
Original Article
Amelioration of an Inherited Metabolic Liver
Disease through Creation of a De Novo
Start Codon by Cytidine Base Editing
Lei Yang,1,6 Liren Wang,1,6 Yanan Huo,1,6 Xi Chen,1 Shuming Yin,1 Yaqiang Hu,1 Xiaohui Zhang,1 Rui Zheng,2

Hongquan Geng,2 Honghui Han,3 Xueyun Ma,1 Meizhen Liu,1 Haibo Li,4 Weishi Yu,1,4 Mingyao Liu,1 Jun Wang,5

and Dali Li1

1Shanghai Key Laboratory of Regulatory Biology, Institute of Biomedical Sciences and School of Life Sciences, East China Normal University, Shanghai 200241, China;
2Xinhua Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China; 3Bioray Laboratories, Shanghai 200241, China; 4Cipher Gene, Beijing 100089,

China; 5Department of Pediatrics, McGovern Medical School, The University of Texas Health Science Center at Houston, Houston, TX 77030, USA
Received 2 February 2020; accepted 1 May 2020;
https://doi.org/10.1016/j.ymthe.2020.05.001.
6These authors contributed equally to this work

Correspondence: Dali Li, PhD, Shanghai Key Laboratory of Regulatory Biology,
Institute of Biomedical Sciences and School of Life Sciences, East China Normal
University, Shanghai 200241, China.
E-mail: dlli@bio.ecnu.edu.cn
Base editing technology efficiently generates nucleotide conver-
sions without inducing excessive double-strand breaks (DSBs),
which makes it a promising approach for genetic disease ther-
apy. In this study, we generated a novel hereditary tyrosinemia
type 1 (HT1) mouse model, which contains a start codon muta-
tion in the fumarylacetoacetate hydrolase (Fah) gene by using an
adenine base editor (ABE7.10). To investigate the feasibility of
base editing for recombinant adeno-associated virus (rAAV)-
mediated gene therapy, an intein-split cytosine base editor
(BE4max) was developed. BE4max efficiently induced C-to-T
conversion and restored the start codon to ameliorate HT1
in mice, but an undesired bystander mutation abolished the ef-
fect of on-target editing. To solve this problem, an upstream
sequence was targeted to generate a de novo in-frame start codon
to initiate the translation of FAH. After treatment, almost all
C-to-T conversions created a start codon and restored Fah
expression, which efficiently ameliorated the disease without
inducing off-target mutations. Our study demonstrated that
base editing-mediated creation of de novo functional elements
would be an applicable new strategy for genetic disease therapy.

INTRODUCTION
The clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas9 system is a versatile tool that has been widely used
in biomedical research and exhibits prospective applications in gene
therapy.1–3 With the guidance of sequence-specific single guide
RNAs (sgRNAs), Cas9 protein generates very efficient and precise
DNA double-strand breaks (DSBs) that evoke various intrinsic DNA
damage and repair pathways, including microhomology-mediated
end joining (MMEJ),4,5 classical non-homologous end joining
(cNHEJ), or homology-directed repair (HDR), in the presence of
donor templates.6 AlthoughHDR is the ideal strategy to correct genetic
mutations due to its high precision, this DNA repair pathway only oc-
curs in proliferating cells, limiting its application in the majority of
adult tissues.7 As one of the critical in vivo gene therapy target organs,
the liver is a promising tissue for HDR-mediated gene integration ther-
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apy, as partial hepatocytes proliferate constantly. However, Cas9-
mediated HDR efficiency in adult animal livers is very low,8,9 even us-
ing rAAV vectors. Thus, only a limited number of genetic diseases,
such as hemophilia and hereditary tyrosinemia type 1 (HT1), have
been successfully ameliorated via HDR.8,10,11 Cas9 is a versatile genetic
tool that has been shown to correct various hereditary diseases through
non-HDR pathways. Through the NHEJ repair pathway, premature
stop codons or de novo cryptic splicing sites have been removed to
ameliorate Duchennemuscular dystrophy (DMD)3,12–14 and Hutchin-
son-Gilford progeria syndrome (HGPS)15,16 in mice, respectively.
Cas9-induced DSBs are able to generate precise therapeutic gene
correction at some pathogenic microduplications through the MMEJ
pathway.5 Although Cas9-mediated deletion could remove DNA frag-
ments such as pathogenic genomic elements, it is difficult to create de
novo functional DNA elements using this system.

It is reported that 58% of the known human pathogenic DNA variants
are point mutations that need to be corrected through nucleotide con-
versions.17 The innovative base editors (BEs), including cytosine BEs
(CBEs) and adenine BEs (ABEs), are ideal genetic tools to correct
nucleotide conversions without inducing significant DSBs.18,19 CBEs
were developed through the fusion of cytidine deaminases, such as
rAPOBEC1, AID, hAPOBEC3A, and their variants, with Cas9 nickase
and uracil glycosylase inhibitor (UGI) to generate efficient C,G-to-
T,A conversions.17,20 ABEs are composed of a wild-type (WT) non-
catalytic TadA monomer, an evolved TadA* monomer, and a Cas9
nickase to stimulate A,T-to-G,C base substitutions.19 These BEs
have been widely used in animal models,21–23 plants,24,25 bacteria,26

and human cells.27–29 Several studies have shown the promising
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Figure 1. Phenotypic Characterization of FahNS/NS

HT1 Mice

(A) Schematic view of the mutated start codon, which is

replaced by the triplet GTG for valine (underlined) in the

mouse Fah gene. (B) Western blot analysis of FAH expres-

sion in liver tissue from 6-week-old WT and FahNS/NS mice.

(C) FAH IHC stainingof liver tissue sections from6-week-old

WT and FahNS/NS mice. Scale bar, 100 mm. (D) Relative

mRNA expression of Fah gene in liver tissue from 6-week-

old WT and FahNS/NS mice. (E) Body weight curves of WT

(left) and FahNS/NSmicewith (center) or without (right) NTBC

in drinkingwater. Bodyweight was normalized to theweight

on day of NTBC withdrawal. Mice with more than 20%

weight loss were euthanized. n = 6 mice per group. (F)

Serum AST, ALT, TBIL, and ALB levels in peripheral blood

from WT and FahNS/NS mice 3 weeks after NTBC with-

drawal. (G) Hematoxylin and eosin (H&E) staining of liver

tissue sections from WT and FahNS/NS mice, 3 weeks after

NTBC withdrawal. In all graphs, values and error bars

representmean±SD (n=3miceper group), *p<0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001. n.s., not significant.
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applications of BEs for therapy of genetic disorders, such as DMD,22

HT1,30,31 and phenylketonuria (PKU),32 but the delivery of BEs is chal-
lenging. Although adenoviral vectors30 or hydrodynamic tail vein injec-
tion (HTVI) of naked plasmidDNA31 is effective in animal models, it is
not clinically applicable currently. Clinical studies have demonstrated
that the rAAV vector is a safe and efficient system;33 however, its
limited payload capacity (%4.7 kb) hinders the efficient delivery of
BEs of large size. To solve this problem, BEs have been split and deliv-
ered via two rAAV vectors either by trans-splicing AAV vectors
(tsAAVs)22 or by the intein-split system.32,34

To examine the feasibility of rAAV-mediated SpCas9-BE4max35

(hereafter, BE4max) delivery for gene therapy, we first generated a
novel tyrosinemia mouse model by converting the ATG start codon
1674 Molecular Therapy Vol. 28 No 7 July 2020
of the fumarylacetoacetate hydrolase (Fah)
gene to GTG using the ABE system. Through
rAAV vectors, an intein-mediated split BE4max
system was delivered to either rescue the start
codon or create a de novo in-frame start codon
in the 50 UTR region of the Fah gene to amelio-
rate the genetic disease in adult mice. Our study
is a proof-of-concept work to demonstrate that
novel gene therapy strategies could be developed
not only via base editing-mediated in situ
correction but also through creation of de
novo functional genetic elements.

RESULTS
Generation of an HT1 Mouse Model through

ABE-Mediated Disruption of the Start Codon

HT1 is a fatal liver disease caused by FAH
gene mutation, which leads to liver failure
due to the accumulation of toxic metabolites in the tyrosine
metabolic pathway.36 It is estimated that start codon mutations
account for 2.1% of total mutations in HT1 patients.36 Admin-
istration of 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexane-
dione (NTBC), a chemical inhibitor of an upstream enzyme,37 is
the most effective clinical treatment. This disease is an ideal
model for gene therapy since the repaired hepatocytes contain-
ing functional Fah have a growth advantage to substitute for
mutant cells and repopulate the entire liver.38 To generate a
novel HT1 mouse model, we targeted the start codon of the
mouse Fah gene using adenine BE ABE7.10 to mimic the
1A>G/p.M1 mutation in human patients,36 as described in our
previous report21 (Figure 1A). Since this model contains a dis-
rupted start codon of the Fah gene, we refer to this mouse strain
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Figure 2. Cytosine Base Editing-Mediated In Situ

Correction of Fah Start Codon Mutation

(A) Diagramof two sgRNAs (sg1and sg2)designed to target

the mutant allele of FahNS/NS. PAM sites are indicated with

blue lines. Protospacers are indicated with red lines. Blue

number indicates the position of an individual base within

the protospacers. The disease-causing mutation 1A>G

(p.M1>V) is shown in red. The C1-to-T1 (shown in green)

conversion in the non-coding strand leads to the desired

G1-to-A1 (shown in green) conversion in the coding strand,

which restores the start codon for methionine (shown in

green). (B) Editing efficiencies of G1 and G3 targeted by sg1

or sg2 in HEK293T reporter cells. Values and error bars

represent the mean ± SD of three independent biological

replicates. (C) HTS reads of genomic DNA from HEK293T

reporter cells. Correct reads (desired editing products)

possess G-to-A conversion at G1 only. Any reads that

include non-G-to-A conversions andG-to-A conversions at

positions other than G1 are considered incorrect reads

(byproducts). Values and error bars represent the mean ±

SD of three independent biological replicates. n.s., not

significant. (D) Editing efficiencies of G1 and G3 in BE4max-

sg1-treatedmice from the high-dose or low-dose groups 7

and 67 days after injection. Values and error bars represent

mean ± SD (n = 3 mice per group). (E) HTS reads of liver

genomic DNA in mice 7 and 67 days after injection. Values

and error bars representmean± SD (n = 3mice per group).

