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Critical mutations of mitochondrial DNA (mtDNA) generally
lead to maternally inheritable diseases that affect multiple
organs and systems; however, it was difficult to alter mtDNA
in mammalian cells to intervene in or cure mitochondrial dis-
orders. Recently, the discovery of DddA-derived cytosine base
editor (DdCBE) enabled the precise manipulation of mtDNA.
To test its feasibility for in vivo use, we selected several sites
in mouse mtDNA as DACBE targets to resemble the human
pathogenic mtDNA G-to-A mutations. The efficiency of
DdACBE-mediated mtDNA editing was first screened in mouse
Neuro-2A cells and DACBE pairs with the best performance
were chosen for in vivo targeting. Microinjection of the mRNAs
of DACBE halves in the mouse zygotes or 2-cell embryo success-
fully generated edited founder mice with a base conversion rate
ranging from 2.48% to 28.51%. When backcrossed with wild-
type male mice, female founders were able to transmit the mu-
tations to their offspring with different mutation loads. Off-
target analyses demonstrated a high fidelity for DACBE-medi-
ated base editing in mouse mtDNA both in vitro and in vivo.
Our study demonstrated that the DACBE is feasible for gener-
ation of mtDNA mutation models to facilitate disease study
and for potential treatment of mitochondrial disorders.

INTRODUCTION

Mitochondria, double-membraned subcellular organelles, function
primarily to support aerobic respiration and produce ATP by oxida-
tive phosphorylation.' Besides, mitochondria also participate in other
cellular activities,” ” including the production of endogenous reactive
oxygen species (ROS), control of cytosolic calcium concentration, and
apoptotic cell death. Mitochondrial functions are under dual genetic
control by both nuclear and mitochondrial genomes. Most of the pro-
teins required for mitochondria biogenesis and function are encoded
within the nucleus.” An independent mitochondrial genome
(mtDNA) that encodes 37 genes is also of great importance. The
double-stranded and circular mtDNA is continuously turned over,
independently of the nuclear genome.”

Since the first pathogenic mtDNA mutation was identified in 1988,%°
over 250 mtDNA mutations (point mutation and rearrangement)

. . . 10-14
have been characterized and connected with human diseases.

mtDNA mutations are usually maternally inherited and can lead to
diverse consequences, ranging from being phenotypically silent to
causing critical diseases that generally affect multiple organs and sys-
tems. As cells generally contain several hundreds or thousands of
mtDNA copies, mtDNA mutations are mostly heteroplasmic with
heterogeneous phenotypes and also variable onset ages."”

As one of the most important model organisms for understanding
mitochondrial pathology, the first heteroplasmic mouse model was
generated by cytoplasmic fusion of two strains.'®'” Thereafter, the
“Mito-mice” model was created by introducing mutant mtDNA
into the zygote to mimic human symptoms.'®'® Similarly, other
mice models with heteroplasmic mtDNA point mutations were also
generated.”””' Other mitochondria-related disease mouse models
were also developed by manipulating nuclear genes that regulate
mtDNA maintenance and replication (reviewed in Vempati et al.””
and Tyynismaa and Suomalainen®?).

Development of various mouse models helps promote our under-
standing of the functional consequences of mtDNA mutations and
the molecular mechanisms of mitochondrial diseases progression.
However, no curative treatments are currently available. Continuous
efforts are being made to develop therapeutic approaches to reduce
the copy number of pathogenic mutant mtDNA. DNA nucleases,
such as zinc-finger nucleases and transcription activator-like effector
nucleases (TALENSs), have been genetically engineered to target
and degrade mutant mtDNA.”*”* The CRISPR-Cas (clustered regu-
larly interspaced short palindromic repeats associated with a Cas
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endonuclease) system and its derivative, Base Editor, are theoretically
more powerful to correct the mutated point mutations but the
requirement of guide RNAs prevents their use in mtDNA editing.
Recently, the discovery of the toxin domain (DddA., 1264-1427
amino acids) of a bacterial toxin deaminase (DddA), which catalyzes
the deamination of cytidines within double-stranded DNA, provided
a novel solution. DACBE can facilitate precise and CRISPR-free
manipulation of mtDNA% however, its delivery and editing effi-
ciency need further verification in vivo.

