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Efficient germline mtDNA editing is required to construct dis-
ease-related animal models and future gene therapy. Recently,
the DddA-derived cytosine base editors (DdCBEs) have made
mitochondrial genome (mtDNA) precise editing possible.
However, there still exist challenges for editing some mtDNA
sites in germline via zygote injection, probably due to the sus-
pended mtDNA replication during preimplantation develop-
ment. Here, we introduce a germline mtDNA base editing
strategy: injecting DACBEs into oocytes of secondary follicles,
at which stage mtDNA replicates actively. With this method,
we successfully observed efficient G-to-A conversion at a
hard-to-edit site and also obtained live animal models. In addi-
tion, for those editable sites, this strategy can greatly improve
the base editing efficiency up to 3-fold, which is more than
that in zygotes. More important, editing in secondary follicles
did not increase more the risk of off-target effects than that in
zygotes. This strategy provides an option to efficiently manip-
ulate mtDNA sites in germline, especially for hard-to-edit sites.

INTRODUCTION

The mitochondria are important organelles, serving as the power
plants of the cell and playing important roles in cellular meta-
bolism."* Within the mitochondrial genome (mtDNA), a total of
37 genes encode essential proteins and RNAs for the oxidative respi-
ratory chain.” Mutations in crucial regions of mtDNA can result in
mitochondrial dysfunction and serious diseases.”” Recently, hun-
dreds of pathogenic sites in human mtDNA have been clinically
confirmed (www.mitomap.org). Unfortunately, appropriate disease
models are lacking, and therapeutic methods for these diseases are
extremely rare.’

For heritable nuclear genetic disease, the germline DNA editing tech-
nique of injecting editors into zygotes is a common method for con-
structing disease-relevant animal models.® This technique plays a crit-
ical role in clarifying the relationship between inherited mutations
and disease phenotypes. Furthermore, germline gene editing-medi-
ated correction of disease-causing mutations could act as a promising

option for preventing transmission of these diseases between genera-
tions.”” However, unlike the nuclear genome, mtDNA editing is diffi-
cult using the classic CRISPR-Cas9 method due to challenges in deliv-
ering single-guide RNAs into the mitochondrial matrix and repairing
double-strand breaks in mtDNA.*"'” Recently, two single-strand-in-
dependent and CRISPR-free base editing tools, called DddA-derived
cytosine base editors (DACBEs) and transcription activator-like
effector (TALE)-linked deaminases, have been developed.“’12

Among them, DACBEs use each TALE monomer to target a specific
sequence in the mtDNA and use split DddA halves to efficiently cata-
lyze C-G to T- A conversion. It has been successfully used to modify
mtDNA in cultured mammalian cells'' and embryos of commonly
used model animals, including zebrafish,"” rat,'*"> and mice,'*"” as
well as human embryos.'®'® However, the editing efficiency in
germ cells was found to be much lower than in somatic cells, 2141719
and some mtDNA sites that were easily edited in somatic cells could

not be edited in germ cells through zygote injection.'*"”

Here, we propose a germline mtDNA base editing strategy that in-
jects DACBEs into oocytes of secondary follicles. This strategy could
not only overcome the challenges of editing hard-to-edit sites in
germline but also greatly enhance the editing efficacy for those edit-
able sites.
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Figure 1. Flowchart of DdCBE injection in zygotes and secondary follicles

RESULTS

Secondary follicles enable efficient germline mtDNA base
editing

We first set up an in vitro follicle culture system based on a previ-
ously reported method.”” In brief, secondary follicles were isolated
from 12- to 14-day-old mice and injected with DACBEs. The follicles
were then cultured for 11 days for oocyte growth. When the
cumulus-oocyte complexes (COCs) are differentiated, the COCs
are collected and subjected to in vitro maturation followed by
in vitro fertilization. The procedure for injection is shown in Video
S1. In parallel, zygotes obtained from 6- to 8-week-old mice were
also subjected to DACBE injection. These manipulated zygotes
were then subjected to a 4-day culture for blastocyst formation
(Figure 1).