(F) FAH IHC staining of liver tissue sections. Scale bar,

200mm. (G) Bodyweight curves ofmice injectedwith rAAVs

or PBS. Body weight was normalized to the weight on pre-

injection day (day 0). Liver biopsy was performed on day 7

(black arrow), after whichNTBCwaterwaswithdrawn.Mice

with more than 20% weight loss were euthanized.
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as FahNS/NS hereafter. Western blotting, immunohistochemical
staining, and qRT-PCR revealed the absence of FAH protein
and Fah mRNA in FahNS/NS mouse liver tissue (Figures 1B–
1D). Compared to WT mice, FahNS/NS mice lost 20% of their
body weight at 3 weeks after NTBC withdrawal, whereas the
mice maintained on NTBC water thrived as well as did WT
mice (Figure 1E). 3 weeks after NTBC withdrawal, the serum
level of aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), and total bilirubin (TBIL) were significantly
increased, but the serum albumin (ALB) was decreased in
FahNS/NS mice compared with control groups (Figure 1F). Histo-
pathological analyses of FahNS/NS mouse livers at 3 weeks after
NTBC withdrawal revealed massive necrosis and inflammation
(Figure 1G). These results indicated that our FahNS/NS model
faithfully represented the major phenotypes observed in human
HT1 patients and other HT1 animal models,8,39 suggesting the
successful generation of a Fah gene start codon-mutated HT1
disease model.
M

BE4-Mediated In Situ Correction of the Fah

Start Codon with Plasmid DNA Injection

Since the editing window of the BE4max is typi-
cally located 4–8 nt downstream of the 50 end of
the targeted sequence distal to the protospacer-adjacent motif (PAM)
site, we designed two sgRNAs (sg1 and sg2) for BE4max to generate
G-to-A conversion and restore the ATG start codon. The desired
target G (G1 in Figure 2A) was in protospacer position 7 for sg1
and 8 for sg2, respectively (Figure 2A). We also noticed that there
was a bystander G (G3) in protospacer position 5 and 6 corresponding
to sg1 and sg2, respectively. To restore the G1TG3 codon to A1TG3,
only the first G (G1) should be converted to A. If the bystander G3

is mutated, the start codon would not be restored. To investigate
the base editing efficiency and the product sequence of these two
sgRNAs, a HEK293T reporter cell line with stably integrated 50

UTR and exon 1 of the FahNS/NS allele was generated through lentivi-
ral infection. BE4max was transfected along with sg1 or sg2 into this
reporter cell line. High-throughput sequencing (HTS) revealed that
both G1 and G3 were spontaneously edited in the majority of the
sequence reads (Figures 2B and 2C). The total conversion efficiency
at G1 is 71% for sg1 and 66.9% for sg2, while their corresponding ef-
ficiency at G3 is 71.9% and 77.1%, respectively (Figure 2B). The
olecular Therapy Vol. 28 No 7 July 2020 1675
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percentage of the desired editing product (A1TG3) of the sg1 and sg2
was extremely low (0.78% and 0.74% respectively), while byproducts
(A1TA3, G1TA3, and other non-A1TG3 outcomes) dominated (73.7%
and 77.4%) (Figure 2C).

To test whether CBE-mediated restoration of the ATG start codon
would have therapeutic effects, we chose sg1 for in vivo studies since
the editing activity was similar between sg1 and sg2 (Figures 2B and
2C). First, the convenient HTVI method was employed to deliver the
plasmid DNA encoding BE4max and sg1. 7 days after injection,
NTBC was withdrawn to allow the proliferation of corrected hepato-
cytes.8Mice injected with plasmids started to gain weight 21 days after
NTBC withdrawal, whereas the FahNS/NS control mice lost weight
14 days after NTBC withdrawal until they were euthanized due to a
huge weight decrease (Figure S1A). Ten weeks after NTBC with-
drawal, mice were euthanized, and the livers were collected for anal-
ysis. Sanger sequencing indicated both G1 and G3 were partially con-
verted to A, and a higher G1-to-A1 conversion rate was observed than
for G3-to-A3 conversion (Figure S1B). Moreover, immunohistochem-
istry (IHC) staining also confirmed that FAH-positive hepatocytes
occupied most of the tissue due to the expansion of corrected hepato-
cytes, which was further confirmed by western blotting with an anti-
FAH antibody (Figures S1C and S1D). These data demonstrated that
this strategy was able to restore the expression of Fah. However,
HTVI is not a clinically acceptable method to deliver genetic vectors.
Thus, we next examined rAAV vectors.

Split-BE4max Delivered through rAAV Corrected the Mutation in

FahNS/NS Mice

To circumvent the payload limitations of rAAV, an intein-mediated
split-BE4max strategy was leveraged.40 Initially, BE4max was split
into two parts based on the previously reported split site of SpCas941

and fused to a corresponding split-intein moiety from cyanobacteria
Nostoc punctiforme (Npu),40 resulting in two constructs named BE4-
max-N and BE4max-C (Figure S2A). To our surprise, the split con-
structs exhibited very low editing efficiency compared to the full-
length version (Figure S2B). We speculated that the fusion of UGI
in the C terminus of BE4max-C might affect the reconstitution of
full-length BE4max, since a parallel experiment to split ABEmax
was successful (data not shown). Previous study has shown that co-
expression of free UGI not only suppresses the formation of indels
and non-C-to-T conversions but it also increases C-to-T editing effi-
ciency.42 Thus, we replaced the linker between nCas9 and UGI with a
P2A self-cleaving peptide (referred to as BE4max-C-P2A) (Fig-
ure S2A). Co-transfecting BE4max-N and BE4max-C-P2A showed
comparable editing efficiency with full-length BE4max (Figure S2B).
Thus, we successfully developed an intein-mediated split-BE4max
system.

To increase the tissue specificity of genome editing, the cytomegalo-
virus (CMV) promoter of the split-BE4max was replaced by a strong
liver-specific promoter Lp1 and packaged into AAV8 serotype vectors
(referred to as rAAV8-BE4max-N and rAAV8-BE4max-C-P2A-sg1).
6-week-old FahNS/NS mice were tail vein injected with two rAAV vec-
1676 Molecular Therapy Vol. 28 No 7 July 2020
tors (rAAV8-BE4max-N and rAAV8-BE4max-C-P2A-sg1 at a 1:1 ra-
tio of vector genomes (vg); 1 � 1012 vg per rAAV per mouse in the
high-dose group or 1 � 1010 vg per rAAV per mouse in the low-
dose group). Injected mice were supplied with NTBC water for
7 days to allow base editing but to prevent the expansion of the cor-
rected cells. On day 7, liver biopsy was performed. HTS showed that
the editing efficiency was 2.7% (2.1%–3.3%) and 2.4% (2.1%–3.1%)
for G1 and G3, respectively, in the high-dose group, but very low in
the low-dose group (Figures 2D and S3). The efficiency of the desired
correction to restore ATG was 0.7% (0.5%–0.85%) in the high-dose
group since simultaneous G1/G3 conversion occurred in most of
the alleles (Figures 2E and S3). IHC showed FAH-positive hepato-
cytes scattered in the livers of the high-dose group, which was consis-
tent with HTS data (Figure 2F). To investigate the inflammatory
response in the high-dose group, qRT-PCR was performed to
examine the mRNA level of some pro-inflammatory cytokines,
such as interleukin 6 (IL-6), IL-10, interferon b1 (IFN-b1), and tumor
necrosis factor a (TNF-a), whose expression was elevated at day 7
post-injection, suggesting a mild inflammatory response (Figure S4).
The body weight of treated mice increased gradually (Figure 2G). All
mice were sacrificed 2 months (day 67) after NTBC withdrawal. HTS
of the liver genomic DNA demonstrated that the percentage of
correctly edited alleles increased dramatically due to the expansion
of FAH-positive hepatocytes (Figures 2D, 2E, and S3). Specifically,
16.7% (15.2%–18.5%) and 15.6% (13.5%–18.8%) of the HTS reads
were the desired sequence with restored ATG start codons from
mice receiving high-dose and low-dose injections, respectively (Fig-
ures 2E and S3). However, the ratio of the sequence containing mu-
tations without start codon restoration also increased, suggesting
that some of the expanded cells contained both functional and non-
functional mutations. IHC studies demonstrated that FAH-positive
hepatocytes expanded in clones and occupied the majority of the liver
tissue after 2 months of treatment (Figure 2F).

Creation of aDeNovo Start Codon by BE4max in the FahGene to

Ameliorate HT1

Although BE4max is efficient, it could not selectively catalyze distinct
cytidines in our FahNS/NSmodel within an optimized editing window.
The above data showed that a bystander mutation counteracted the
desired G1-to-A1 conversion and greatly compromised the efficiency
of restorative editing. We hypothesized that if a de novo start codon
was created in the 50 UTR of the FahNS/NS allele, in-frame with the
coding sequence, it could restore Fah expression and function. Theo-
retically, conversion of the triplet code ATA to ATG could be cata-
lyzed by an ABE targeting the coding strand; ACG and GTG could
be converted to ATG by CBEs targeting the coding strand and non-
coding strand, respectively. We identified a G�12TG�10 triplet 12 nt
upstream of the start codon of the Fah gene as a possible target and
designed a sgRNA (sg3) in which the desired G�12 nucleotide was
located on protospacer position 4 within the editing window (Fig-
ure 3A). This placed the bystander nucleotide G�10 at protospacer po-
sition 2, which usually is not within the CBE editing window (Fig-
ure 3A). After testing in HEK293T reporter cells, we found that
71.1% of the HST reads contained A�12TG�10 while G�10 was almost
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Figure 3. Cytosine Base Editing of the 50 UTR of

FahNS/NS Allele to Create a De Novo Start Codon

(A) Diagram of sg3 designed to target the 50 UTR of the

FahNS/NS allele. PAM site is indicated with a blue line.

Protospacer is indicated with a red line. The position of

individual base within the protospacer is indicated with a

blue number. The disease-causing mutation 1A>G

(p.M1>V) is shown in red. C�12-to-T�12 (shown in green)

conversion in the non-coding strand leads to the desired

G�12-to-A�12 (shown in green) conversion in the coding

strand, which creates a de novo start codon (A�12TG�10).

Thus, four amino acids (methionine, leucine, valine, and

serine, all shown in green) will be added to the N terminus

of FAH protein. (B) Editing efficiencies of G�13, G�12, and

G�10 targeted by sg3 in HEK293T reporter cells. Values

and error bars represent the mean ± SD of three inde-

pendent biological replicates. (C) HTS reads of genomic

DNA fromHEK293T reporter cells. Correct reads entail G-

to-A conversion that creates a start codon (A�12TG�10) in

the 50 UTR (conversion at G�12, with or without conversion

at G�13, but excluding conversion at G�10). Any reads that

involve base substitutions unable to create an ATG start

codon in the 50 UTR are defined as incorrect reads. Values

and error bars represent the mean ± SD of three inde-

pendent biological replicates. (D) Editing efficiencies of

G�13, G�12, and G-10 in BE4max-sg3-treated mice from

high-dose or low-dose group 7 and 67 days after injec-

tion. Values and error bars represent mean ± SD (n = 3

mice per group). (E) HTS reads of liver genomic DNA in

mice 7 and 67 days after injection. Values and error bars

represent mean ± SD (n = 3 mice per group). (F) FAH IHC

staining of liver tissue sections. Scale bar, 200 mm. (G)

Body weight curves of mice injected with rAAVs or PBS.

Body weight was normalized to the weight on pre-injec-

tion day (day 0). Liver biopsy was performed on day 7

(black arrow), after which NTBC water was withdrawn.

Mice with more than 20% weight loss were euthanized.

(H) The percentage of reads containing indels as well as

an in-frame start codon in total reads with indels.
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untouched (Figures 3B and 3C). Although the G�13 (position 5) was
also converted, it would not affect the de novo-created start codon
(A�12TG�10) in the 50 UTR (Figures 3A and 3B).

