
respectively (fig. S5B).

Given the positive confidence, we tried to correct a nonsense 
mutation in the Rpe65 gene that causes retinal degeneration in rd12 
mice. Because there was no relevant NGG (protospacer adjacent 
motif) PAM sequences near the mutation (Fig. 5A), we constructed 
a NG PAM–targetable ABEmax (hereafter NG-ABEmax) protein 
by incorporating seven additional mutations as previously done in 
SpCas9-NG (39). We then tested whether NG-ABEmax protein ex-
pressed in and purified from our human cell system would exhibit 
editing activity at six endogenous targets (40); high-throughput se-
quencing data showed editing at all six targets, proving the validity 
of our system for NG-ABEmax (fig. S5C). Then, we designed an sgRNA 
that included a TGA PAM and in which the disease-associated 

Rpe65 point mutation (c.130C>T) matched an adenine at position 6 
(A6) (Fig. 5A). We carefully tested the efficiency at which the muta-
tion was corrected using NG-ABEmax RNPs with different forms of 
sgRNAs in embryonic fibroblasts from rd12 mice (rd12 mEFs) (Fig. 5B). 
We concluded that chemically synthesized sgRNA from IDT (X20_
IDT) was associated with the most effective editing activity; hence, 
we also used it for in vivo delivery to mice.

We ultimately injected purified NG-ABEmax and synthesized 
X20_IDT sgRNA (hereafter target sgRNA) together with Lipofectamine 
2000 into one eye of adult or juvenile rd12 mice via subretinal injec-
tion (Fig. 5C). We found that injected NG-ABEmax RNPs had suc-
cessfully localized in the cytosol and nucleus in cells in the RPE at 
6 hours after the injection (Fig. 5D), whereas NG-ABEmax RNPs 
were not detectable in the RPE at 72 hours after the injection (fig. 
S6A), indicating that RNPs were rapidly degraded in cells in vivo as 
they were in cultured cells (Fig. 2G). Notably, high-throughput se-
quencing data from genomic DNA isolated from the RPE of NG- 
ABEmax RNP–injected mice showed precise correction of the rd12 
mutation without detectable bystander editing (fig. S6B). The aver-
age correction efficiencies were 1.8% in juvenile (Fig. 5E) and 1.2% 
in adult mice (fig. S6C), which is comparable to the level of homology- 
directed repair-mediated correction induced by Cas9 delivered 
by an adeno-associated viral vector in our previous study (41). The 
maximum correction efficiency that we observed in this study was 
5.7% in a juvenile mouse. The recovery of a functional Rpe65 gene 
was validated at both the mRNA and protein levels. We observed a 
significant increase in Rpe65 mRNA expression in the RPE of rd12 
mice treated with ABE RNPs that included the target sgRNA; in 

Fig. 4. Delivery-dependent variations in ABE-mediated RNA off-target effects. (A) Off-target RNA base editing in HEK293T cells after ABE RNP, ABE-encoding mRNA, 
and ABE-encoding plasmid delivery in the presence of sgRNA. Efficiencies of A-to-I mRNA editing are indicated. Delivery of a plasmid encoding GFP was used as a control. 
Bars represent mean values, and error bars represent the SEM of four independent biological replicates. (B) Off-target RNA base editing in HEK293T cells after ABE protein 
and ABE-encoding plasmid delivery in the absence of sgRNA. Efficiencies of A-to-I mRNA editing are indicated. Bars represent mean values, and error bars represent the 
SEM of four independent biological replicates.
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these mice, the expression level was 2.8% of that in normal mice, which 
was significantly higher than the level in untreated rd12 mice or in 
rd12 mice treated with ABE RNPs that included a nontargeting sgRNA 
(Fig. 5F). In addition, we found that RPE65 was expressed in the 
RPE of NG-ABEmax RNP–treated rd12 mice (Fig. 5G), showing the 
successful rescue of mutant Rpe65 via gene correction.