DACBEs mediated mtDNA base editing depends on mtDNA replica-
tion."" To initiate base editing, DACBEs first convert cytosine to uracil
within double-stranded DNA, and the uracil will be substituted with
thymine through the mtDNA replication process.'’ Therefore, we
quantified the mtDNA copy number of germ cells at different devel-
opmental stages. The results indicated that either the mtDNA copy
number or the copy number shift remained stable or even slightly
decreased during preimplantation embryonic development (Figures
2A and 2B), whereas the copy number of mtDNA increased by about
40% during the early-secondary follicle development from days 1 to 3
cultured in vitro (Figures 2C and 2D), which exhibited a huge poten-
tial of secondary follicle for improving the efficiency of mtDNA base
editing.

To test the feasibility of this hypothesis, one mtDNA site, mt-Nd1
m.G3177 in mice, corresponding to human MT-ND1 m.G3733-
confirmed mutation site for Leber hereditary optic neuropathy
(LHON; m.3733 G>A), was used as a candidate site (Table S1).
Then, four kinds of TALE nuclease (TALEN)-based DddAtox
pairs (L1333N-R1333C, L1333C-R1333N, L1397N-R1397C, and
L1397C-R1397N) were designed, constructed, and transfected
into Neuro-2A cells to test their base editing efficiency. Six days
posttransfection, two G1397 pairs showed adequate editing effi-
ciency as high as ~30% (Figures 3A and 3B), and the editing effi-
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ciency of different sites within the spacer region for each pair is
shown in Figure S1A. However, when mt-Nd1-DdCBE mRNAs
from the optimal pair (L1397C-R1397N) were injected into zy-
gotes, no detectable mutation was identified by the Sanger
sequence at first (Figure 3C). To figure out whether a rare mutant
occurred in zygotes, we used digital PCR to detect the rare muta-
tion copies and the results indicated that the average mutant rate is
only 0.04% (from 0 to 0.17%) in zygotes (Figure 3D). Remarkably,
when we injected mt-Nd1-DACBE mRNA into expanded germinal
vesicle (GV) oocytes (fully grown oocytes) and oocytes of second-
ary follicles (growing oocytes) (Figures S2A and S2B), the ratio of
mutant variants increased obviously, especially in oocytes of the
secondary follicles with a C-G to T-A conversion rate as high as
28.78% (from 5.70 to 28.78%, average rate 15.92%) (Figures 3C,
3D, and S2C). More important, increased on-target editing effi-
ciency did not induce an unexpected conversion of nontarget cyto-
sine within the spacer region in secondary follicles (Figure S1B). To
further validate the reliability of this method, another pair of
DddAtox (L1397N-R1397C) was also injected into zygotes or oo-
cytes of the secondary follicles. The digital PCR results showed
similar results that the secondary follicles also obtained the optimal
editing efficiency, whereas the mtDNA of zygotes was still hardly
edited (Figure S3). These results indicated that germline mtDNA
editing performed at secondary follicles could serve as a potential
choice for the conventionally hard-to-edit site.

Besides the above hard-to-edit site, we tested the efficacy of this
method for those editable sites with a recently reported site mt-Nd5
m.G12918 (Table S1). The optimal DddAtox pair (L1397N-
R1397C) was selected from the four kinds of TALEN-based pairs
(Figures 3E, 3F, and S1C). Similarly, we found that secondary follicles
induced higher editing efficiency (4.47%-44.73%, average: 31.85%) at
the m.G12918 site, which was over 3-fold higher than the zygotes
(1.90%-19.90%, average: 9.52%) (Figures 3G and 3H). Furthermore,
editing at secondary follicles did not induce nontargets within the
spacer region (Figure S1D). These results showed that secondary fol-
licles not only enabled efficient base editing for the hard-to-edit site
but also greatly improved base editing efficiency for the convention-
ally editable site.
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Whole mitochondrial genome-wide off-targets post DACBE-
mediated mtDNA editing in secondary follicles