Mice were injected with rAAV particles expressing BEmax-N and
BE4max-C-P2A-sg3, and the initial editing rate was determined
7 days after injection. In the high-dose group, HTS showed that the
editing efficiency was 3.8% (2.2%–5.6%) for the targeted base G�12

(Figures 3D and S5), and almost all of the edited alleles (average
3.7% of the reads) created the de novo start codon (Figures 3E and
S5). Moreover, consistent with the results from the HEK293T re-
porter cells, no significant editing occurred on G�10 (Figures 3D
and S5). Surprisingly, no FAH-positive hepatocytes were distin-
guished by IHC at day 7 but they were expanded in clones after
2 months of treatment (Figure 3F). The body weight of BE4max-
sg3-treated mice decreased slightly after NTBC withdrawal and
then increased dramatically (Figure 3G). The group receiving low-
dose rAAVs also recovered, although they required a longer time
(Figure 3G). HTS of the liver genomic DNA from treated mice
2 months after NTBC withdrawal revealed that G-to-A conversion
rates increased (Figures 3D and S5), and almost all of them bore
the desired conversion (31% [29.1%–33.4%] and 9.1% [7.5%–

10.6%] of total sequencing reads in the high-dose group and the
low-dose group, respectively) to generate the new start codon (Figures
3E and S5). Intriguingly, the indel rates also dramatically increased,
which was not observed in BE4max-sg1-treated mice (Figure 3E).
Further analysis of the HTS reads with indels revealed that nearly
all of them contained an in-frame ATG start codon (Figures 3H,
S6, and S7), indicating that these indels were functional to restore
Fah gene expression. We reasoned that since CBEs might yield low
but detectable indels,18,43 a portion of indels generated ATG start
codon to restore Fah expression in some cells that were also heathy
for repopulation.

We noticed that in IHC studies, the FAH-positive signal density
varied in different clusters of hepatocytes in BE4max-sg3-treated
mice, while in BE4max-sg1-treated liver tissue FAH expression
was homogeneous in all converted cells (Figure 4A), suggesting
Molecular Therapy Vol. 28 No 7 July 2020 1677
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Figure 4. In Vivo Cytosine Base Editing Rescued the Liver Damage Phenotype in FahNS/NS Mice

(A) FAH IHC staining of liver sections from BE4max-sg1- and BE4max-sg3-treatedmice from the high-dose group 67 days after injection. Scale bar, 500 mm. (B) Western blot

analysis of FAH expression in liver tissue from treated mice 67 days after injection. (C) The percentage of HTS reads with an in-frame ATG start codon in the Fah gene. These

reads include correct reads (as defined in Figures 2 and 3) and reads with indels as well as an in-frame start codon. (D) Relative FahmRNA expression in liver tissue 67 days

after injection. (E) Serum AST, ALT, TBIL, and ALB levels in peripheral blood from treated mice 67 days after injection. Peripheral blood from PBS-injected mice was collected

the day whenmice lost 20% of their original weight. (F) H&E staining of liver tissue sections from treatedmice. Liver tissue from PBS-injectedmice was collected the day when

mice lost 20% of their original weight. Scale bar, 200 mm. In all graphs, values and error bars represent mean ± SD (n = 3mice per group). *p < 0.05, **p < 0.005, ***p < 0.001,

****p < 0.0001. n.s., not significant.
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that the FAH protein level varied in distinct clusters of hepatocytes
in BE4max-sg3-treated mice. Western blotting study revealed that
the protein level of FAH was much lower in BE4max-sg3-treated
liver tissues (Figure 4B). The lower FAH protein level was not
due to the correction rate, since the start codon restoration effi-
ciency, as well as the mRNA level, was higher in BE4max-sg3-
treated mice (Figures 4C and 4D). In BE4max-sg3-treated mice,
4 aa were extended to the N terminus of FAH protein, and several
genotypes of the start codon-restored alleles were detected (Figures
3A and S5–S7), which might induce variant protein level and
result in lower FAH protein in the liver (Figures 4A and 4B).
The extent of liver damage in BE4max-sg3-treated mice was signif-
icantly ameliorated compared to that in control mice (Figures 4E
and 4F), suggesting that this 4-aa-extended FAH protein is func-
1678 Molecular Therapy Vol. 28 No 7 July 2020
tional and that BE4-mediated creation of a de novo start codon
is feasible to ameliorate HT1 in our mouse model.

Postponing Withdrawal of NTBC Revealed a Much Higher Initial

Correction Rate

Although we had shown that both of the two base-editing strategies
were feasible to ameliorate the disease phenotype of the FahNS/NS

mouse model, the initial editing efficiency was quite low in vivo
compared with the experiments in HEK293T reporter cells. We spec-
ulated that 7 days was too short for the viral infection, protein expres-
sion, and BE functioning since rAAV8-mediated ectopic protein
expression reached its highest level 56 days after infection and main-
tained this for several months.44 To evaluate the real in vivo editing
efficiency of BE4max-sg3, three mice were treated with a high dose



A

B C

Figure 5. Postponing Withdrawal of NTBC Revealed a Much Higher Initial

Correction Rate

(A) FAH IHC staining of liver tissue sections from BE4max-sg3-treated mice main-

tained on NTBC water for 21 days before euthanasia. Scale bars, 200 mm for top

panel and 100 mm for bottom panel. (B) Editing efficiencies of G�13, G�12, and G�10

in BE4max-sg3-treated mice 7 or 21 days after injection without NTBC withdrawal.

(C) The percentage of HTS reads with correct editing (G-to-A conversion that cre-

ates an ATG start codon [A�12TG�10] in the 50 UTR) in liver genomic DNA from

BE4max-sg3-treatedmice. In all graphs, values and error bars represent mean ±SD

(n = 3 mice per group). *p < 0.05, **p < 0.005.
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of rAAV8-BE4max-sg3 particles and maintained on NTBC water for
21 days. As expected, plenty of FAH-positive hepatocytes were de-
tected by IHC (Figure 5A), and these cells did not form clustered
clones, suggesting that these FAH-positive cells did not expand
from a few corrected cells. On day 21, the editing efficiency of G�12

and G�13 was increased by 2.7- and 3-fold, respectively, and the
desired correct editing rate was increased by 2.7-fold, compared
with day 7 (Figures 5B and 5C). These data suggest that rAAV-medi-
ated delivery of intein-split BE4max is very efficient in vivo. To deter-
mine the off-target effects of the two sites targeted by BE4max, 10 top
predicted off-targeted sites of each site were analyzed. Deep
sequencing of these off-targeted sites in liver DNA from treated
mice (high-dose group) 67 days after injection showed no evidence
of editing (Figure S8).

DISCUSSION
Base editing is an innovative technology to generate targeted base
conversion through nCas9/sgRNA-guided direct nucleotide deami-
nation without inducing excessive DSBs. In this study, we generated
a novel HT1 mouse model with a mutant start codon through
ABE7.10. We then used an intein-split system to deliver the BE4-
max/sgRNA via rAAV vectors in vivo. BE4max-mediated restoration
of the original start codon or creation of a de novo start codon in the 50

UTR of the Fah gene ameliorated HT1 disease symptoms in FahNS/NS

mice, suggesting that split-BE4max is efficient and feasible to correct
genetic disease through rAAV-based delivery systems.

Several studies have shown promising potential applications of BEs
for in vivo editing or gene therapy. Various methods have been em-
ployed to deliver CBE components for gene editing or disease therapy,
such as ribonucleoprotein (RNP) transfection in post-mitotic mouse
inner ear cells,45 adenoviral vector targeting liver tissues in both
adults and fetuses to treat metabolic diseases,30,46 and HTVI of
ABE plasmid DNA to treat tyrosinemia.31 Although the above deliv-
ery systems are efficient, none of them is a clinically applicable
approach for in vivo gene therapy to date. We successfully used the
intein-split strategy for the BE4max system, which is generally the
most efficient CBE variant with a longer coding sequence, to amelio-
rate an inherited liver metabolic disease. As BEs are able to catalyze
base conversions in non-dividing cells, their broader applications
would be achieved for gene therapy in other adult tissues, such as
in brain, retina, heart, and skeletal muscle, as demonstrated in a
recent report.34 We also found that direct fusion of two copies of
UGI in an intein-split system greatly reduced BE4max activity, but
the P2A fusion constructs enabled efficient editing in vitro and in vivo.
Interestingly, one or two UGIs directly fused to intein-split SpCas9 at
another split site exhibited efficient editing,34 suggesting that the split
site of SpCas9 would affect the reconstitution of full-length BE4max
in the intein-split CBE system.

Bystander mutations created by BEs are major obstacles for using pre-
cise editing to treat genetic diseases. To solve this problem, re-
searchers have developed BE3 variants with narrowed editing win-
dows (such as YEE-BE3 with the editing window narrowed to 2 nt
[positions 5–6]), which dramatically increased editing precision.47

Through rational design and screening of human APOBEC3A variant
mutations, eA3A-BE3 was developed to preferentially catalyze C-to-T
conversions in specific TCmotifs (with a TCR>TCY>VCN hierarchy)
with greatly reduced bystander editing.48 These CBEs substantially
increased the editing precision. However, due to limitations of the
PAM sequence and editing window, the targeting scope of these ed-
itors is still restricted. Most recently, Liu et al.49 developed an innova-
tive prime editing method that directly introduces genetic modifica-
tions (targeted insertions, deletions, and all 12 types of nucleotide
conversions) into a specified DNA site without requiring DSBs and
donor DNA templates. It is a promising technology, but still in its in-
fancy, and the editing efficiency is lower than base editing.

A set of ingenious strategies using CRISPR variants to treat specific
genetic diseases has been used to achieve considerable therapeutic ef-
fect in vivo. CRISPR-dCas9-mediated transcriptional upregulation of
Lama1 was used to compensate for the lack of Lama2 in treating
muscular dystrophy type 1A (MDC1A) in mice.50 Perturbation of
Molecular Therapy Vol. 28 No 7 July 2020 1679
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the GATA1 binding site at the +58 BCL11A erythroid enhancer or
genome editing of the HBG1 promoter that mimics the 13-nt
HPFH (hereditary persistence of HbF) deletion observed in patients
with SCD (sickle cell disease) was used to treat b-hemoglobinopa-
thies.2,51,52 Furthermore, deletion of an upstream gene in the tyrosine
synthesis metabolic pathway served to treat HT153 or primary hyper-
oxaluria type 1 (PH1),54 and genome editing-mediated allelic ex-
change treated a disease caused by compound heterozygous muta-
tions.55 In our current study, we developed a method to target the
sequence upstream of the mutation to create a de novo functional
element (start codon) for the therapy of HT1 in mice. The extension
of 4 aa at the N terminus of FAH protein might influence the protein
level as indicated by variant intensity of IHC signals and lower FAH
protein level in BE4max-sg3-treated liver tissue (Figures 4A and 4B),
but it is functional to rescue the lethal phenotype, suggesting that the
additional 4 aa might slightly affect protein translation or stability.
This provides a novel strategy for genetic modification to treat hered-
itary diseases, especially for mutations that affect the start or stop
codon as well as other non-coding region-related dysfunction, but
whether it works well in other diseases needs to be further
investigated.