DISCUSSION
In this study, we produced CBE/ABE proteins in human cells; our 
method resulted in ample yields of purified proteins. We showed 

that CBE/ABE RNPs were associated with different editing patterns 
(i.e., fewer base conversions in each allele) than were plasmid-encoded 
CBE/ABEs, mainly because of their short life span in cells. Further-
more, we found that delivery of ABE RNPs strongly reduced off-target 
DNA and RNA effects compared to delivery of plasmid-encoded 
ABEs. We used NG-ABEmax RNPs to induce in vivo gene correc-
tion in rd12 model mice.

Our optimized protocol for ABE purification from human cells 
yields 1 to 2 mg of highly purified protein per liter of suspension cell 
culture. This good yield enabled multiple tests using ABE RNPs, 
including analyses of on-target editing at 19 genomic sites in cells 

Fig. 5. NG-ABEmax RNP–mediated correction of the disease-associated mutation in rd12 mice. (A) Strategy for NG-ABEmax RNP–mediated correction of the nonsense 
mutation in Rpe65 in rd12 mice. (B) Efficiencies of NG-ABEmax RNP–mediated mutation corrections in rd12 mEFs using different sgRNAs. Control, NG-ABEmax without 
sgRNA. Bars represent the mean values of two independent replicates. gX19 and gX20, in vitro transcribed sgRNAs, with mismatched 5′ Gs, containing 19- and 20-nucleotide 
(nt) spacers, respectively; X19 and X20, chemically synthesized sgRNAs containing 19 and 20 nt spacers, respectively. (C) Schematic of NG-ABEmax RNP–mediated treat-
ment of rd12 mice via subretinal injections. RNPs (yellow circles) were encapsulated into cationic lipid nanoparticles. (D) Representative confocal micrograph of RPE from 
rd12 mice at 6 hours after injection. Scale bar, 10 m. DAPI, 4′,6-diamidino-2-phenylindole. (E) Efficiencies of NG-ABEmax RNP–mediated mutation corrections in rd12 mice 
(n = 8). Genomic DNAs from RPE from eyes injected or not with NG-ABEmax RNPs were analyzed to determine target A-to-G editing efficiencies. Bars represent mean 
values, and error bars represent the SEM of the eight independent replicates. ***P < 0.001 by Mann-Whitney test. (F) Relative expression of Rpe65 mRNA in RPE from rd12 
mice injected with NG-ABEmax RNPs (n = 4). (G) Representative confocal micrographs of the RPE from rd12 mice at 5 weeks after injection. Scale bars, 10 m. ***P < 0.001 
by Kruskal-Wallis test with Dunn’s multiple comparison tests. Nontarget, rd12 mice injected with NG-ABEmax RNPs including nontargeting sgRNA; Target, rd12 mice 
injected with NG-ABEmax RNPs including target sgRNA.
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and in vivo editing of the disease-causing mutation in rd12 mice. 
Previous studies have limited tests using ABE RNPs to in vitro studies 
or to a few genomic sites in cells, mainly for the analysis of DNA 
off-target editing (22, 32, 33). Our results should broaden understand-
ing of the characteristics of RNP-mediated ABE editing, including 
bystander editing patterns and off-target editing, and provide in-
sight into how these features differ from those of plasmid-encoded 
ABE. We further showed that ABE RNP–mediated editing is more 
specific than mRNA-mediated editing in terms of RNA off-target 
editing, although both RNP- and mRNA-mediated editing showed 
reduced DNA off-target editing compared to plasmid-mediated 
editing. Unlike the situation with ABE, the therapeutic potential of CBE 
RNP delivery has been demonstrated in vivo (12, 42) and ex vivo 
(13). A recent study showed efficient ex vivo editing with high-dose 
(40 M) treatment with CBE (13); in this approach, it was estimated 
that about 160 g of CBE protein was used to treat 50,000 hema-
topoietic stem and progenitor cells. To date, however, the use of 
RNPs for ABE delivery for biomedical applications has been limit-
ed, although delivery via mRNA (31), plasmid (43), and viral vector 
(9, 10, 44) has demonstrated the therapeutic potential of ABE, in-
cluding a recent study showing successful gene correction of the rd12 
mutation and restoration of retinal function in rd12 mice using 
ABE-encoding lentiviral vector (45). To the best of our knowledge, 
our use of RNP-mediated ABE delivery for in vivo gene correction 
in mice is the first biomedical application of ABE RNPs.