In this study, we successfully generated mice with mutant mtDNA by
microinjection of DACBE pairs’ mRNA, and proved that the muta-
tions can be transmitted to the offspring maternally.

RESULTS

DdCBE-mediated mtDNA editing in mouse N2A cells

Mouse was used as the model to test the feasibility of using DAdCBE to
mimic human mtDNA pathogenic mutations. As categorized by the MI-
TOMAP database, mtDNA disease mutations generally consist of two
types: rRNA/tRNA mutations and Coding & Non-Coding/Control Re-
gion mutations. By comparing human and mouse mtDNA sequences,
we selected four human mtDNA G-to-A mutations as our targeting can-
didates. Human m.G3376A (mouse m.G2820A) and m.G13513A
(mouse m.G12918) mutations affect the coding region of MT-NDI
and MT-ND5 genes respectively. MT-NDI and MT-ND5 encode sub-
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editing in vitro. DACBEs were used to facilitate

mouse m.G7763A and m.G2820A mutations
to resemble human m.G8363A and m.G3376A mutations, respec-
tively (Figures 1A and 1B). DACBE vectors were assembled by one-
step Golden Gate assembly using an RVD library containing 192 vec-
tors we developed before.”” Transfection of DACBE halves led to suc-
cessful G-to-A conversion at both loci (Figures 1C and 1D). Deep
sequencing data indicated that the combination of left-1397C with
right-1397N achieved the highest editing efficiency for both
m.G7763A (23.07% + 4.54%) and m.G2820A (35.63% + 2.18%) tar-
geting (Figures 1E and 1F). Besides, mouse m.G12918A and
m.G7741A mutations, resembling human m.G13513A and
m.G8340A, were also tested, and similar results were obtained in
N2A cells (Figures STA-S1D). However, the left-1333C and right-
1333N DACBE pair seemed to be the optimal combination for both
sites, as shown in the targeting efficiency by deep sequencing (Figures
S1E and S1F). These results collectively demonstrate that DACBE can
facilitate efficient base editing at designated sites on the mtDNA of
cultured mouse cells.

DdCBE-mediated mtDNA editing in vivo

The DACBE pairs with the highest editing efficiency were then
selected for in vivo targeting. DACBE mRNAs were transcribed
in vitro, purified, and injected into the mouse embryos. DACBE
mRNA concentrations at 25 ng/pL were initially injected at the
one-cell stage for m.G7763A editing but no edited pups were obtained
(Table 1). Higher concentrations of DACBE mRNAs (100, 150, or
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Table 1. DACBE injection summary

Concentration of Number of
DACBE mRNAs transplanted Total pups Live Number of Base conversion
Site Time of injection (ng/uL) embryos (rate) pups edited pups (rate) rate
25 107 51 (0.48) 51 0 (0) 0
100 50 14 (0.28) 14 5 (0.35) 2.48%-16.42%
1-cell embryo
150 48 22 (0.46) 22 5(0.23) 8.49%-15.38%
m.G7763A
200 141 33 (0.23) 32 13 (0.41) 5.76%-18.51%
150 57 5 (0.09) 4 1(0.25) 11.20%
2-cell embryo
200 21 8(0.38) 8 1(0.125) 6.94%
150 52 29 (0.56) 28 16 (0.57) 3.02%-14.33%
1-cell embryo
200 25 13 (0.52) 12 3(0.25) 6.51%-7.38%
m.G2820A
150 49 20 (0.51) 18 6(0.33) 4.54%-23.50%
2-cell embryo
200 26 8(0.31) 8 2(0.25) 25.36%-28.51%
m.G12918A 1-cell embryo 150 53 11 (0.21) 9 3(0.33) 3.52%-19.09%
m.G7741A 1-cell embryo 150 45 13 (0.29) 13 6 (0.46) 3.09%-13.26%

200 ng/pL) were then injected at the one-cell or two-cell stage. As a
result, 25 of 80 live pups for m.G7763A and 27 of 66 for m.G2820A
were found successfully edited (Figures 2A and 2B; Table 1). The
base conversion rate in edited pups ranged from 2.48% to 18.51%
for m.G7763A and from 3.02% to 28.51% for m.G2820A (Figures
2C and 2D; Table 1). Successfully edited pups for m.G12918A (3/9)
and m.G7741A (6/13) were also obtained with conversion rates
ranging from 3.52% to 19.09% and from 3.09% to 13.26%, respec-
tively (Figure S2; Table 1).