Other than the editing efficiency, minimizing off-targeting is
another key factor affecting the applications of gene editing tech-
niques.”' To investigate the number of off-targets, whole mtDNA
genome sequencing was performed. For both mt-NdI- and mt-
Nd5-DACBE, the average C-G to T-A conversion of mitochondrial
genome-wide off-targets was comparable between secondary folli-
cles and zygotes, which indicated that editing performed at second-
ary follicles did not increase the risks of off-targets in the mitochon-
drial genome (Figures 4A and 4B). In particular, an unexpected
off-target site with a 3.43%-5.17% mutation rate has been shown
in 2/3 zygotes injected with mt-Nd1-DdCBE even when the on-
target efficiency is below the sensitivity of the NGS technical limita-
tion. Meanwhile, no obvious off-target site has been shown in sec-
ondary follicles injected with mt-Nd1-DdCBE, whereas the editing
efficiency of the on-target site was as high as 14.44%-27.12%
(Figures 4C, 4D, and S4). For mt-Nd5-DdCBE, zygotes showed
no obvious off-targets and 2/3 secondary follicles showed only 1
off-target with a 5.27%-9.38% mutation rate (Figures 4C, 4E, and
S5). All of the results above suggested that high editing efficiency
and no obvious off-target made secondary follicle a potential and
promising stage for germline mtDNA editing.

g T from injected follicles were transferred into the
D3 D7 . .
oviducts of pseudopregnant females, two live
pups were obtained with the efficiency of G-to-
A conversion up to 14.57% (3.4%-25.70%).
Meanwhile, the mean editing efficiency of the five live pups derived
from zygotes is only 0.24% (ranging from 0.06% to 0.41%). Moreover,
when the mutation frequency was tested in various tissues from this
adult FO mouse at 5 months postbirth, the result indicated that
mtDNA heteroplasmy among different tissues is equivalent and

without the mosaicism (Figure 5).

Evaluation of visual evoked potential (VEP) in wild-type (WT) and
m.3177 G>A models

Despite showing no outward LHON symptoms such as blindness, we
investigated potential optic nerve effects of the m.3177 G>A mutation
in these mice. VEP examinations, sensitive to optic nerve function, re-
vealed significantly lower amplitudes in LHON mice compared to
their (WT) counterparts (Figure 6). This finding, consistent with
typical LHON presentations in which compromised optic nerve
axons lead to reduced VEP amplitude, suggests potential visual pro-
cessing impairment likely due to factors such as reduced retinal gan-
glion cell activity and impaired synaptic transmission.

DISCUSSION

Unlike the nuclear genome with only two copies in one cell, the
mitochondria genome (mtDNA) contains thousands of mtDNA
copies in one somatic cell or even hundreds of thousands of copies
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Figure 3. DACBE-mediated mtDNA base editing in Neuro-2A cells, zygotes and secondary follicles

(A) Confirmation of mt-Nd1-DdCBE mediated mtDNA editing by Sanger sequence in Neuro-2A cells with 4 kinds of DddAtox pairs. The target site is indicated by the red
arrow. (B) Comparison of the editing efficiency of mt-Nd1-DdCBE mediated mtDNA editing in Neuro-2A cells with 4 kinds of DddAtox pairs by NGS. (C) Sanger sequence
results of zygotes and secondary follicles 4 days after injection of mt-Nd1-DACBE mRNAs. The target site is indicated by the red arrow. (D) Comparison of the mtDNA base
editing efficiency of zygotes and secondary follicles 4 days after injection of mt-Nd1-DdCBE mRNAs. (E) Confirmation of mt-Nd5-DdCBE mediated mtDNA editing by Sanger
sequence in Neuro-2A cells with 4 kinds of DddAtox pairs. The target site is indicated by the red arrow. (F) Comparison of the editing efficiency of and mt-Nd5-DdCBE
mediated mtDNA editing in Neuro-2A cells with 4 kinds of DddAtox pairs by NGS. (G) Sanger sequence results of zygotes and secondary follicles 4 days after injection
of mt-Nd5-DdCBE mRNAs. The target site is indicated by the red arrow. (H) Comparison of the mtDNA base editing efficiency of zygotes and secondary follicles 4 days after
injection of mt-Nd5-DdCBE mRNAs. Significance was calculated with unpaired two-tailed Student’s t test or Mann-Whitney U test as appropriate (ns, not significant;