To improve the therapeutic efficacy of ABE RNPs, the latest ver-
sions of ABE, ABE8s (46) or ABE8e (22), should be used in further 
studies. The relatively weak binding affinity of SpCas9-NG for tar-
get DNA and the short life span of RNPs in cells might explain the 
lower activity of NG-ABE delivered via RNPs versus plasmids, which 
could be improved by using the newly evolved ABEs. We found that 
NGG-ABE RNP showed apparently better in vivo editing activity 
compared to NG-ABE RNP (fig. S6D), but more marked improve-
ment would be necessary for therapeutic use. This issue could be 
addressed in the future by adopting ABE8e showing faster reaction 
kinetics. We envision that RNP delivery of ABE8s or ABE8e, together 
with appropriate modifications to reduce off-target editing, will be 
a promising method for improved on-target editing with negligible 
off-target DNA and RNA editing.

MATERIALS AND METHODS
Plasmid construction
To construct pEX-FlagR-ABEmax and pEX-FlagR-BE4max, the ABEmax 
and BE4max coding sequences (CDSs) were amplified from pCMV_
ABEmax (Addgene no.112095) and pCMV_AncBE4max (Addgene 
no. 112094), respectively, and cloned into the mammalian expres-
sion pEX-FlagR vector using the Xho I and Xba I restriction sites. 
To construct pCMV-NGABEmax, we replaced the Cas9 sequence 
in pCMV_ABEmax with the SpCas9-NG sequence from pX330- 
SpCas9-NG (Addgene no. 117919) using the Pml I and Eco RI restric-
tion sites. To construct pEX-FlagR-NGABEmax, the NGABEmax 
sequence from pCMV-NGABEmax was cloned into pEX-FlagR. Gibson 
fragments containing the ABEmax or BE4max CDS with matching 
overlaps were polymerase chain reaction (PCR)–amplified using 
Phusion High-Fidelity DNA Polymerase [New England Biolabs (NEB)]. 
Fragments were gel-purified and assembled using NEBuilder HiFi 
DNA Assembly master mix (NEB) for 1 hour at 50°C and trans-
formed into chemically competent E. coli (DH5; Enzynomics). 

Sequences corresponding to sgRNAs were cloned into Bsa I–digested 
pRG2 vector (Addgene no. 104174). For this step, oligos containing 
the spacer sequence (table S3) were annealed to form double-stranded 
DNA fragments with compatible overhangs and ligated using T4 
ligase (Enzynomics). All plasmids used for transfection experiments 
were prepared using a NucleoBond Xtra Midi Plus EF kit [Macherey- 
Nagel (MN)].