Although no off-target editing has been identified after analysis of 10
top predicted sites of each target, target-independent DNA56,57 and
RNA58,59 off-targeting effects induced by deaminases should be seri-
ously considered, since rAAV-mediated CBE expression would be
maintained for months. However, cytosine deaminase-induced off-
target editing is very difficult to determine. Through introducing
variant mutations in rAPOBEC1 and human APOBEC3A, several en-
gineered CBEs have been developed to dramatically reduce the off-
target editing on RNA58–60 or DNA61 substrates. These improved
CBE variants might be suitable for gene therapy in clinical trials in
the future.

In summary, we generated a novel HT1mouse model by mutating the
start codon and developed an intein-split method to deliver BE4max
through rAAV vectors. Through two base editing-based strategies to
either restore the start codon or create a de novo initiation codon, an
inherited metabolic liver disease was ameliorated. Our study demon-
strated that a BE is able to be delivered through the rAAV system for
clinical purposes and that the de novo creation of functional genomic
elements could be an important strategy for the treatment of genetic
diseases.

MATERIALS AND METHODS
Plasmids and Cloning

The plasmid encoding BE4max (pCMV_BE4max_3xHA) was a gift
fromDavid Liu (Addgene plasmid; catalog no. 112096). N- and C-ter-
minal intein sequences were codon-optimized and synthesized by
Genewiz (Suzhou, China). Schematic views of BE4max-N, BE4max-
C, and BE4max-C-P2A are shown in Figure S2A. Corresponding
amino acid sequences are listed in Table S1. Lentiviral vector plasmid
for generating the reporter HEK293T cell line was constructed by in-
serting the 50 UTR and exon 1 of the FahNS/NS allele and a DsRed
1680 Molecular Therapy Vol. 28 No 7 July 2020
cassette driven by the EF-1a promoter into the lentiCRISPR v2 (a
gift from Feng Zhang, Addgene plasmid; catalog no. 52961) back-
bone. Plasmids used for targeting the FahNS/NS allele in the reporter
HEK293T cell line and the endogenous HEK293T genomic loci
contain sgRNAs driven by the U6 promoter and EGFP driven by a
CMV promoter.

Cell Culture, Transfection, and Genomic DNA Preparation

HEK293T (ATCC CRL-3216) cells were maintained in DMEM
(Gibco) supplemented with 10% FBS (Gibco), 100 U/mL penicillin,
and 100 mg/mL streptomycin (basal media) at 37�C and 5% CO2.
Cells (�2� 105 cells per well) were seeded onto 24-well plates (Corn-
ing Life Sciences) and transfected at 70% confluence using polyethy-
lenimine (PEI) (Polysciences) following the manufacturer’s recom-
mended protocol. For full-length BE4max transfection, 400 ng of
pCMV_BE4max_3xHA, 200 ng of sgRNA expression plasmid, and
400 ng of pCDNA3.1 were combined in the transfection master
mix. For split BE4max transfection, 400 ng of BE4max-N encoding
plasmid, 400 ng of BE4max-C (or BE4max-C-P2A) encoding
plasmid, and 200 ng of sgRNA expression plasmid were combined.
Each well was transfected with a total of 1 mg of plasmids. 72 h after
transfection, GFP-positive cells were sorted and genomic DNA was
extracted using a TIANamp blood DNA kit (Tiangen) according to
the manufacturer’s instructions.

Lentiviral Vector Production

HEK293T cells were seeded on a 15-cm dish (Corning Life Sciences)
and transfected at 80% confluence using PEI (Polysciences) following
the manufacturer’s recommended protocol. 10 mg of psPAX2, 10 mg
of pMD2.G, and 10 mg of lentiviral vector plasmid were co-trans-
fected. 8 h after transfection, the medium was replaced. The superna-
tant containing lentiviral particles was harvested and filtered using a
0.2-mm syringe filter (Pall) at 48 h after transfection.

Lentiviral Transduction

HEK293T cells were seeded on a 15-cm dish (Corning Life Sciences).
24 h later, cells were transduced with viral supernatants. Two days af-
ter transduction, cells were selected in puromycin (2 mg/mL), and sta-
bly transduced cells were enriched for 7 days.

rAAV Vector Production

HEK293T cells were seeded on 15-cm dishes before transfection.
10 mg of AAV8 capsid plasmid, 10 mg of AAV helper plasmid, and
10 mg of AAV expression vector were co-transfected into HEK293T
cells at 80% confluence using PEI following the manufacturer’s rec-
ommended protocol. 8 h after transfection, the medium was replaced.
60–72 h after transfection, cells were re-suspended by pipetting and
harvested by centrifugation (3,500 rpm). The cell pellet was re-sus-
pended in lysis buffer (150 mMNaCl, 20 mMTris [pH 8.0]) and lysed
through three consecutive freeze-thaw cycles between a dry ice/
ethanol bath and 37�C water bath. MgCl2 (1 mM final concentration)
and Benzonase (25 U/mL final concentration) (Merck) were added
into the cell lysate followed by incubation at 37�C for 30 min. The su-
pernatant was harvested and centrifuged at 5,500 rpm, 4�C for 20 min
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to remove the cell debris. The virus was further purified by iodixanol
gradient ultracentrifugation (60,000 rpm for 90 min at 16�C in a
Beckman Ti70 rotator) and concentrated to about 1 mL by ultrafiltra-
tion. Finally, the virus titer was determined by quantitative real-time
PCR.

Animal Studies

C57BL/6 strain mice purchased from Shanghai Laboratory Animal
Center were housed in standard cages in a specific pathogen-free fa-
cility on a 12-h light/12-h dark cycle with ad libitum access to food
and water. All animal experiments conformed to the regulations
drafted by the Association for Assessment and Accreditation of Lab-
oratory Animal Care in Shanghai and were approved by the East
China Normal University Center for Animal Research. The FahNS/
NS mouse was obtained as previously described21 and maintained
on NTBC water at a concentration of 10 mg/L. For hydrodynamic
tail vein plasmid injection, 200 mg of BE4max encoding plasmid
and 100 mg of sgRNA expressing plasmid were diluted into 2 mL of
saline and injected via the tail vein in 5–7 s into 8-week-old mice.
For systematic rAAV delivery, 6-week-old mice were injected with
1 � 1012 (high-dose group) or 1� 1010 (low-dose group) viral vector
genomes (for each rAAV) per mouse. Mice were humanely eutha-
nized by carbon dioxide asphyxiation if over 20% of body weight
was lost after NTBC withdrawal.

Western blot, IHC, and Histology

Mice were humanely sacrificed by carbon dioxide asphyxiation.
Mouse liver tissue was lysed in radioimmunoprecipitation assay
(RIPA) buffer with proteinase and phosphatase inhibitors. Total
protein was quantified using a Pierce protein bicinchoninic acid
(BCA) assay kit (Thermo Fisher Scientific). Proteins were resolved
on SDS-PAGE, transferred to nitrocellulose membranes, and de-
tected by anti-FAH antibody (AbboMax, 1:2,000) and anti-actin
antibody (Sigma, 1:5,000). For IHC and hematoxylin and eosin
(H&E) staining, mouse livers were fixed with 4% paraformaldehyde
(PFA), embedded in paraffin, and sectioned at 5 mm. Anti-FAH
antibody (AbboMax, 1:2,000) was used for IHC to detect FAH-pos-
itive hepatocytes.

qRT-PCR

Total RNA was extracted from mouse liver using RNAiso Plus (Ta-
kara) and reverse transcribed using the HiScript II Q RT SuperMix
(Vazyme) kit. qRT-PCR reactions were performed on QuantStudio
3 (Applied Biosystems) using Hieff qPCR SYBR Green master mix
(Yeasen Biotechnology). Data were normalized to b-actin. Primers
used for qRT-PCR are listed in Table S2.

Serum Biochemical Analysis

Mouse blood was collected using retro-orbital puncture and centri-
fuged at 12,000 rpm for 10 min at 4�C for serum collecting. For con-
trol groups, mouse blood was collected when weight loss was more
than 20%. Mouse serum was kept at �80�C before testing. AST,
ALT, TBIL, and ALB levels were measured by Adicon Clinical
Laboratory.
Targeted Deep Sequencing and Off-Target Analysis

HEK293T or mouse liver genomic DNA was isolated using the TIA-
Namp blood DNA kit (Tiangen) according to the manufacturer’s in-
structions. PCR products for targeted deep sequencing were prepared
as described in Hi-TOM kits (Novogene). Mixed samples were
sequenced on the Illumina HiSeq platform as previously described.62

Off-target sites were predicted using CRISPOR.63 Predicted potential
off-target sites are listed in Table S3. Next-generation sequencing
(NGS) data were analyzed using BE-Analyzer.64 All primers used
for Hi-TOM deep sequencing are listed in Table S4.

Data Availability

The deep-sequencing data from this study have been deposited in the
NCBI Sequence Read Archive (SRA) with BioProject: PRJNA593170
and PRJNA593901.
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Supplemental Figures 

 

Figure S1. Hydrodynamic tail-vein injection of plasmid DNA encoding BE4max and sg1 corrected 

the disease-causing mutation and generated FAH-positive hepatocytes in the mouse liver. (A) Body 

weight curves of mouse injected with plasmids or PBS after NTBC withdrawal. Body weight was 

normalized to the body weight of pre-injection day (day 0). Black arrow indicates the day of NTBC 

withdrawal. (B) Sanger sequencing chromatograms of the Fah allele of liver genomic DNA from treated 

and untreated mouse 10 weeks after NTBC withdrawal. PAM site is indicated with a blue line. 

Protospacer is indicated with a red line. Targeted base in the Fah allele is indicated by black arrow. G>A 

conversion is indicated by red arrow. (C) FAH IHC staining of liver sections. Scale bars, 200μm. (D) 

Western blot analysis of FAH expression in liver tissue.  

  



Figure S2. Intein-mediated split BE4max system. (A) Schematic view of intein-mediated split 

BE4max rAAV constructs (BE4max-N, BE4max-C and BE4max-C-P2A). ITR, inverted terminal repeat; 

CMV, human cytomegalovirus (CMV) immediate early promoter. NLS, nuclear localization signal; bGH, 

bovine growth hormone poly (A) signal; U6, RNA polymerase III promoter for human U6 snRNA; P2A, 

2A peptide from porcine teschovirus-1 polyprotein. (B) Upper, C-to-T base editing efficiencies of intein-

mediated split BE4max and full-length BE4max in transfected HEK293T cells. Lower, sequences of 

genomic loci targeted by corresponding sgRNAs, with the PAM sequences in blue and targeted Cs in red. 

Numbers in sequences indicate relative positions of the nucleotide in the protospacer, with the beginning 

nucleotide (5′ end) of the protospacer marked as 1. Values and error bars represent the mean ± s.d. of 

three independent biological replicates performed on different days. 

  



 
Figure S3. Specific alleles with base substitution in each BE4max-sg1-treated mouse（1#, 2#, 3#）

after rAAV injection. The restored ATG start codons are indicated with red boxes. Bold indicates base 

substitutions. Only the alleles with more than 0.1% reads are listed. 