***p < 0.001; ***p < 0.0001). The error bars represent the standard error of the mean.

in a single oocyte. Mitochondrial diseases occur only when the mu-
tation load exceeds a certain threshold level. Therefore, the effi-
ciency of mtDNA base editing should be high enough to reach
the onset threshold for building a disease model or to relieve symp-
toms in gene therapy. Unfortunately, the current strategy that per-
forms germline mtDNA editing at the zygote stage may not meet
this demand. Furthermore, some mtDNA sites are still hard to

edit in germline.'*"

The editing process starts from DddA-induced deamination, which
catalyzes the conversion of cytosine to uracil and subsequently substi-
tutes uracil with thymine. Importantly, this process relies on mtDNA
replication.'' However, previous studies have pointed out that during
the early stage of embryo development, both in humans®* and model
animals,”>** mtDNA replication remains suspended. To address the
challenge of improving editing efficiency in germline, we made a thor-
ough investigation into the entire germline development process. A
primordial germ cell undergoes a series of stages, including primary
follicle, secondary follicle, antral follicle, zygote, early embryo, and
fetus. During these stages, the mtDNA replication occurs before the
antral follicle and after the morula embryo stage.”* Accordingly, pre-
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vious studies tried to delay the “editing window” until mtDNA started
replication; a transposon was used in rat embryos'* and DACBEs were
injected at the 8-cell stage in human embryos.'” However, the trans-
poson could increase the potential risk of mosaicism (the hetero-
plasmy of different tissues varied from ~5% to 15%),'* and the
8-cell injection requires superior skills."” To minimize the risk of
mosaicism, it may be a better choice to complete the editing process
in a single cell with active mtDNA replication. We speculated that
secondary follicles or GV oocytes (from antral follicles) could be a
feasible option for efficient germline mtDNA editing.

Based on the above hypothesis, we injected DACBEs into zygotes, GV
oocytes, and oocytes of secondary follicles. We observed a correlation
between editing efficiency and mtDNA replication. Specifically, sec-
ondary follicles with the most mtDNA replication exhibited the
highest editing efficiency, GV oocytes with slight mtDNA replication
exhibited moderate editing efficiency, and embryos with hard
mtDNA replication exhibited the lowest editing efficiency.

Although secondary follicle editing did not raise the overall off-target
risk, a single off-target from mt-Nd5-DdCBE highlights the potential



www.moleculartherapy.org

mt-Nd1 m.G3177A

Neuro 2A cells F

Secondary follicle 4 H ]
n.
Zygote
s
¥
Control
0.00  0.02 0.04  0.06 0.08  0.10
Average C-G to T-A conversion (%)

e

mt-Nd5 m.G12918A

Neuro 2A cells F

Secondary follicle- :|

Zygote
Control
0.00 0.02 0.04 0.06 0.68 0.'10
Average C-G to T-A conversion (%)

e

C Untreated control (N = 3)
301
]
D mt-Nd1-DdCBE injected zygotes (N = 3)
T
e 5.4
2 |
E 0.
‘® fmt-ND1 m.G3177A mt-Nd1-DdCBE injected follicles (N = 3)
o I
g sl
Q
o 2.51’
< o
'; tmt-ND1 m.G3177A
E 1%} mt-Nd5-DdCBE injected zygotes (N = 3)
o

mt-Nd5-DdCBE injected follicles (N = 3)