Protein expression and purification
HEK293E cells were grown at 37°C in suspension in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with glucose (4500 mg/liter) without 
calcium (WELGENE) supplemented with 5% fetal bovine serum (FBS). 
For overexpression of the base editors (ABEmax or BE4max), HEK293E 
cells were transiently transfected with pEX-FlagR-ABEmax (NG PAM 
or NGG PAM) or pEX-FlagR-AncBE4max (NGG PAM) plasmids, 
which were designed to express each base editor as a fusion protein 
with a 10xHis-Flag tag at the N terminus and an mCherry-10xHis 
tag at the C terminus. Cells were transfected at a density of 7 × 105 cells/
ml with 25-kDa linear polyethylenimine (Polysciences). Dimethyl 
sulfoxide (Amresco) was added immediately after the transfection 
to a final concentration of 1%, and the temperature was lowered to 
33°C. Two days after transfection, tryptone (Amresco) was added to 
a final concentration of 0.5%. Four days after transfection, the cells 
were harvested at 500g for 20 min and resuspended in lysis buffer 
[20 mM tris-HCl (pH 7.5), 1 M NaCl, and 2 mM -mercaptoetha-
nol] supplemented with 20% glycerol. The resuspended cells were 
lysed by sonication. The resulting solution was centrifuged, and the 
supernatant was loaded on a Ni-NTA column (Qiagen). After the 
column was washed with buffer A [20 mM tris-HCl (pH 7.5), 500 mM 
NaCl, 2 mM -mercaptoethanol, and 20% glycerol] supplemented 
with 40 mM imidazole (MilliporeSigma), the bound proteins were 
eluted with buffer A supplemented with 200 mM imidazole. The eluted 
proteins were treated with tobacco etch virus (TEV) protease and human 
rhinovirus (HRV) 3C protease overnight to expose the FLAG tag at 
the N terminus and to remove the C-terminal mCherry-10xHis tag, 
respectively. The sample was mixed with -FLAG M1 agarose resin 
(MilliporeSigma) in the presence of 5 mM CaCl2 with slow rotation 
at 4°C for 1 hour. After a wash with buffer A supplemented with 1 mM 
CaCl2, the bound proteins were eluted with buffer A supplemented 
with 5 mM EGTA. The eluted FLAG-ABEmax (or FLAG-CBEmax) 
was concentrated and further purified using a HiLoad 16/600 Su-
perdex 200-pg column equilibrated with a buffer containing 20 mM 
tris-HCl (pH 7.5), 500 mM NaCl, 1 mM -mercaptoethanol, and 
20% glycerol (storage buffer). The peak fraction was concentrated 
to ~10 mg/ml, flash-frozen in liquid nitrogen, and stored at −80°C.

Guide RNA preparation
For RNP delivery of base editors, sgRNAs were synthesized by in vitro 
transcription using T7 RNA polymerase and a template oligonucleotide 
(table S4). In vitro transcribed sgRNA targeting the rd12 allele was 
additionally treated with calf intestinal alkaline phosphatase (CIP; 
NEB) to remove the 5′-triphosphate (gX19  +  CIP), as described 
previously (47). Chemically synthesized sgRNAs targeting the rd12 
allele (X19_IDT and X20_IDT), which contain chemical modifica-
tions (Alt-R sgRNA), were purchased from IDT Inc.

ABE-encoding mRNA preparation
pCMV_ABEmax was linearized by digestion with Pme I and 
used as a template for in vitro synthesis of ABE-encoding mRNA.  
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ABE-encoding mRNA was transcribed by using the mMESSAGE 
mMACHINE T7 Transcription Kit (Invitrogen) and cotranscriptionally 
capped at the 5′ end to produce 7-methylguanosine–capped mRNA.  
Then, the 3′ termini of the mRNA were polyadenylated by the Poly(A) 
Tailing Kit (Invitrogen) according to the manufacturer’s instructions.