 

Reference T C T G C T G C C C G G T G C T C G T C A G C G T G T C C T T T A T T C C A G T
Percentage Reads

T C T G C T G C C C G G T G C T C G T C A G C A T A T C C T T T A T T C C A G T 1.54 2353

T C T G C T G C C C G G T G C T C G T C A G C A T G T C C T T T A T T C C A G T 0.81 1233

T C T G C T G C C C G G T G C T C G T C A G C G T A T C C T T T A T T C C A G T 0.33 498

T C T G C T A C C C G G T G C T C G T C A G C G T G T C C T T T A T T C C A G T 0.15 226

T C T G C T G C C C G G T G C T C G T C A G C A T A T C C T T T A T T C C A G T 1.77 2380

T C T G C T G C C C A A T G C T C G T C A G C G T G T C C T T T A T T C C A G T 1.14 1533

T C T G C T G C C C G G T G C T C G T C A G C A T G T C C T T T A T T C C A G T 0.70 937

T C T G C T G C C C G G T G C T C G T C A G C G T A T C C T T T A T T C C A G T 0.50 667

T C T G C T A C C C G G T G C T C G T C A G C G T G T C C T T T A T T C C A G T 0.14 185

T C T G C T G C C C A G T G C T C G T C A G C G T G T C C T T T A T T C C A G T 0.10 132

T C T G C T G C C C G G T G C T C G T C A G C A T A T C C T T T A T T C C A G T 1.53 2110

T C T G C T G C C C G G T G C T C G T C A G C G T A T C C T T T A T T C C A G T 0.52 715

T C T G C T G C C C G G T G C T C G T C A G C A T G T C C T T T A T T C C A G T 0.48 665

T C T G C T G C C C A A T G C T C G T C A G C G T G T C C T T T A T T C C A G T 0.37 511

T C T G C T A C C C G G T G C T C G T C A G C G T G T C C T T T A T T C C A G T 0.13 181

Reference T C T G C T G C C C G G T G C T C G T C A G C G T G T C C T T T A T T C C A G T
Percentage Reads

T C T G C T G C C C G G T G C T C G T C A G C A T G T C C T T T A T T C C A G T 17.62 24843

T C T G C T G C C C G G T G C T C G T C A G C A T A T C C T T T A T T C C A G T 14.58 20556

T C T G C T G C C C G G T G C T C G T C A G C G T A T C C T T T A T T C C A G T 3.41 4803

T C T G C T G C C C G G T G C T C A T C A G C A T A T C C T T T A T T C C A G T 0.30 420

T C T G C T G C C C G G T G C T C G T C A A C A T G T C C T T T A T T C C A G T 0.21 296

T C T G C T G C C C G G T G C T C A T C A G C A T G T C C T T T A T T C C A G T 0.16 231

T C T G C T G C C C A A T G C T C G T C A G C G T G T C C T T T A T T C C A G T 0.15 207

T C T G C T G C C C G G T G C T C A T C A G C G T G T C C T T T A T T C C A G T 0.14 195

T C T G C T G C C C G G T G C T C G T C A A C A T A T C C T T T A T T C C A G T 0.13 180

T C T G C T G C C C G G T G C T C G T C A G C A T A T C C T T T A T T C C A G T 16.14 12478

T C T G C T G C C C G G T G C T C G T C A G C A T G T C C T T T A T T C C A G T 15.72 12147

T C T G C T G C C C G G T G C T C G T C A G C G T A T C C T T T A T T C C A G T 3.80 2936

T C T G C T G C C C G G T G C T C G T C A A C A T A T C C T T T A T T C C A G T 0.30 234

T C T G C T G C C C G G T G C T C A T C A G C A T A T C C T T T A T T C C A G T 0.23 175

T C T G C T G C C C G G T G C T C A T C A G C A T G T C C T T T A T T C C A G T 0.21 163

T C T G C T G C C C G G T G C T C G T C A A C A T G T C C T T T A T T C C A G T 0.12 91

T C T G C T G C C C A A T G C T C G T C A G C G T G T C C T T T A T T C C A G T 0.10 77

T C T G C T G C C C G G T G C T C G T C A G C A T G T C C T T T A T T C C A G T 14.38 14021

T C T G C T G C C C G G T G C T C G T C A G C A T A T C C T T T A T T C C A G T 9.27 9041

T C T G C T G C C C A A T G C T C G T C A G C G T G T C C T T T A T T C C A G T 4.66 4546

T C T G C T G C C C G G T G C T C G T C A G C G T A T C C T T T A T T C C A G T 2.82 2745

T C T G C T A C C C A A T G C T C G T C A G C G T G T C C T T T A T T C C A G T 0.31 304

T C T G C T G C C C G G T G C T C A T C A G C A T A T C C T T T A T T C C A G T 0.17 164

T C T G C T A C C C G G T G C T C G T C A G C G T G T C C T T T A T T C C A G T 0.12 119

T C T G C T G C C C G G T G C T C A T C A G C A T G T C C T T T A T T C C A G T 0.12 119

T C T G C T G C C C A A T G C T C A T C A G C G T G T C C T T T A T T C C A G T 0.12 119

T C T G C T G C C C G G T G C T C G T C A A C A T G T C C T T T A T T C C A G T 0.11 105

Reference T C T G C T G C C C G G T G C T C G T C A G C G T G T C C T T T A T T C C A G T
Percentage Reads

T C T G C T G C C C G G T G C T C G T C A G C A T G T C C T T T A T T C C A G T 12.93 45220

T C T G C T G C C C G G T G C T C G T C A G C A T A T C C T T T A T T C C A G T 2.79 9748

T C T G C T G C C C G G T G C T C G T C A G C G T A T C C T T T A T T C C A G T 0.83 2886

T C T G C T G C C C G G T G C T C G T C A A C A T G T C C T T T A T T C C A G T 0.19 674

T C T G C T G C C C G G T G C T C A T C A G C A T G T C C T T T A T T C C A G T 0.16 551

T C T G C T G C C C G G T G C T C G T C A G C A T G T C C T T T A T T C C A G T 13.92 25490

T C T G C T G C C C G G T G C T C G T C A G C A T A T C C T T T A T T C C A G T 2.88 5272

T C T G C T G C C C G G T G C T C G T C A G C G T A T C C T T T A T T C C A G T 0.86 1573

T C T G C T G C C C G G T G C T C G T C A A C A T G T C C T T T A T T C C A G T 0.23 413

T C T G C T G C C C G G T G C T C A T C A G C A T G T C C T T T A T T C C A G T 0.10 177

T C T G C T G C C C G G T G C T C G T C A G C A T G T C C T T T A T T C C A G T 18.19 19557

T C T G C T G C C C G G T G C T C G T C A G C A T A T C C T T T A T T C C A G T 1.54 1659

T C T G C T G C C C G G T G C T C G T C A G C G T A T C C T T T A T T C C A G T 0.60 641

T C T G C T G C C C G G T G C T C G T C A A C A T G T C C T T T A T T C C A G T 0.19 201

T C T G C T G C C C G G T G C T C A T C A G C A T G T C C T T T A T T C C A G T 0.12 131

High-dose-d67

Low-dose-d67

High-dose-d7

1#

1#

2#

3#

2#

3#

1#

2#

3#



Figure S4. High-dose rAAV administration elicited a mild immune response in mouse liver. On 

day 7, mouse liver mRNA levels of pro-inflammatory cytokines from each high-dose group were 

determined by qRT-PCR. Values and error bars represent mean ± s.d. (n=3 mice per group), *p <0.05, 

**p <0.01, ****p<0.0001, n.s., nonsignificant. 



 

Figure S5. Specific alleles with base substitution in each BE4max-sg3-treated mouse（1#, 2#, 3#）

after rAAV injection. The de novo ATG start codons are indicated with red boxes. Bold indicates base 

substitutions. Only the alleles with more than 0.1% reads are listed. 

 

  

Reference C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C G T
Percentage Reads

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C G T 4.89 5570

C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C A T 0.33 380

C T A C C C G C C G T G G G C T C T G C T A C C C A A T G C T C G T C A G C G T 0.23 258

C T A C C C G C C G T G G G C T C T G C T A C C C G G T G C T C G T C A G C G T 0.14 160

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C A T C A G C G T 0.14 157

C T A C C C G C C G T G G G C T C T G C T G C C C A C T G C T C G T C A G C G T 0.11 125

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C G T 2.94 2417

C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C A T 1.26 1037

C T A C C C G C C G T G G G C T C T G C T G C C C A G T G C T C G T C A G C G T 0.19 160

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C A T C A G C G T 0.16 132

C T A C C C G C C G T G G G C T C T G C T A C C C G G T G C T C G T C A G C G T 0.15 120

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C G T 1.91 2382

C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C A T 0.23 288

C T A C C C G C C G T G G G C T C T G C T A C C C G G T G C T C G T C A G C G T 0.17 216

Reference C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C G T
Percentage Reads

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C G T 27.81 32908

C T A C C C G C C G T G G G C T C T G C T G C C C A G T G C T C G T C A G C G T 1.16 1377

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C A T 0.40 472

C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C A T 0.20 233

C T A C C C G C C G T G G G C T C T G C T G C C C A C T G C T C G T C A G C G T 0.16 189

C T A C C C G C C G T G G G C T C T G C T G C C C G A T G C T C G T C A G C G T 0.11 132

C T A C C C G C C G T G G G C T C T G C T G C C C A G T G C T C G T C A G C A T 0.10 117

C T A C C C G C C G T G G G C T C T G C T A C C C A A T G C T C G T C A G C G T 0.10 114

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C G T 31.40 28826

C T A C C C G C C G T G G G C T C T G C T G C C C A G T G C T C G T C A G C G T 0.95 873

C T A C C C G C C G T G G G C T C T G C T A C C C A A T G C T C G T C A G C G T 0.35 322

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C A T 0.33 303

C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C A T 0.22 202

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C A T C A G C A T 0.20 183

C T A C C C G C C G T G G G C T C T G C T G C C C G A T G C T C G T C A G C G T 0.12 107

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C G T 29.17 25724

C T A C C C G C C G T G G G C T C T G C T G C C C A G T G C T C G T C A G C G T 1.03 911

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C A T 0.36 318

C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C A T 0.24 215

C T A C C C G C C G T G G G C T C T G C T G C C C G A T G C T C G T C A G C G T 0.12 109

Reference C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C G T
Percentage Reads

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C G T 6.73 8031

C T A C C C G C C G T G G G C T C T G C T G C C C A G T G C T C G T C A G C G T 0.87 1039

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C A T 0.44 523

C T A C C C G C C G T G G G C T C T G C T G C C C A C T G C T C G T C A G C A T 0.16 185

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T G G T C A G C G T 0.13 161

