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Abstract

Nuclear and mitochondrial DNA editing
with programmable DNA binding

proteins

Eugene Chung
Department of Chemistry

The Graduate School

Seoul National University

Over the decades, genome engineering techniques with programmable DNA
binding proteins had made remarkable progress. Transcription activator-like effector
(TALE) proteins originated from the plant pathogenic bacteria genus Xanthomonas
and naturally alter the transcription of genes in host plant cells. The TALE repeats
comprise tandem arrays with 10 to 30 repeats that bind and recognize extended DNA
sequences. CRISPR (Clustered Regulatory Interspaced Short Palindromic
Repeats)/CRISPR-associated (Cas) system provides acquired immunity against
invading foreign DNA via RNA-guided DNA cleavage in bacteria. These
programmable DNA-binding proteins are versatile and robust tools that

revolutionize biological research.



Programmable nucleases engineer the target genome by inducing double strand
breaks (DSBs) relying on non-homologous end joining (NHEJ) and homologous
recombination (HR) to induce genetic alterations. Therefore, this technology is
limited by the availability of the desired DNA repair mechanism. On the other side,
base editors (BEs) introduce targeted point mutations without inducing DSBs.
DddAwx, which originated from Burkholderia cenocepacia, catalyzes the
deamination of cytidines within double strand DNA. Conventional DddAx is split
into two inactive halves to avoid its cytotoxicity and fused to TALE to make DddA-

derived cytosine base editors (DdCBEs).

In this thesis, I will present the applications of the programmable DNA-binding
proteins to engineer nuclear DNA and mitochondria DNA. In Chapter 1, I will
demonstrate that the CRISPR-Cas9 technique combined with the somatic cell
nuclear transfer can produce a dystrophin mutant dog. I validate the dystrophin

mutant dog has proper phenotypes for a disease model.

In Chapter 2, I will describe modifying dimeric DACBE to non-toxic, full-length
monomeric DACBE (mDdCBE). I apply mDdCBEs for mitochondrial base editing
and validate off-target effects. Furthermore, I show the advantages of mDdCBEs by

AAV experiment and targeting site for which only one TALE can be designed.

Keywords: CRISPR-Cas9, Gene Knockout, Dog disease model, TALE, DddA

toxin, Base-editing, Mitochondrial DNA, Protein Engineering

Student Number: 2013-20282
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Chapter 1.

Generation of a dystrophin mutant dog using

CRISPR-Cas9



I . Introduction

Over the last decade, the astonishing development of genome engineering
has revolutionized research on the mammal genome. Programmable nucleases are
redefining the boundaries of biological research. In the early stage of genome editing,
the engineered nucleases were composed of sequence-specific DNA-binding
domains fused to a non-specific DNA cleavage module (Carroll, 2011; Urnov et al.,
2010). Zinc finger nucleases (ZFNs), one of these early engineered nucleases, are
assembled by fusing a non-sequence-specific cleavage domain to a site-specific
DNA-binding domain that is loaded on the zinc finger (Bibikova et al., 2003; Doyon
etal.,2008; Kim et al., 1996; Maeder et al., 2008; Urnov et al., 2005). The functional
specificity of the designed zinc-finger domain comprises an array of Cys2His2 zinc
fingers (ZFs), which are derived by highly conserved interactions of their zinc-finger
domains with homologous DNA sequences (Beerli and Barbas, 2002). Each zinc-
finger unit selectivity binds three base pairs (bp) of DNA (Fairall et al., 1993). After
binding of the ZFs on either side of the site, the pair of Fokl domains dimerize and
cleave the DNA at the site (Bitinaite et al., 1998; Urnov et al., 2005). Transcriptional
activator-like effector nucleases (TALENSs) are another type of engineered nuclease
that demonstrate better specificity and efficiency than ZFNs in general. Similar to
ZFNs, TALENs comprise a nonspecific DNA cleavage domain (Fokl) fused to a
customizable sequence-specific DNA-binding domain to generate DSBs (Boch et al.,

2009; Cermak et al., 2011; Kim et al., 2013; Miller et al., 2011; Moscou and
2



Bogdanove, 2009). The DNA-binding domain of TALE consists of a highly
conserved repeat protein sequence from a protein discovered in the phytopathogenic
Xanthomonas bacteria that naturally alters the transcription of genes in host plant
cells (Boch et al., 2009). The central DNA-binding domain of TALE is composed of
repeat monomers of 34 amino acids. The amino acids of each monomer are highly
conserved, except for amino acid residues at positions 12 and 13 which is called
repeat-variable diresidues (RVDs) (Boch et al., 2009; Moscou and Bogdanove,

2009).