?m(—NdS m.G12918A

5000

Figure 4. Off-target analysis of whole mtDNA genome post-mtDNA editing

1
10000 } 15000

mt-Nd5 m.G12918A

(A) Average frequency of mtDNA-wide off-target C-G to T-A conversions for control, Neuro-2A cells, zygotes and secondary follicles post mt-Nd1-DdCBE mediated mtDNA
editing. (B) Average frequency of mtDNA-wide off-target C-G to T- A conversions for control, Neuro-2A cells, zygotes and secondary follicles post mt-Nd5-DdCBE mediated
mtDNA editing. (C—E) Frequencies of on- and off-target C-G to T- A conversion along the whole-mtDNA genome of embryos and oocytes derived from untreated control (C),
mt-Nd1-DdCBE (D), and mt-Nd5-DdCBE (E) injected zygotes and secondary follicles, respectively. Significance was calculated with unpaired two-tailed Student’s t test

(***p < 0.0001). The error bars represent the standard error of the mean.

for possible effects. However, successful on-target editing without off-
targets was also observed (Figure S5D), suggesting the possibility of
selective breeding for cleaner models. Moreover, ongoing efforts
such as optimized TALEN structures aiming to minimize off-target
effects could also unlock the efficient mtDNA editing.

It should be noted, however, that the efficiency of obtaining live
births from follicles cultured in vitro is not yet comparable to
that from zygotes. Fortunately, as we know, in vitro oocyte devel-
opment and maturation are key areas of future research in the field
of reproduction due to their huge potential for applications.”>*® A
recent study in Japan has shown that in vitro cultured follicles can
achieve blastocyst formation rates as high as 84.1% in model ani-
mals,”’ indicating that the limitation will be overcome in the
near future. Besides its potential application in disease-related
model construction and future gene therapy, this strategy provides
a powerful research platform for studying the influence of mito-

chondria on follicle development. Mitochondria play an important
role in oogenesis, and mutations in mtDNA can impair oogenesis
and reproductive outcomes.””*® In line with these studies, our re-
sults suggest that oocytes with mutant mtDNA have lower devel-
opmental potential in oogenesis but potential in early embryo
development comparable to that of oocytes without mtDNA muta-
tion. Nonetheless, the underlying mechanisms are still unclear and
worth further investigation.

Taken together, our germline mtDNA base editing strategy—inject-
ing DACBEs into oocytes of secondary follicles—highly improved
the mtDNA editing efficiency in germline, especially for the hard-
to-edit site. Together with assisted reproduction technologies, such
as follicle in vitro culture followed by in vitro fertilization, it could
serve as a potential medical option for correcting disease-causing
mtDNA mutations in germline, thereby preventing the transmission
of mitochondrial diseases between generations.
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Table 1. Summary of the development potential of oocytes derived from secondary follicles with or without mt-Nd1-DdCBE injection

No. of cultured
follicles

No. of oocytes

No. of collected COCs  matured into MII

No. of normally

fertilized oocytes No. of two-cell embryos No. of blastocysts

40 (80.0% per follicles;

Control follicles 50 §7.0% per COCs)

46 (92.0% per follicles)

31 (62.0% per follicles;
77.5% per MII oocytes)

31 (62.6% per follicles;
100% per fertilized oocytes)

14 (28.0% per follicles;
45.2% per 2-cell embryos)

mt-Nd1-DdCBE
injected follicles

20 (33.3% per follicles;

o .
33 (55.0% per follicles) 60.6% per COCs)

18 (30.0% per follicles;
90% per MII oocytes)

14 (23.3% per follicles;
77.8% per fertilized oocytes)

6 (10.0% per follicles;
42.9% per 2-cell embryos)

COC, cumulus-oocyte complex; DACBE, DddA-derived cytosine base editors; MII, metaphase II stage.

MATERIALS AND METHODS

Plasmids generation and the RVD repeats assembly

TALE-based DACBEs vectors were synthesized in Sangon Biotech,
which is composed of mitochondrial localization sequence, N-termi-
nal, C-terminal, one kind of four split DddA halves, and uracil glyco-
sylase inhibitor (UGI)-coding sequences, and four vectors were de-
signed for each site according to the two different split DddA
halves (G1333-N, G1333-C, G1397-N, and G1397-C) and different
orientations. The detailed amino acid information of each DACBE
element is presented in Table S2. The detailed TALEN binding
sequence of mt-Ndl and mt-Nd5 are shown in Table S3.