C T A C C C A C C A T A A G C T C T G C T G C C C G G T G C T C G T C A G C A T 0.12 149

C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C A T 0.11 133

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C G T 8.64 856

C T A C C C G C C G T G G G C T C T G C T G C C C A G T G C T C G T C A G C G T 0.25 25

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C A T 0.19 19

C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C A T 0.16 16

C T A C C C G C C G T G G G C T C T G C T G C C C A C T G C T C G T C A G C A T 0.14 14

C T A C C C G C C G T G G G C T C T G C T G C C C G A T G C T C G T C A G C G T 0.14 14

C T A C C C G C C G T G G G C T C T G C T G C C C A C T G C T C G T C A G C G T 0.13 13

C T A C C C G C C A T G G G C T C T G C T A C C C G G T G C T C G T C A G C G T 0.10 10

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C G T 9.35 8185

C T A C C C G C C G T G G G C T C T G C T G C C C A G T G C T C G T C A G C G T 0.95 832

C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C T C G T C A G C A T 0.55 478

C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C A T 0.33 286

C T A C C C G C C G T G G G C T C T G C T G C G C G A T G C T C G T C A G C G T 0.24 209

C T A C C C G C C G T G G G C T C T G C T G C C C A C T G C T C G T C A G C A T 0.22 190

C T A C C C G C C A T G G G C T C T G C T A C C C G G T G C T C G T C A G C G T 0.18 158

C T A C C C G C C G T G G G C T C T G C T G C C C A C T G C T C G T C A G C G T 0.15 128

C T A C C C G C C G T G G G C T C T G C T G C C C G A T G C T C G T C A G C G T 0.12 109

C T A C C C G C C G T G G G C T C T G C T G C C C A G T G C T C G T C A G C A T 0.11 97

C T A C C C G C C G T G G G C T C T G C T G C A A G A T G C T C G T C A G C G T 0.10 90
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Figure S6. Specific alleles with insertions and deletions in each BE4max-sg3-treated mouse（1#, 2#, 

3#）from high-dose group 67 days after rAAV injection. Only the alleles with more than 0.1% reads 

are listed. 

  

Reference C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C G T G T C C T T T A
Percentage Reads

C T A C C C G C C G T G G G C T C T G C T G C C C A A A T G C T C G T C A G C G T G T C C T T T A 1.00 1178
C T A C C C G C C G T G G G C T C T G C T G C C C A G G A T G C T C G T C A G C G T G T C C T T T A 0.64 763
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A T G C T C G T C A G C G T G T C C T T T A 0.53 624
C T A C C C G C C G T G G G C T C T G C T G C C C A A G G A T G C T C G T C A G C G T G T C C T T T A 0.22 263
C T A C C C G C C G T G G G C T C T G C T G C C C A A T A T G C T C G T C A G C G T G T C C T T T A 0.22 262
C T A C C C G C C G T G G G C T C T G C T G C C C A A G A T G C T C G T C A G C G T G T C C T T T A 0.22 255
C T A C C C G C C G T G G G C T C T G C T G C C C A A T G A T G C T C G T C A G C G T G T C C T T T A 0.14 162
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A A T G C T C G T C A G C G T G T C C T T T A 0.13 149

C T A C C C G C C G T - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 1.54 1826
C T A C C C G C C G T G G G C T C T G C T G C C - - A T G C T C G T C A G C G T G T C C T T T A 0.44 521
C T A C C C G C C G G - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.42 496
C T A C C C G C C G T G G G C T C T G C T G C - - G A T G C T C G T C A G C G T G T C C T T T A 0.41 486
C T A C C C G C C - - - - - - - - - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.17 196
C T A C C C G C C G T G G G - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.14 163
C T A C C C G C C G T G G - - - - - - - - - - - C G A T G C T C G T C A G C G T G T C C T T T A 0.14 162
C T A C C C G C C G - - - - - - - - - - - - - - C G A T G C T C G T C A G C G T G T C C T T T A 0.13 155
C T A C C C G C C G T G G G C A G - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.11 134
C T A C C C G C C G A - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.10 114

C T A C C C G C C G T G G G C T C T G C T G C C C A A A T G C T C G T C A G C G T G T C C T T T A 0.83 758
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A T G C T C G T C A G C G T G T C C T T T A 0.46 425
C T A C C C G C C G T G G G C T C T G C T G C C C A G G A T G C T C G T C A G C G T G T C C T T T A 0.41 373
C T A C C C G C C G T G G G C T C T G C T G C C C A A G G A T G C T C G T C A G C G T G T C C T T T A 0.16 149
C T A C C C G C C G T G G G C T C T G C T G C C C A A T G A T G C T C G T C A G C G T G T C C T T T A 0.16 148
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A A T G C T C G T C A G C G T G T C C T T T A 0.10 95
C T A C C C G C C G T G G G C T C T G C T G C C C A A T A T G C T C G T C A G C G T G T C C T T T A 0.10 92

C T A C C C G C C G T - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 1.25 1151
C T A C C C G C C G T G G G C T C T G C T G C C - - A T G C T C G T C A G C G T G T C C T T T A 0.43 394
C T A C C C G C C G G - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.32 294
C T A C C C G C C G T G G G C T C T G C T G C - - G A T G C T C G T C A G C G T G T C C T T T A 0.27 245
C T A C C C G C C G T G G - - - - - - - - - - - C G A T G C T C G T C A G C G T G T C C T T T A 0.20 181
C T A C C C G C C G T G G G C A G - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.16 150
C T A C C C G C C - - - - - - - - - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.15 138
C T A C C C G C C G T G G G - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.11 104

C T A C C C G C C G T G G G C T C T G C T G C C C A A A T G C T C G T C A G C G T G T C C T T T A 0.85 749
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A T G C T C G T C A G C G T G T C C T T T A 0.64 567
C T A C C C G C C G T G G G C T C T G C T G C C C A G G A T G C T C G T C A G C G T G T C C T T T A 0.46 405
C T A C C C G C C G T G G G C T C T G C T G C C C A A T G A T G C T C G T C A G C G T G T C C T T T A 0.27 239
C T A C C C G C C G T G G G C T C T G C T G C C C A A G A T G C T C G T C A G C G T G T C C T T T A 0.25 221
C T A C C C G C C G T G G G C T C T G C T G C C C A A G G A T G C T C G T C A G C G T G T C C T T T A 0.23 207
C T A C C C G C C G T G G G C T C T G C T G C C C A A T A T G C T C G T C A G C G T G T C C T T T A 0.23 201
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A A T G C T C G T C A G C G T G T C C T T T A 0.16 139

C T A C C C G C C G T - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 1.41 1241
C T A C C C G C C G T G G G C T C T G C T G C C - - A T G C T C G T C A G C G T G T C C T T T A 0.49 436
C T A C C C G C C G T G G G C T C T G C T G C - - G A T G C T C G T C A G C G T G T C C T T T A 0.41 363
C T A C C C G C C G G - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.39 344
C T A C C C G C C G T G G G C A G - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.20 174
C T A C C C G C C G T G G G - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.12 105
C T A C C C G C C - - - - - - - - - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.11 101
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Figure S7. Specific alleles with insertions and deletions in each BE4max-sg3-treated mouse（1#, 2#, 

3#）from low-dose group 67 days after rAAV injection. Only the alleles with more than 0.1% reads 

are listed. 

Reference C T A C C C G C C G T G G G C T C T G C T G C C C G G T G C T C G T C A G C G T G T C C T T T A

Percentage Reads
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A T G C T C G T C A G C G T G T C C T T T A 0.92 1101
C T A C C C G C C G T G G G C T C T G C T G C C C A G G A T G C T C G T C A G C G T G T C C T T T A 0.47 563
C T A C C C G C C G T G G G C T C T G C T G C C C A A A T G C T C G T C A G C G T G T C C T T T A 0.39 467
C T A C C C G C C G T G G G C T C T G C T G C C C A A A C G A T G C T C G T C A G C G T G T C C T T T A 0.20 238
C T A C C C G C C G T G G G C T C T G C T G C C C A A A T G G T G C T C G T C A G C G T G T C C T T T A 0.18 216
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A T G C C G G T G C T C G T C A G C G T G T C C T 0.16 187
C T A C C C G C C G T G G G C T C T G C T G C C C A A C G A T G C T C G T C A G C G T G T C C T T T A 0.10 123
C T A C C C G C C G T G G G C T C T G C T G C C C A A T G C A G T G C C C G G T G C T C G T C A G C G T G 0.10 119

C T A C C C G C C G T - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 2.29 2735
- - - - - - - - - - - - - - - 59 bp - - - - - - - - - - - - - - - - - - - - - A T G T C C T T T A 1.49 1776
- - - - - - - - - - - - - - - 32 bp - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.97 1153
C T A C C C G C C G T G G G C T C T G C T G C - - G A T G C T C G T C A G C G T G T C C T T T A 0.91 1085
C T A C C C G C C G T G G - - - - - - - - - - - C G A T G C T C G T C A G C G T G T C C T T T A 0.68 816
- - - - - - - - - - - - - - - 44 bp - - - - - - A T G G T G C T C G T C A G C G T G T C C T T T A 0.68 812
C T A C C C G C C G T T - - - - - - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.62 740
C T A C C C G C C G T G G G C T C T G C T G C C - - A T G C T C G T C A G C G T G T C C T T T A 0.53 629
C T A C C C G C C G T G G G C - - - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.48 578
- - - - - - - - - - - - - - - 28 bp - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.44 524
C T A C C C G C C - - - - - - - - - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.31 372
- - - - - - - - - - - - - - - 29 bp - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.29 341
C T A C C C G C C G - - - - - - - - - - - - - - C G A T G C T C G T C A G C G T G T C C T T T A 0.25 297
- - - - - - - - - - - - - - - 29 bp - - - - - - A T G G T G C T C G T C A G C G T G T C C T T T A 0.25 296
C T A C C C G C C G T G G G C T C - - - T G C C C G G T G C T C G T C A G C G T G T C C T T T A 0.24 287
C T A C C C G C C G T G G G C - - - - - - - - A G C A T G C T C G T C A G C G T G T C C T T T A 0.22 263
C T A C C C G C C G T G G G C T C T G C T G C - - A A T G C T C G T C A G C G T G T C C T T T A 0.17 206
C T A C C C G C C G T G G - - - - - - - - - - - C C A T G C T C G T C A G C G T G T C C T T T A 0.17 204
C T A C C C G C - - - - - - - - - - - - - - A G A G A T G C T C G T C A G C G T G T C C T T T A 0.17 203
C T A C C C G C C G T G G G C - - - - - - - - A G T A T G C T C G T C A G C G T G T C C T T T A 0.14 172
C T A C C C G C C G T - - - - - - - - - - - - - - A A T G C T C G T C A G C G T G T C C T T T A 0.14 165
C T A C C C G C C G T G G - - - - - - - - - - - T G A T G C T C G T C A G C G T G T C C T T T A 0.13 160
C T A C C C G C C G T G G G C - - - - - - - - C C G G T G C T C G T C A G C G T G T C C T T T A 0.12 147
C T A C C C G C C G T G G G C - - - - - T G C C C G G T G C T C G T C A G C G T G T C C T T T A 0.11 133
C T A C C C G C C A T G G G C - - - - - - - - C C G G T G C T C G T C A G C G T G T C C T T T A 0.10 114