The recent discovery of bacterial adaptive immune systems known as
clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-
associated (Cas) systems as programmable nuclease was a breakthrough in genome
engineering. CRISPR was originally discovered in E. coli. in 1987, but the function
of the short repeat sequences remained unclear for many years before several studies
in 2005 characterized their similarities to phage DNA. Subsequent research revealed
that these repeat sequences took a role in bacterial and archaea adaptive immune
defense against offending foreign DNA by inducing RNA-guided DNA cleavage
(Bolotin et al., 2005; Jinek et al., 2012; Pourcel et al., 2005). In early 2013, research
groups demonstrated that heterologous expression of a CRISPR-Cas system from
Streptococcus pyogenes, comprising the Cas9 protein along with guide RNA in
mammalian cells results in DSBs at target sites (Cho et al., 2013; Cong et al., 2013;
Hwang et al., 2013; Jiang et al., 2013; Jinek et al., 2012; Kim et al., 2014; Mali et
al., 2013). The CRISPR/Cas9 system has two components, a guide RNA which can

be either two separate RNAs (crRNA and tracrRNA) or a single guide RNA (sgRNA)
3



and a Cas9 endonuclease. The sgRNA contains a unique 20 bp sequence designed to
complement the target DNA site and this must be followed by a short DNA sequence
downstream essential for the compatibility with the Cas9 protein. This adjacent
essential sequence is termed the protospacer adjacent motif (PAM) in which SpCas9
has an “NGG” or “NAG” (Sternberg et al., 2014). DSBs occur via the formation of
a ternary complex in which Cas9 binds to the PAM in the DNA, then binds to the
nonprotospacer portion of the guide RNA, upon which the protospacer of the guide
RNA hybridizes with one strand of the genomic DNA (Jiang ef al., 2016). SpCas9
protein catalyzes the DSB in the DNA at a position of three base pairs upstream of
the PAM (Jinek et al., 2012; Kim and Kim, 2014; Shmakov et al., 2017). Unlike
ZFNs and TALENs, which require cloning of protein sequences using large and
repetitive DNA segments for each new target site, the CRISPR-Cas9 system can be
easily adapted to target any genomic sequence by changing the protospacer of the

guide RNA.

Programmable nucleases, including ZFN, TALEN, and CRISPR-Cas9,
modify a target gene by DSB. When DSB is created precisely at the specific region,
repair pathways get activated. There can be two cases; (a) The non-homologous end
joining (NHEJ) and (b) homologous recombination (HR). Both DSB repair pathways
take important parts in mammalian DSB repair (Chapman et a/., 2012; Shrivastav et
al., 2008). NHEJ modifies the broken DNA ends, and ligates them with no regard
for homology, generating deletions or insertions (indels) (Lieber, 2008). So NHEJ is
preferred for gain or loss of function experiments due to its mutagenic behavior of

possible indels resulting in altered reading frames or large deletions. HR uses an

4



undamaged DNA template to repair the break (Thompson and Schild, 2001). HR
usually has a reduced efficiency in editing a genome than NHEJ because of its need
for a template and cell cycle dependence. HR is usually preferred for gene knock-

out or knock-in applications (Pardo et al., 2009).

Dog, Canis lupus familiaris, has drawn considerable attention as a model
for studying human diseases. Dogs show over 450 naturally occurring diseases, of
which approximately 360 are analogous to human diseases (Wayne and Ostrander,
2007). Based on their size, biological features, and ease of behavioral evaluation and
handling, dogs can be good animal models. Since humans and dogs share a common
environment, food, and carcinogenic load, it is not surprising that the dog has
emerged as a viable model for human disease (Glickman et al., 2004). The dog
genome is less divergent from the human genome than from the mouse genome and
more of the human genomic sequence can be aligned to the genome of the dog than

that of the mouse (Hytonen and Lohi, 2016; Lindblad-Toh et al., 2005).