Cell culture and transfection for base editing experiments
HEK293T cells (American Type Culture Collection CRL-11268) were 
cultured in DMEM supplemented with 10% FBS and 1% penicillin- 
streptomycin (WELGENE). For ABE or CBE RNP–mediated ge-
nome editing, 15 g of base editor protein [ABE (10 mg/ml) or CBE 
(8 mg/ml) dissolved in storage buffer] and 8 g of in  vitro tran-
scribed or chemically synthesized sgRNA were mixed and incubat-
ed for 10 min at room temperature for the RNP complex formation. 
Then, the RNP complex was mixed with HEK293T cells (1.5 × 105) 
and electroporated via the Neon Transfection System. For ABE RNP–
mediated RNA off-target editing and time course analysis, HEK293T 
cells (1.5 × 105) were electroporated as above without sgRNA. For 
ABE- or CBE-encoding plasmid-mediated genome editing, ABE- 
or CBE-encoding plasmids (0.5 g) and sgRNA-encoding plasmids 
(0.17 g) were mixed with HEK293T cells (1.5 × 105) and electropo-
rated using the Neon Transfection System. For optimization of 
ABE-encoding mRNA–meditated genome editing, ABE-encoding 
mRNA (3.0 g) and different doses of sgRNAs (0.6, 1.5, 3.0, 8.0, or 
16.0 g) were mixed with HEK293T cells (1.5 × 105) and electropo-
rated using the Neon Transfection System.

For orthogonal R-loop assay with base editor plasmid, 500 ng of 
dead SaCas9 plasmid (Addgene no. 138162), 170 ng of SaCas9 sgRNA 
plasmid, 500 ng of base editor plasmid, and 170 ng of base editor 
sgRNA plasmid were cotransfected into HEK293T cells (1.0 × 105) 
using 2 l of Lipofectamine 2000 (catalog no. 11668019; Thermo 
Fisher Scientific). For orthogonal R-loop assay with base editor RNP, 
500 ng of dead SaCas9 plasmid, 170 ng of SaCas9 sgRNA plasmid, 
and 670 ng of pUC19 plasmid (negative control plasmid) were 
cotransfected into HEK293T cells (1.0 × 105) using 2 l of Lipofect-
amine 2000. One day after transfection, cells treated without base 
editor plasmid were trypsinized and centrifuged for 8 min at 100g. 
After resuspending the cells, the cells were electroporated with base 
editor protein (15 g) and in vitro transcribed sgRNA (8 g) using 
the Neon Transfection System.

For the correction of rd12 mutation in vitro, mEFs from rd12 mice 
were maintained in DMEM supplemented with 10% FBS, 1% penicillin- 
streptomycin (WELGENE), and 4 mM glutamine (GlutaMAX I, 
Gibco). For ABE RNP–mediated gene correction, mEFs (1.5 × 105) 
were electroporated with NGABEmax protein (15 g) and in vitro 
transcribed sgRNA (8 g), CIP-treated in vitro transcribed sgRNA 
(8 g), or chemically synthesized sgRNA (8 g; IDT) using the Neon 
Transfection System.

Western blots
Cell lysates were prepared from ABE-transfected HEK293T cells at 
the indicated time points using radioimmunoprecipitation assay 
buffer (Sigma-Aldrich) supplemented with Protease inhibitor cock-
tails (Sigma-Aldrich). Protein concentrations were measured using 
a bicinchoninic acid assay kit (Thermo Fisher Scientific). Equal amounts 
of proteins were loaded onto Mini-PROTEAN TGX Protein Gels 
(Bio-Rad) and run at 80 V for 20 min and 120 V for 40 min. After 
the proteins were transferred to a nitrocellulose membrane, the blots 
were incubated with anti-Cas9 (#844301, BioLegend) and anti- tubulin 

(#3873, Cell Signaling Technology) antibodies, followed by incuba-
tion with appropriate horseradish peroxidase (HRP)–conjugated 
secondary antibodies (#7076, Cell Signaling Technology). The che-
miluminescence from HRP reaction was detected using a Fusion SL 
gel chemiluminescence documentation system (Vilber Lourmat).

Animals
Eight-week-old male C57BL/6 mice and mating pairs of rd12 mice 
(stock no. 005379, The Jackson Laboratory) were purchased through 
Central Laboratory Animal and maintained under a 12-hour dark-
light cycle. All animal experiments were performed in accordance 
with guidelines from the Association for Research in Vision and 
Ophthalmology statement for the use of animals in ophthalmic and 
vision research. The Institutional Animal Care and Use Committees 
of both Seoul National University and Seoul National University 
Hospital approved the protocols.