Cell culture, transfection, and DACBEs pairs optimization
Neuro-2A cells were ordered from the Chinese Academy of Sciences
and cultured with MEM medium (Life Technologies) supplement
with 10% fetal bovine serum (Gibco), 1% sodium pyruvate (Gibco),
1% nonessential amino acids, and 1% penicillin/streptomycin solu-
tion (Life Technologies) under 5% CO, at 37°C. A 3-ug mixture of
DACBEs was transfected to Neuro-2A cells using Lipofectamine
3000 (Life Technologies) according to the manufacturer’s manual.
G418 (750 pg/mL) was added 1 day posttransfection for 4 days. Six
days posttransfection, cells were collected and DNA was extracted us-
ing DNaesy Blood & Tissue Kit (Qiagen) followed by Sanger
sequencing or next-generation target sequencing to select the best
pair for subsequent in vitro transcription (IVT).

In vitro transcription transcription
DddA fused mito-TALEN plasmids containing T7 promoter were
linearized with NotI (NEB) endonuclease, followed by purification

Pups born from
~ T secondary follicle injection

Pups born from
zygote injection

30
25+
20+

15—+
0.5T

0.4
0.3
0.2
0.1

C-G to T-A conversion (%)

with 1.2% electrophoresis gel. Then, the purified product was used
as the template for IVT using mMESSAGE T7 ULTRA kit (Life Tech-
nologies) according to the manufacturer’s manual. Both halves of
TALEN mRNA were purified using a MEGAclear kit (Life Technol-
ogies) and eluted in RNase-free water for germ cell microinjection.

Animals

All of the mice used in this study were ordered from Beijing Vital
River Laboratory Animal Technology and maintained at 23°C under
a 12-h:12-h light-dark schedule. C57/B6] mice were used for zygote
retrieval and ICR or B6D2F1 mice were used for follicle culture
in vitro. All of the experimental procedures were performed in accor-
dance with the Institutional Animal Care or Research Ethics Commit-
tee from Shanghai Jiao Tong University School of Medicine.

Zygote collection

For pronuclear embryos collection, 6-week-old female mice (C57/B6)
were superovulated by intraperitoneal injection of 10 IU of pregnant
mare’s gonadotrophin (Ningbo Hormone Products) and 10 IU hu-
man chorionic gonadotropin (hCG) (Ningbo Hormone Products)
at a 48-h interval. Then, female mice were crossed with males. Fertil-
ized embryos with two pronuclei were collected from the oviducts of
mice with vaginal plug 20 h post-hCG administration in M2 media.
Cumulus mass was removed in 70 pg/mL bovine testicular hyaluron-
idase for microinjection. After 1 h of recovery, mixed forward and
reverse TALENs-based DACBE with a final concentration of
150 ng/uL was injected into the cytoplasm of the pronuclear embryos,
followed by culturing in potassium-supplemented simplex optimised
medium at 37°C under 5% CO, in air under mineral oil.

Figure 5. MtDNA heteroplasmy of tissues derived
from founder mice produced by zygote or follicle
mtDNA base editing strategy

Heteroplasmy levels of mtDNA in different tissues of male
founders born from zygote injection (N = 5) and secondary
follicle injection (N = 1).
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Figure 6. Evaluation of visual evoked potential results of WT and m.3177 G>A mice
(A and B) The evaluation of visual evoked potential waveforms of WT (A) and m.3177 G>A mice (B). Each group contained 3 mice. (C) Comparison of amplitude of WT and
m.3177 G>A mice. Significance was calculated with unpaired 2-tailed Student’s t test (**p < 0.01). The error bars represent the standard error of the mean.