C T A C C C G C C G T G G G C T C T G C T G C C C A A A T G C T C G T C A G C G T G T C C T T T A 0.67 66
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A T G C T C G T C A G C G T G T C C T T T A 0.49 49
C T A C C C G C C G T G G G C T C T G C T G C C C A A G A T G C T C G T C A G C G T G T C C T T T A 0.38 38
C T A C C C G C C G T G G G C T C T G C T G C C C C A A T G C T C G T C A G C G T G T C C T T T A 0.18 18
C T A C C C G C C G T G G G C T C T G C T G C C C A G G A T G C T C G T C A G C G T G T C C T T T A 0.17 17
C T A C C C G C C G T G G G C T C T G C T G C C C A A C G A T G C T C G T C A G C G T G T C C T T T A 0.16 16
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A A T G C T C G T C A G C G T G T C C T T T A 0.15 15
C T A C C C G C C G T G G G C T C T G C T G C C C A A T A T G C T C G T C A G C G T G T C C T T T A 0.14 14
C T A C C C G C C G T G G G C T C T G C T G C C C A A G G A T G C T C G T C A G C G T G T C C T T T A 0.12 12
C T A C C C G C C G T G G G C T C T G C T G C C C T G C G A T G C T C G T C A G C G T G T C C T T T A 0.11 11
C T A C C C G C C G T G G G C T C T G C T G C C C A A A T G G T G C T C G T C A G C G T G T C C T T T A 0.11 11
C T A C C C G C C G T G G G C T C T G C T G C C C A A T G A T G C T C G T C A G C G T G T C C T T T A 0.11 11

C T A C C C G C C G T - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 2.46 244
C T A C C C G C C G T G G G C T C T G C T G C - - G A T G C T C G T C A G C G T G T C C T T T A 0.89 88
C T A C C C G C C G T G G G C T C T G C T G C C - - A T G C T C G T C A G C G T G T C C T T T A 0.86 85
C T A C C C G C C G G - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.40 40
C T A C C C G C C - - - - - - - - - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.35 35
- - - - - - - - - - - - - - - 44 bp - - - - - - - - - - - - - - - - - - - - - A T G T C C T T T A 0.22 22
- - - - - - - - - - - - - - - 59 bp - - - - - - - - - - - - - - - - - - - - - A T G T C C T T T A 0.20 20
- - - - - - - - - - - - - - - 47 bp - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.17 17
C T A C C C G C C G T G G G C - - - - - - - - - - A A T G C T C G T C A G C G T G T C C T T T A 0.15 15
C T A C C C G C C G T G G G C - - - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.15 15
C T A C C C G C C G T G G G C - - - - - - - - A G G A T G C T C G T C A G C G T G T C C T T T A 0.15 15
C T A C C C G C C G T G G G C - - - - - - - A G C G A T G C T C G T C A G C G T G T C C T T T A 0.15 15
- - - - - - - - - - - - - - - 32 bp - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.15 15
- - - - - - - - - - - - - - - 24 bp - - - - - - A C G A T G C T C G T C A G C G T G T C C T T T A 0.14 14
C T A C C C G C C G T G G G C T C T G C - - - - - C A T G C T C G T C A G C G T G T C C T T T A 0.14 14
- - - - - - - - - - - - - - - 44 bp - - - - - - A T G G T G C T C G T C A G C G T G T C C T T T A 0.14 14
C T A C C C G C C G T G G - - - - - - - - - - - C G A T G C T C G T C A G C G T G T C C T T T A 0.13 13
C T A C C C G C C G T G G G - - - - - - - - - - C G A T G C T C G T C A G C G T G T C C T T T A 0.12 12
C T A C C C G C C G - - - - - - - - - - - - - - C G A T G C T C G T C A G C G T G T C C T T T A 0.11 11
C T A C C C G C C G T G G G C - - - - - - - - A G C A T G C T C G T C A G C G T G T C C T T T A 0.10 10

C T A C C C G C C G T G G G C T C T G C T G C C C A G G A T G C T C G T C A G C G T G T C C T T T A 1.49 1306
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A T G C T C G T C A G C G T G T C C T T T A 1.09 955
C T A C C C G C C G T G G G C T C T G C T G C C C A A A T G C T C G T C A G C G T G T C C T T T A 0.82 722
C T A C C C G C C G T G G G C T C T G C T G C C C A A T G A T G C T C G T C A G C G T G T C C T T T A 0.35 310
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A T G C C G G T G C T C G T C A G C G T G T C C 0.35 308
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A A T G C T C G T C A G C G T G T C C T T T A 0.28 245
C T A C C C G C C G T G G G C T C T G C T G C C C A A T A T G C T C G T C A G C G T G T C C T T T A 0.20 171
C T A C C C G C C G T G G G C T C T G C T G C C C A C A A T G C T C G T C A G C G T G T C C T T T A 0.18 158
C T A C C C G C C G T G G G C T C T G C T G C C C A A A A A A T G C T C G T C A G C G T G T C C T T T A 0.15 129
C T A C C C G C C G T G G G C T C T G C T G C A A T G G T G C T C G T C A G C G T G T C C T T T A 0.12 102
C T A C C C G C C G T G G G C T C T G C T G C C C A A G G A T G C T C G T C A G C G T G T C C T T T A 0.10 90
C T A C C C G C C G T G G G C T C T G C T G C C C G C G A T G C T C G T C A G C G T G T C C T T T A 0.10 86
C T A C C C G C C G T G G G C T C T G C T G C C C A A T A A T G C T C G T C A G C G T G T C C T T T A 0.10 84

C T A C C C G C C G T - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 4.68 4093
C T A C C C G C C G T G G G C T C T G C T G C - - G A T G C T C G T C A G C G T G T C C T T T A 1.06 925
C T A C C C G C C G G - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.97 850
C T A C C C G C C G T G G - - - - - - - - - - - C G A T G C T C G T C A G C G T G T C C T T T A 0.78 686
C T A C C C G C C G T G G G C - - - - - - - - A G C A T G C T C G T C A G C G T G T C C T T T A 0.74 651
C T A C C C G C C G T G G G C T C T G C T G C C - - A T G C T C G T C A G C G T G T C C T T T A 0.71 624
C T A C C C G C C G T G G G C - - - - - - - - A G G A T G C T C G T C A G C G T G T C C T T T A 0.68 598
C T A C C C G C C - - - - - - - - - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.65 573
- - - - - - - - - - - - - - - 26 bp - - - A T G C C G G T G C T C G T C A G C G T G T C C T T T A 0.52 451
C T A C C C G C C G T G G G C T C T G C T G C C C - - - - - - - - - - - - A A T G T C C T T T A 0.51 445
- - - - - - - - - - - - - - - 32 bp - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.43 377
- - - - - - - - - - - - - - - 29 bp - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.41 360
- - - - - - - - - - - - - - - 59 bp - - - - - - - - - - - - - - - - - - - - - A T G T C C T T T A 0.35 307
- - - - - - - - - - - - - - - 32 bp - - - - - - - - G G T G C T C G T C A G C G T G T C C T T T A 0.34 297
C T A C C C G C C G T G G G C - - - - - - - - - - A A T G C T C G T C A G C G T G T C C T T T A 0.32 283
C T A C C C G C C G - - - - - - - - - - - - - - C G A T G C T C G T C A G C G T G T C C T T T A 0.30 259
C T A C C C G C C G T G G G - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.28 245
C T A C C C G C C G T G G G C T C T G C T G G - - G A T G C T C G T C A G C G T G T C C T T T A 0.24 211
- - - - - - - - - - - - - - - 22 bp - - - G G C G T G A T G C T C G T C A G C G T G T C C T T T A 0.23 197
- - - - - - - - - - - - - - - 54 bp - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0.22 195
- - - - - - - - - - - - - - - 29 bp - - - - - - - - A A T G C T C G T C A G C G T G T C C T T T A 0.20 175
C T A C C C G C C G T G G G C T C T G C T G C - - T A T G C T C G T C A G C G T G T C C T T T A 0.19 162
C T A C C C G C C G T G G G C - - - - - - - A G C G A T G C T C G T C A G C G T G T C C T T T A 0.17 150
C T A C C C G C C G - - - - - - - - - - - - - - A G A T G C T C G T C A G C G T G T C C T T T A 0.16 137
C T A C C C G C C G T G G G C T C T G C T - - A T G G T G C T C G T C A G C G T G T C C T T T A 0.16 136
C T A C C C G C C G T G G - - - - - - - - - - - C C A T G C T C G T C A G C G T G T C C T T T A 0.14 122
C T A C C C G C C G T C A C T G A G G C C G G - - G A T G C T C G T C A G C G T G T C C T T T A 0.14 119
C T A C C - G C C G T - - - - - - - - - - - - - - G A T G C T C G T C A G C G T G T C C T T T A 0.13 118
C T A C C C G C C G T - - - - - - - - - - - - - - C A T G C T C G T C A G C G T G T C C T T T A 0.13 111
C T A C C C G C C G T G G G C - - - - - - - - A G A A T G C T C G T C A G C G T G T C C T T T A 0.13 110
C T A C C C G C C G T - - - - - - - - - - - - - - T A T G C T C G T C A G C G T G T C C T T T A 0.11 99
C T A C C C G C C G - - - - - - - - - - - G T G C G A T G C T C G T C A G C G T G T C C T T T A 0.11 98
C T A C C C G C C G T G G G C T C T G C T - - A T A A T G C T C G T C A G C G T G T C C T T T A 0.11 92
C T A C C C G C C G T G G G - - - - - - - - - - - - A T G C T C G T C A G C G T G T C C T T T A 0.10 85
C T A C C C G C - - - - - - - - - - - - - - - - - - - - - - A G A G C A G C A T G T C C T T T A 0.10 84
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Figure S8. Editing efficiencies of computationally predicted off-target loci of sg1 and sg3. Off-

target sites of sg1 (A) and sg3 (B) were predicted by CRISPOR (http://crispor.tefor.net). Genomic DNA 

from treated mice 67 days after injection was PCR amplified for Hi-Tom deep sequencing and data was 

analyzed by BE-analyzer (http://www.rgenome.net/be-analyzer/#!). Values and error bars represent 

mean ± s.d. (n=3 mice per group). 