Subretinal injections
Three-week-old mice (juvenile mice) or 6-month-old mice (adult 
mice) were anesthetized. The mice then received a subretinal injec-
tion of a 1:1 (v/v) mixture of RNP and Lipofectamine 2000 (catalog 
no. 11668019, Thermo Fisher Scientific) in one eye using a custom-
ized NanoFil syringe with a 33-gauge blunt needle (World Precision 
Instruments), as previously described (48). Each dose included 
12.54 g of NG-ABEmax and 5.76 g of the appropriate sgRNA. The 
total volume was 3 l per eye.

Targeted deep sequencing
For analysis of DNA or RNA on-target and off-target sites, genomic 
DNA or total RNAs were extracted from ABE-transfected cells using 
a NucleoSpin Tissue kit (MN) or NucleoSpin RNA Plus kit (MN) at 
the indicated time points or at 3 days after transfection. cDNAs 
were synthesized from the RNAs using PrimeScript RT Master Mix 
(Takara). In preparation for sequencing of ABE-targeted sites in 
normal or rd12 mice, genomic DNA was extracted from RPE cells 
using a NucleoSpin Tissue kit (MN) at 1 or 5 weeks after subretinal 
injection of the ABE RNP/Lipofectamine 2000 mixture. On-target 
and off-target sites were amplified using a KOD Multi & Epi PCR kit 
(TOYOBO) for sequencing library generation (tables S5 and S6 for 
the primer sequences). These libraries were sequenced using MiniSeq 
with a TruSeq HT Dual Index system (Illumina) as previously de-
scribed (49). Briefly, equal amounts of the PCR amplicons were subjected 
to paired-end read sequencing using an Illumina MiniSeq platform. 
After MiniSeq, paired-end reads were analyzed by comparing wild-
type and mutant sequences using BE-Analyzer (50).

Immunofluorescence
At the indicated time points after the subretinal injection, mice were 
sacrificed and RPE-choroid-scleral complexes were prepared. The 
complexes were then treated with anti-FLAG (catalog no. MA1-142- A488, 
Thermo Fisher Scientific), anti–ZO-1 (catalog no. 339194, Thermo 
Fisher Scientific), or anti-RPE65 (catalog no. NB100-355AF488, No-
vus Biologicals) antibodies and observed under a confocal microscope. 
The nuclei were identified using 4′,6-diamidino-2-phenylindole 
(catalog no. D9542, Sigma-Aldrich).

Quantitative RT-PCR
Total RNAs were prepared from RPE cells with TRIzol reagent (cat-
alog no. 15596018, Thermo Fisher Scientific) at 5 weeks after subretinal 
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injection of the ABE RNP/Lipofectamine 2000 mixture. The qualities 
and quantities of the extracted RNAs were evaluated with the NanoDrop 
2000 Spectrophotometer (Thermo Fisher Scientific). cDNAs were 
prepared with a High-Capacity RNA-to-cDNA kit (catalog no. 4387406, 
Thermo Fisher Scientific). Quantitative RT-PCR was performed with 
the StepOnePlus Real-Time PCR System (Thermo Fisher Scientific) 
using TaqMan Fast Advanced Master Mix (catalog no. 4444556, 
Thermo Fisher Scientific) and Gene Expression Assays (Thermo 
Fisher Scientific). Product IDs of the gene expression assays are as 
follows: for Rpe65, Mm00504133_m1; for Gapdh, Mm99999915_
g1; and for Rn18s, Mm03928990_g1. The relative Rpe65 gene ex-
pression levels were normalized to those of Gapdh and Rn18s. All 
procedures were performed in accordance with the Minimum In-
formation for Publication of Quantitative Real-Time PCR Experi-
ments guidelines.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/35/eabg2661/DC1

View/request a protocol for this paper from Bio-protocol.
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