Follicle culture in vitro

A detailed method for follicle culture in vitro has been described pre-
viously.zo In brief, secondary follicles with a diameter between 105 and
125 pm were collected from 12-to 14-day-old ICR or B6D2F1 female
mice using L-15 media (Gibco) supplemented with 2% polyvinylpyr-
rolidone (PVP, Sigma) and 10% fetal bovine serum (Gibco). Notably,
PVP’s molecular weight of 360,000 is crucial for optimal follicle
growth.”” Isolated follicles with intact shape and high density of gran-
ulosa cells were selected for further microinjection and in vitro culture.
A short time (~5 min) of collagenase treatment was performed to
weaken the follicle to allow the microinjection. After 1 h of recovery,
follicles were microinjected with a mixture of left and right halves of
DACBE mRNA with a final concentration of 150 ng/pL. After micro-
injection, another 20-25 min of collagenase treatment was performed
to totally remove the follicle wall for better growth in vitro.” Follicles
were cultured in a-MEM supplemented with 5% fetal bovine serum,
1% GlutaMax (Gibco), 2% PVP, 0.1% penicillin/streptomycin
(Gibco), 150 pM 2-O-a.-p-glucopyranosyl-L-ascorbic acid (AA2G,
Tokyo Chemical Industry) and 100 mU/mL follicle-stimulating hor-
mone (FSH, Gonal-F). The culture incubator was set at 37°C, 100%
humidity, and 5% CO, in air, and approximately half of the media
was refreshed every other day. After ~11 days of culture, COCs
were harvested for final maturation, with o-MEM supplemented
with 5% fetal bovine serum, 1% GlutaMax, 0.1% penicillin/strepto-
mycin, 150 uM AA2G, 100 mU/mL FSH, 1,200 mU/mL recombinant
hCG (VIDREL) and 10 ng/mL epidermal growth factor (Sigma). The
oocytes were kept in an in vitro maturation medium for 17 h before
in vitro fertilization. Expanded COCs were fertilized in human tubal
fluid (Merck) medium with epididymal sperm from 8-week-old
B6D2F1 males. Zygotes with two pronuclei 6 h postsperm addition
were considered to be normal fertilization. For embryo transfer,
two-cell stage embryos derived from normal two pronuclei zygotes
were transferred into the oviducts of pseudopregnant females at 0.5
days post coitum (dpc).

DNA extraction
Genomic DNA was extracted and the efficiency of mtDNA mutation
was tested 3-4 days postinjection either using Sanger sequencing,

target deep sequencing, or the digital PCR quantification for
extremely rare mutations. For single-germ cell genome DNA extrac-
tion, follicles were digested with 0.5% trypsin (Gibco), 0.1% collage-
nase type I (Worthington), 0.1% DNase I (Sigma), and 1 mM
EDTA (Solarbio) in an incubator at 37°C for 10 min, and then,
granulosa cells were removed mechanically to isolate single oocytes.
Oocytes or embryos were collected individually and rinsed three
times in 0.4% BSA solution, and then put separately into 5pL
QuickExtract DNA Extraction Solution for digestion following the
manufacturer’s instructions. For cells and tissues, total genome
DNA was extracted using a DNaesy Blood & Tissue Kit (Qiagen) ac-
cording to the manufacturer’s instructions.

Digital PCR

Primers and probes were ordered from IDT, and detailed information
is presented in Table S4. Briefly, a 5-pL single-cell sample was added
with 10 pL DNase-free double-distilled H,O and 2-pL mixture was
used as a template for PCR amplification. Reaction droplets were pre-
pared from a total 20-uL PCR mix by QX200TM droplet digital PCR
instrument’s droplet generator and amplified on the Bio-Rad T100
PCR instrument (95°C, 10 min; 94°C, 30 s; 60°C, 1 min, 40 cycles;
98°C, 10 min). After PCR amplification, the fluorescence signal of
FAM (WT copies) and HEX (mutant copies) in each droplet was
read by the QX200 Droplet Reader and analyzed by QuantaSoft. To
validate the sensitivity and accuracy of digital PCR, edited and un-
treated zygotes were tested and compared. The results indicated
that digital PCR is sensitive enough to capture the rare mutant
mtDNA within the zygotes (Figure S6A), When we compared the re-
sults of the same sample sequenced by digital PCR and next-genera-
tion sequencing (NGS), respectively, we found that the data show no
difference between these two groups, which means that data from the
digital PCR and the NGS were equivalent (Figure S6B).