  



Supplemental Tables 

 

Table S1: Amino acid sequences of BE4max-N and BE4max-C-P2A 

 

BE4max-N 

MDYKDHDGDYKDHDIDYKDDDDKSGGSKRTADGSEFESPKKKRKVSSETGPVAVDPT

LRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNTNKHVEVNFIEKFTTE

RYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIARLYHHADPRNRQGLRD

LISSGVTIQIMTEQESGYCWRNFVNYSPSNEAHWPRYPHLWVRLYVLELYCIILGLPPCL

NILRRKQPQLTFFTIALQSCHYQRLPPHILWATGLKSGGSSGGSSGSETPGTSESATPESSG

GSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFD

SGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE

RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL

NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKK

NGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLA

AKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFF

DQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIP

HQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEE

TITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKY

VTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFN

ASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVM

KQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKED

IQKAQVCLSYETEILTVEYGLLPIGKIVEKRIECTVYSVDNNGNIYTQPVAQWHDRGEQE

VFEYCLEDGSLIRATKDHKFMTVDGQMLPIDEIFERELDLMRVDNLPN* 

BE4max-C-P2A 

MIKIATRKYLGKQNVYDIGVERDHNFALKNGFIASSGQGDSLHEHIANLAGSPAIKKGIL

QTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQIL

KEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDN

KVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSEL

DKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDF

QFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQ

EIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVL

SMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLV

VAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE

LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQH

KHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAA

FKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDSGGSKRTADGSEFEPK

KKRKVGSGATNFSLLKQAGDVEENPGPTNLSDIIEKETGKQLVIQESILMLPEEVEEVIG

NKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLSGGSGGSGG

STNLSDIIEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSD

APEYKPWALVIQDSNGENKIKMLSGGSKRTADGSEFEPKKKRKV* 

 

  



Table S2: Primers used for qRT-PCR 

 

Sequence ID  Sequence (5′-3′) 

Fah-qPCR-F CTTCGGCAGCGTGCATTC 

Fah-qPCR-R GCCATGGTATCCCACAGGTA 

Mouse-Actin-F GTGTGACGTTGACATCCGTAA 

Mouse-Actin-R CCACCGATCCACACAGAGTA 

IL-6-RT-F GGGACTGATGCTGGTGACAA 

IL-6-RT-R ACAGGTCTGTTGGGAGTGGT 

IL-10-RT-F TAAGGCTGGCCACACTTGAG 

IL-10-RT-R GTTTTCAGGGATGAAGCGGC 

IFN-β1-RT-F TACACTGCCTTTGCCATCCA 

IFN-β1-RT-R GAGGACATCTCCCACGTCAA 

TNF-α-RT-F AGGCACTCCCCCAAAAGATG 

TNF-α-RT-R CCACTTGGTGGTTTGTGAGTG 

  



Table S3: Potential off-target sites of sg1 and sg3 in mouse genome 

 
 

5' - sequence - 3' 
Mismatch 

Pos 

Mismatch 

Count 

MIT Off-target 

Score 

CFD Off-target 

Score 

Chrom Start End Strand Locus Desc 

sg1 

OT1 AGAACACTCTGAGGAGCACCAGG ..*....*....*....... 3 1.074082667 0.063920454 chr1 156393267 156393289 - intron: Axdnd1 

OT2 AGCAAACGCTGACGAGCAGCAGG ..*.*.............*. 3 1.040777778 0.027472527 chr7 99114354 99114376 + intron: Uvrag 

OT3 AGGACAGGCAGAAGAGCACCAGG ......*..*..*....... 3 0.619190519 0.155138979 chr10 8181452 8181474 + intergenic: Tab2-Ust 

OT4 ACCACAAGCTGACGAGGACCAGG .**...*.........*... 4 0.410516581 0.011747302 chr1 56048288 56048310 - intergenic: Plcl1-Hsfy2 

OT5 AGGAAACACTCAAGAGCACCTGG ....*..*..*.*....... 4 0.293169181 0.094191523 chr11 81084831 81084853 - intergenic: Gm11417-Asic2 

OT6 AAGACACCCTGTGGAGCACCTGG .*.....*...**....... 4 0.272415361 0.023668639 chr5 20680136 20680158 - intron: Magi2 

OT7 AAGAGACGCTGCCGAGCATCTGG .*..*......*......*. 4 0.245385 0.061663033 chr1 62747823 62747845 - intron: Nrp2 

OT8 AGGTCAGGCTCACGAGTACCTGG ...*..*...*.....*... 4 0.219371873 0.059893048 chr17 28823696 28823718 - exon: Brpf3 

OT9 TGGACACACTGAGGAGCAGCAGG *......*....*.....*. 4 0.203890405 0.017045455 chr8 121804895 121804917 + intron: Klhdc4 

OT10 AGCACACGCACACGCGCACCTGG ..*......**...*..... 4 0.203034972 0.038532896 chr13 30909814 30909836 + intron: Exoc2 

sg3 

OT1 TTGCTGGGCAGCAGAGCCCAGGG ***.*............... 4 1.286675824 0.353535353 chr1 181480615 181480637 - intergenic: Cnih3-Ccdc121 

OT2 CAGCAGGGCAGCAGAGCCCAGGG ***.*............... 4 1.286675824 0.181405895 chr2 46900281 46900303 - intergenic: Gm25264-Gm25959 

OT3 GCATTGGGCAGCAGAGACCATGG ...**...........*... 3 1.144757433 0.237575758 chr9 98684542 98684564 + intergenic: Mrps22-PISRT1 

OT4 TTACCGGGCAGCAGAGCCAAAGG **................*. 3 1.127118644 0.38961039 chr8 34703696 34703718 - intergenic: Gm4889-Dusp4 

OT5 CCACCCGGCATCAGAGCCCAGGG *....*....*......... 3 0.945144444 0.187312687 chr4 82401304 82401326 + intergenic: Nfib-n-R5s188 

OT6 ACACGGTACAGCAGAGCCCATGG *...*.**............ 4 0.932255747 0.308571428 chr11 118416010 118416032 + intron: Cant1 

OT7 GAGCAGAGCAGCAGAGCCCAGGG .**.*.*............. 4 0.878799588 0.253968254 chr16 34748588 34748610 - intron: Mylk 

OT8 GCCCTGCACAGCAGAGCCCACGG ..*.*.**............ 4 0.878799588 0.1875 chr11 4209792 4209814 - intron: Tbc1d10a 

OT9 CCACCAGGCAGGAGAGCCCAGGG *....*.....*........ 3 0.837857778 0.317460317 chr4 47619378 47619400 - intergenic: NAMA_2-Gm22670 

OT10 GAAGAGGGGAGCAGAGCCCACGG .*.**...*........... 4 0.833979885 0.128633271 chr8 119960884 119960906 + intergenic: Usp10-Crispld2 

 

  



Table S4: Primers used for deep sequencing of on-target and potential off-target sites 

 

 

Sequence ID Sequence (5′-3′)

M1-sg1-on-Target-F GGAGTGAGTACGGTGTGCTAAAGGCCCTCGGCTAGTCT

M1-sg1-on-Target-R GAGTTGGATGCTGGATGGGCTCACGTTGCTTTGAGTGG

M1-sg1-OT1-F GGAGTGAGTACGGTGTGCCAGTGCTCTCGGTGCTGTA

M1-sg1-OT1-R GAGTTGGATGCTGGATGGGGGCCAGAAGGGCTAGATAGG

M1-sg1-OT2-F GGAGTGAGTACGGTGTGCGAGACAGTCAAGACACGGCA

M1-sg1-OT2-R GAGTTGGATGCTGGATGGCGAATAAGGCCATGATCCTCGT

M1-sg1-OT3-F GGAGTGAGTACGGTGTGCGGTGGAACCGCAAAACACAC

M1-sg1-OT3-R GAGTTGGATGCTGGATGGCCTGATTGGCCCAGTTGACC

M1-sg1-OT4-F GGAGTGAGTACGGTGTGCCTCACTGCTGAGCTTGACCA

M1-sg1-OT4-R GAGTTGGATGCTGGATGGCTGGTGTCTTCACGGTGACAT

M1-sg1-OT5-F GGAGTGAGTACGGTGTGCCCTCTAAAACATGGGAGTTTTCAA

M1-sg1-OT5-R GAGTTGGATGCTGGATGGGGGGTTGCCTGAAACAGTTC

M1-sg1-OT6-F GGAGTGAGTACGGTGTGCGGACAACCACCAGTAACCACT

M1-sg1-OT6-R GAGTTGGATGCTGGATGGGCGGCAGATCACCAAAAACT

M1-sg1-OT7-F GGAGTGAGTACGGTGTGCAAATGTCACTACGGGGAACGC

M1-sg1-OT7-R GAGTTGGATGCTGGATGGGGATCAGAGCTGGACCCGTG

M1-sg1-OT8-F GGAGTGAGTACGGTGTGCGGTTGGAGAGGGCTTGAGAG

M1-sg1-OT8-R GAGTTGGATGCTGGATGGACCACGGAGGGAAACTATGG

M1-sg1-OT9-F GGAGTGAGTACGGTGTGCGAGCAGAGCCATGTCAGCAA

M1-sg1-OT9-R GAGTTGGATGCTGGATGGCAAAGCAGGTAAGGGCTGGG

M1-sg1-OT10-F GGAGTGAGTACGGTGTGCAATGCAATCTACCAAATATTCACCA

M1-sg1-OT10-R GAGTTGGATGCTGGATGGTAGCCTTGAAGAGGTGAGCG

M1-sg3-on-Target-F GGAGTGAGTACGGTGTGCTAAAGGCCCTCGGCTAGTCT

M1-sg3-on-Target-R GAGTTGGATGCTGGATGGGCTCACGTTGCTTTGAGTGG

M1-sg3-OT1-F GGAGTGAGTACGGTGTGCCTCTACCAACAGCTAGCGTCTC

M1-sg3-OT1-R GAGTTGGATGCTGGATGGCACTCACGGTAGGAGTGAAGT

M1-sg3-OT2-F GGAGTGAGTACGGTGTGCGAGGTAAATTTGTCAATGCTGAGGT

M1-sg3-OT2-R GAGTTGGATGCTGGATGGATTGGTCACAAGAGCCAAGTAG

M1-sg3-OT3-F GGAGTGAGTACGGTGTGCTCAGGAGGTAGTGGCGTTTG

M1-sg3-OT3-R GAGTTGGATGCTGGATGGACCATATTCCAGGGTACGGC

M1-sg3-OT4-F GGAGTGAGTACGGTGTGCCCCAACTCCCTTCAGCTTCC

M1-sg3-OT4-R GAGTTGGATGCTGGATGGTTAAGGGGACAAAGGTGGCA

M1-sg3-OT5-F GGAGTGAGTACGGTGTGCTGCTTGACGCTGTTCTGAAGT

M1-sg3-OT5-R GAGTTGGATGCTGGATGGAGTTAGGACACCCTGTGGCT

M1-sg3-OT6-F GGAGTGAGTACGGTGTGCTCCCTACTCCATCCACACCA

M1-sg3-OT6-R GAGTTGGATGCTGGATGGCCTAAGGCCCTGCCATCAGA

M1-sg3-OT7-F GGAGTGAGTACGGTGTGCGGGAGCTCTGGGAATTTCTGT

M1-sg3-OT7-R GAGTTGGATGCTGGATGGCATCCCCTCTCCTTTGTCCC

M1-sg3-OT8-F GGAGTGAGTACGGTGTGCTAAGCACTCTGCCATCACCTG

M1-sg3-OT8-R GAGTTGGATGCTGGATGGAAAACAACAGCTGCGCTCAT

M1-sg3-OT9-F GGAGTGAGTACGGTGTGCTTGGGAAGGTGCTAGAAGCG

M1-sg3-OT9-R GAGTTGGATGCTGGATGGTCGCATCAAAGCAAATCAGCA

M1-sg3-OT10-F GGAGTGAGTACGGTGTGCAGGCTGGTGGCTGTAGAAGA

M1-sg3-OT10-R GAGTTGGATGCTGGATGGCAGGGTATCACCCCACTCAC
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