To further characterize the editing status in founder mice, we killed
two female founders (G7763-F0-3# and 12#) at the 4-week stage
and collected major tissues, as well as oocytes from the ovary. Deep
sequencing results indicated that the G-to-A conversion rates were
comparable throughout the mouse body (Figures 2E and S3). Inter-
estingly, the mutation load in different oocytes was variable (Fig-
ure 2F), suggesting that higher mutation loads may be obtained in
F1 offspring than that in founders. Together, these findings indicate
that injection of DACBE mRNAs in early embryos can achieve sys-
temic mtDNA editing, including in the germ cells.

Germline transmission of DACBE-mediated mtDNA mutation

To investigate whether the DACBE-mediated mtDNA mutation is
inheritable, we backcrossed female m.G7763A and m.G2820A foun-
ders with wild-type male mice and obtained F1 offspring. Either
m.G7763A or m.G2820A mutations can be detected in corresponding
F1 offspring (Figures 3A and 3B), demonstrating that DACBE-medi-
ated mtDNA mutations can be transmitted to the next generation.

Consistent with the results obtained in the oocytes of the edited
female founder, deep sequencing results indicated that F1 offspring
harbored different levels of mutation loads and some were even
higher than the founder (Figures 3C and 3D). For example, the female
founder 9# harboring 12.04% m.G7763A mutation generated

offspring with mutation loads ranging from 5.95% to 27.96% (Fig-
ure 3C; Table 2). The variation of the mutation loads in F1 offspring
suggests that it is theoretically possible to obtain individuals with mu-
tation loads high enough to display phenotypes in future generations.
Indeed, by choosing to breed F1 offspring with relatively high muta-
tion loads, we could obtain F2 offspring with mutation loads up to
50% (Figure S4).

DdCBE-mediated off-target editing in mtDNA

To assess the off-target activity of DACBE in the mouse mitochondrial
genome, we analyzed the deep sequencing data to find DdCBE-
induced single-nucleotide variants (SNVs) around the on-target sites.
In N2A cells, C-G-to-T+-A conversion could be detected in the
spacing region and nontarget sites (Figures SSA-S5D). In the spacing
region, DACBE pairs yielded bystander mutations with variable edit-
ing efficiency; for example, the m.G7763A DACBE pair yielded
0.03% + 0.006% to 6.7% + 0.67% editing (Figure S5A), and the
m.G7741A DACBE pair yielded 0.02% =+ 0.006% to 25.38% =+ 3.10%
editing (Figure S5D). Notably, C within 5'-aC and 5’-acC contexts
could be converted to T, with efficiency up to 25.38% =+ 3.10% and
23.64% =+ 3.67%, respectively (Figures S5A-S5D), indicating Ddd A,
also attacked these two motifs besides the 5'-tC motif in the spacing
region. However, in nontarget sites, all off-target SN'Vs only occurred
within the 5'-tC motif, suggesting that the off-target editing indeed
arose from DddA,y, which preferred the 5'-tC motif during transient
reassembly at off-target sites, rather than the 5’-aC and 5'-acC motifs.
At these sites, off-target editing rate was below 1% in most cases with
exceptions where certain DACBE combinations showed off-target
rates higher than 3% at m.C12809 (Figure S5C).