Next generation sequencing

A total of 100 ng genome DNA extracted from cells or tissues or all
lysates for single cells were used for first-round PCR using Phanta
Flash DNA Polymerase (Vazyme) to amplify target sequences with
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primers containing barcodes and Illumina adapters. A 1-uL product
was used for second-round PCR using index primers (Vazyme). After
second-round PCR, samples with different barcodes and indexes were
mixed, purified by gel extraction using the QIAquick Gel Extraction
Kit (Qiagen), and quantified using the Qubit ssDNA HS Assay Kit
(Thermo Fisher Scientific).

Sequencing was performed on the Illumina NovaSeq 6000 platform.
Primers for targeted sequencing are listed in Table S4. Quality control
was performed for the sequencing data by fastp (version 0.23.2) using
default parameters. Then, sequencing reads were demultiplexed using
fastq-multx (version 1.4.1) with the barcoded PCR primers. Next, the
editing frequencies of the on-target sites were calculated by output file
from batch analysis with CRISPResso2 (version 2.0.32), and statistics
were generated using in-house scripts with R (version 4.2.1).

Whole-mtDNA sequencing

The whole mtDNA was amplified as two overlapping 8-kb fragments
by long-range PCR, and the sequence information of the primers is
shown in Table S4. The PCR products were purified by QIAquick
Gel Extraction Kit (Qiagen) and used as input for constructing li-
braries using TruePrep DNA Library Prep Kit V2 for Illumina (Va-
zyme). The libraries were purified using DNA clean beads and quan-
tified using the Qubit ssDNA HS Assay Kit (Thermo Fisher Scientific)
before performing the deep sequencing.

To analyze NGS data from whole mitochondrial genome sequencing,
we first mapped the qualified reads to the human mitochondrial refer-
ence genome (hgl9) by BWA (version 0.7.12) with mem -M, and
then generated BAM files with SAMtools (version 1.9). Positions
with conversion rates >0.1% were identifled among all of the cyto-
sines and guanines in the mitochondrial genome using the REDItool-
Denovo.py script from REDItools (version 1.2.1).

Off-target analysis

Mitochondrial genome-wide off-target analysis was performed using
the method described previously.'' Sites with C-G to T A frequencies
>1% in untreated samples were excluded. For off-target analysis of
each sample, sites with a mutant rate of <1% were excluded due to
the sensitivity of NGS. For average off-target analysis, the average
C-G to T-A conversion was calculated for each sample by using
the total number of T and A reads in all nontarget C-G base pairs
to divide by the total number of reads that covered all nontarget
C- G base pair.

Visual evoked potential (VEP)

Following 8 h of dark adaptation timed to specific test periods, mice
were anesthetized and their pupils dilated. Full-field stimulators have
been used to illuminate the entire visual field of the mice to ensure
that the stimulating light adequately activates the visual system.
Each eye received 60 flashes of 1 cd s/m> white light at 1 Hz. Data
analysis focused on the N1 (most prominent negative peak) ampli-
tudes. Throughout the procedure, dark adaptation, body temperature,
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and corneal moisture were meticulously maintained, and electrode
impedances stayed within designated ranges.

Statistical analysis

In this study, we assessed the normality of the data using the Shapiro-
Wilk test. For independent samples, if the data satisfied the assump-
tions of normality, we conducted an unpaired Student’s t test to
analyze the differences between groups. However, if the data did
not meet the assumptions of normality or equal variances, we used
the Mann-Whitney U test. For paired samples, when comparing dig-
ital PCR and NGS, we used a paired Student’s t test to examine the
differences.
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