To model the human pathogenic mtDNA mutations precisely, high-
performance DACBE pairs with lower off-target activity and less
bystander mutation in the spacing region were selected to generate
mice. Deep sequencing results of the FO pups indicated that the
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undesired editing in the spacing region was less than 0.5% in m.G7763A
and m.G12918A founders (Figures 4A and 4C), while in the m.G2820A
and m.G7741A founders, the undesired editing efficiency was up to
6.1% and 13.56%, respectively (Figures 4B and 4D). At off-target sites,
the editing rates were mostly below 1% except at the m.C7854 site in
a few of m.G7763A founders (Figure 4A). Deep sequencing analyses
were also performed for potential off-target sites (OTSs) in nuclear
DNA where the sequences were completely identical to on-target
mtDNA sites. As a result, no off-target edits were detected at these nu-
clear loci, indicating that DACBE-mediated editing was mtDNA-spe-
cific (Figure S6). To further evaluate the off-target activity of DACBE
on the entire mitochondrial genome, we performed whole mtDNA
sequencing in m.G7763A and m.G2820A founders. The results showed
that only a few sites were detected with less than 2% of off-target editing,
and almost all of these OTSs were concentrated near the target sites,
indicating that these off-target editings may be induced by the unstable
binding of the DACBE pair (Figure 5). In addition, the sparse off-target
events could also be detected along the whole mtDNA, which may be
caused by sequence-independent activity of DACBE.

In summary, except for the bystander mutations in spacing regions,
DdACBE overall exhibits a high targeting fidelity and can mediate pre-
cise base editing in mouse mtDNA with limited off-target editing.

DISCUSSION

We have demonstrated in this study that DdACBE-mediated mtDNA
editing is feasible for generating inheritable mtDNA mutations. As
the overall targeted base conversion rates in FO founder mice were
limited, we speculated that this was mainly affected by the suspension
of mtDNA replication in the early embryonic stage. In humans,
mtDNA replication is critically downregulated from the fertilized
oocyte through the pre-implantation embryo.*® Similarly, the murine
oocytes possess more than 100,000 mtDNA copies before fertilization
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Figure 2. DACBE-mediated m.G7763A and
m.G2820A mutations in vivo

(A and B) Representative Sanger sequencing chromato-
grams of low (upper) and high (lower) base conversion
rate in m.G7763A (A) and m.G2820A (B) founder mice.
(C-D) Base conversion rate of edited mice obtained
through microinjections of DACBE targeting m.G7763 (C,
n = 25) and m.G2820 (D, n = 27). (E) Deep sequencing
analyses of the base conversion rates in different tissues
of m.G7763A edited founder mice 3# (blue) and 12# (red).
(F) Representative Sanger sequencing chromatograms of
low (upper) and high (lower) mutation loads in oocytes of
m.G7763A edited founder mice 3# (left) and 12# (right).
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implantation.””** Because DdJCBE-mediated
base substitution relies on the repairing process
after deamination, suspended mtDNA replica-
tion in early embryonic stages will theoretically
impair the editing outcome. Meanwhile, the
number of mtDNA copies and the half-life of
injected mRNAs may also impact the editing results. We tried to
inject different concentrations of DACBE mRNAs but no concentra-
tion-dependent improvement of editing efficiency was observed.
However, obvious toxicity of DACBE mRNAs was noticed when
high injection concentrations (200 ng/uL) were used (Table S2),
which can be concluded from the decreased birth rate in this study
and also a recent report in which a total concentration of 600 ng/
uL mRNAs were injected.”’ Moreover, we also performed microinjec-
tion at the two-cell stage in order to sustain DACBE mRNA to later
stage but the results in different tests were not consistent. Different
experimental conditions need to be further tested in the future to
determine whether there is an efficiency plateau for DACBE-mediated
mtDNA editing in mouse embryos. Overall, the base conversion rate
in the FO founders and mutation load in F1 offspring were probably
not enough to cause disease phenotypes due to the “threshold effect.”
However, heteroplasmic mtDNA generally resulted in offspring with
distinct mutation loads due to mitochondrial genetic bottleneck.*”
The observation of variable mutation loads in F1 and F2 offspring
indicated the possibility if getting progeny with mutation loads
high enough to exhibit clinically relevant disorders. In that case, these
mutant mice could be used as disease models for pathogenesis studies
and therapeutic development.

Unlike the previous report,”’ comprehensive off-target analyses
were performed in this study. During off-target analyses, we noticed
that C+G-to-T+A conversion can also be detected at quite high fre-
quencies in spacing regions with certain DACBE pairs. Further
characterization discovered two novel motifs for DddA,x recogni-
tion: 5'-aC and 5’-acC. Although these motifs seemed to be func-
tional only in spacing regions, they could be used in certain scenario
to expand the targeting availability for DACBE. On the contrary,
undesired editing at these motifs can also be largely avoided by se-
lecting appropriate DACBE pairs. This finding somehow broadened
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Figure 3. Germline transmission of m.G7763A and
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(A and B) Representative Sanger sequencing chromato-
grams of m.G7763A (A) and m.G2820A (B) founder mice
and their offspring. (C and D) Deep sequencing analyses
of the base conversion rate and mutation loads in
m.G7763A (C) and m.G2820A (D) founder mice and their
offspring. Results of the founder and its F1 offspring are
shown in the same box. Red dots: founder; black dots: F1
3 offspring.

that rely on the discovery of new DddA,,-like
toxins with different deaminase activity. Similar
to the conventional base editor system, we
believe that the mtDNA editing tool will also
. . evolve rapidly and its application will be greatly
expanded in the near future.
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our knowledge of DddA,,, and could guide us to use DACBE for
mtDNA editing in a more accurate way. Based on its targeting capa-
bility and specificity, DACBE also could be used for potential clinical
treatment of mitochondrial disorder caused by A-T-to-G-C muta-
tion (e.g, human m.A3260G, m.A4300G, m.T7510C, m.T7511C,
m.T8356C, m.A14495G, etc.). By targeted base editing, the dis-
ease-causing mutation load theoretically can be reduced to below
the "threshold" to achieve a therapeutic result. To validate its
potential for gene therapy, we designed DACBE pairs targeting a
pathogenic mutation A4300G, which is associated with human hy-
pertrophic cardiomyopathy.” As a result, G-to-A conversion could
be achieved efficiently in cells (Figure S7). A series of validation
studies focusing on the therapeutic application of DdCBE are ex-
pected to emerge in the future.

Regardless of its efficiency and precision, the application of DACBE to
generate mtDNA mutation is still limited up to now. More extensive
mtDNA editing requires the development of other versions of editors

Table 2. Germline transmission of mtDNA mutations

T
FO-16#

FO base

Founder conversion Number of Number of Mutation load
Mutation mouse  rate (%) Fl1 offspring mutant F1 ~ of mutant F1 (%)

O# 12.04 7 7 5.95-27.96

10# 11.34 10 10 4.7-17.56
m.G7763A

12# 11.29 7 7 5.71-28.20

23# 15.38 9 9 2.55-22.34

6# 28.51 9 9 15.97-31.53

16# 15.51 5 5 3.87-11.00
m.G2820A

23# 14.04 6 6 5.09-14.16

26# 12.05 4 4 2.58-9.09

T T
FO0-23# F0-26#

MATERIALS AND METHODS

Plasmid construction
DACBE vectors were assembled using RVD libraries as before.”” The
complete set of plasmids for assembling DACBE can be obtained from
Addgene (pending). In brief, RVDs and backbone plasmids were di-
gested with Bsa I and ligated with T4 DNA ligase in a single reaction
using the following program: 37°C for 10 min; 10 cycles of 10 min at
37°Cand 10 min at 16°C; 50°C for 5 min; 80°C for 5 min. The assem-
bled plasmids were chemically transformed into Escherichia coli
DH5a (Transgene), and then confirmed by PCR and Sanger
sequencing.

Cell culture and nucleofection

N2A cells (ATCC, CCL-131) were maintained in DMEM supple-
mented with 10% FBS (Gemini) at 37°C with 5% CO,, and detected
without mycoplasma contamination by PCR test; 400 ng of the
DdACBE pair was nucleofected with 4D-Nucleofector (Lonza) accord-
ing to the manufacturer’s protocol using SF Cell Line 4D-Nucleofec-
tor X Kit. The nucleofected cells were seeded onto the 12-well plate
and supplemented with 2 pg/mL puromycin 24 h post nucleofection;
96 h later, cells were collected for DNA extraction.

In vitro transcription of DdACBE

DdACBE plasmids containing a T7 promoter were linearized with Pme
I (New England Biolabs) and transcribed using mMESSAGE mMA-
CHINE T7 Ultra Kit (Life Technologies) according to the manufac-
turer’s manual. Transcribed RNA was purified by RNA Clean &
Concentrator-5 (Zymo Research) and stored at —80°C until use.

Mouse

For microinjection, C57BL/6N and ICR mice were used as embryo
donors and foster strain, respectively. All mice were housed and
bred in a specific pathogen-free barrier facility of Soochow University
with normal diet and 12:12-h light/dark cycle. Related experiments
were reviewed and approved by the Institutional Animal Care and
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A Figure 4. Off-target editing by DdCBE in vivo
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Use Committee of Cambridge-Suda Genomic Resource Center,
Soochow University.

Microinjection

Female C57BL/6N mice (about 4 weeks old) were superovulated by
intraperitoneally injecting pregnant mare serum gonadotropin
(PMSG) at Day —3 and chorionic gonadotropin (HCG) at Day —1.
Immediately after HCG injection, female mice were mated with
male C57BL/6N mice. Female mice were killed the next day and
zygotes (E0.5) were collected from oviducts. Harvested zygotes were
directly injected or cultured overnight in vitro to the two-cell stage
for microinjection. DACBE mRNA was injected into zygote cyto-
plasm or one blastomere of the two-cell embryo. Injected embryos
were transferred into the oviduct of pseudopregnant ICR female
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Deep sequencing

The first round PCR (PCR1) was conducted with

barcoded primers to amplify the genomic region
of interest using Phanta Max Super-Fidelity DNA Polymerase (Va-
zyme). The products of PCR1 were pooled with equal moles and pu-
rified for the second round PCR (PCR2). The PCR2 products were
amplified using index primers (Vazyme) and purified by gel extrac-
tion for sequencing using the Illumina NovaSeq platform. Barcoded
primers used in PCR1 are listed in Table S3.

Deep sequencing data analysis

The mouse mitochondrial genome reference sequence (NC_005,089)
was downloaded from the NCBI database. Bowtie2 was used to build
the alignment index using default parameters. Paired end reads with
overlap were merged into a single read using homemade scripts, and
bowtie2 was used for alignment in single end mode. Otherwise, reads
were mapped in paired end mode by using bowtie2 with default
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Figure 5. Off-target editing by DdCBE on entire mitochondrial genome.
Whole mtDNA sequencing of m.G7763A and m.G2820A founder mice.

parameters. Alignment results were converted to bam format using
samtools and visualized in Integrative Genomics Viewer. Bases with
phred quality score greater than 30 (Q > 30) were kept for further
analyses, and bases with depth over 2 million were truncated to 2
million. Only C-to-T or G-to-A conversion was calculated for
DACBE-mediated editing.

Whole mtDNA sequencing data analysis

Quality control was performed by using fastqc and trim_galore in
the paired end mode. The Illumina adapter sequence or Ns in
either side of the read was trimmed, and only reads with quality
over 20 were kept for further analysis. QC-passed reads were map-
ped to NC_005089 using bowtie2 with default parameters. Editing
events in the nontarget region were considered as putative off-
targets.

Off-target analysis

SNP sites of mouse mtDNA were obtained from the Ensembl data-
base, which includes 33 annotated C+G-to-T+ A variations. For the
off-target analysis on whole mtDNA, the following sites were
excluded before analysis and visualization: (1) the above obtained
SNP sites; (2) the evident SNP sites with C-G-to-T+A variation
over 90% in any sample; (3) sites within the DdCBE spacing region.
OTSs in the nuclear genome were first predicted by blasting mito-
chondrial on-target sequences against the nuclear genome. Nuclear
loci completely homologous with targeted mitochondrial sequences
were selected for deep sequencing. The putative OTSs were amplified
and sequenced by the Hi-TOM platform.** Primers are listed in
Table S3.
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