Duchenne muscular dystrophy (DMD) is a lethal progressive pediatric
muscle disorder and is genetically inherited as an X-linked disease that caused by
mutations in DMD. When DMD gene is disrupted for any reason, the muscle isoform
of dystrophin cannot be produced (DMD) or truncated dystrophins are produced
(causing Becker muscular dystrophy; BMD) (Wein et al., 2015; Yiu and Kornberg,
2015). Over time, DMD patients experience progressive functional impairments
leading to loss of ambulation (LOA), pulmonary insufficiency, cardiomyopathy, and

early mortality. For many years, researchers tried to find an effective therapy method,



but there is no absolute cure currently for patients with DMD (Mirski and Crawford,
2014; Szabo et al., 2021; Wein et al., 2015; Yiu and Komberg, 2015). Dystrophin-
deficient mdx mice have been most commonly used for DMD research, but this
model has limitations; mdx mice exhibit minimal clinical symptoms and have only
a 25% reduction in longevity, unlike DMD patients, who have a 75% reduction in
life span (Chamberlain et al., 2007) In addition, there is a weak correlation between
the effect of therapeutic interventions in the rodent model and the effect observed in
humans (McGreevy et al., 2015). Recently, canine models have been suggested as a
suitable link between rodents and humans because those dystrophin-deficient dogs
are genetically and phenotypically similar to human patients (Duan, 2011; 2015;
Valentine et al., 1988). Canine X-linked muscular dystrophy (CXMD) models have
been reported over the last 50 years. Mutations in the canine dystrophin gene have
been identified in golden retrievers, German short-hair pointers, and Cavalier King
Charles spaniels (Schatzberg et al., 1999; Sharp et al., 1992; Walmsley et al., 2010)
However, it is difficult to produce dog pups with the same genetic background as the
CXMD model using conventional breeding methods and maintain individuals for
use in preclinical studies. For the availability of canine dystrophinopathy models, a
corresponding loss-of-function model using targeted mutagenesis of the DMD gene

was necessary.

Here 1 generate the dog model of dystrophinopathy using CRISPR-Cas9
system. It is shown that mutations can be introduced into canine fetal fibroblasts in
either method of RNP or plasmids via electroporation. I present a report that the

mutant dog pup can be produced by nuclear transfer using CRISPR-Cas9 treated
6



somatic cells. Furthermore, 1 demonstrate that the clinical characteristics of a
dystrophin mutant dog are similar to that of human dystrophinopathy (Oh et al.,
2022). These results propose that the CXMD model can be generated by CRISPR-

Cas9 and is a more appropriate disease model than existing models.



IT . Materials and Methods

1. Ethics statement

In this study, female mixed dogs from 2 to 4 years of age were used as
oocyte donors and embryo transfer recipients. The dogs were housed indoors and fed
once a day with water ad libitum. All experiments involving animals, methods and
protocols were approved by the Committee for Accreditation of Laboratory Animal
Care and the Guideline for the Care and Use of Laboratory Animals of Seoul
National University (SNU-1700310-14-1). All methods and protocols were carried

out in accordance with the relevant guidelines and regulations.

2. Cell culture and transfection conditions

Canine fetal fibroblasts were derived from the torso of a 27-day fetus post
coitum and were cultured in DMEM (Gibco) with 10% fetal bovine serum (FBS).
To introduce DSBs using an RNP complex, Cas9 protein was premixed with in vitro
transcribed sgRNA and incubated for 10 min at room temperature. To introduce
DSBs using plasmids, p3s-Cas9-2A-GFP and pRG2-sgRNA were premixed. Canine
fetal fibroblasts were electroporated with the Amaxa P3 Primary Cell 4D-
Nucleofector Kit using Program EN-150 (Lonza). The transfected cells were

transferred onto 12 well plates and further expansion was performed.



3. Purification of Cas9 protein

The pET plasmid that encodes His-tagged Cas9 was transformed into
BL21(DE3). Expression of Cas9 was induced using 0.5 mM IPTG for 4 h at 25°C.
The His-tagged Cas9 protein was purified using Ni-NTA agarose resin (Qiagen) and
dialyzed against 20 mM HEPES (pH 7.5), 150 mM KCI, 1 mM DTT and 10%
glycerol (Jinek et al., 2012). The Cas9 protein was concentrated with centrifugal

filter units (Millipore).

4. In vitro transcription of sgRNAs

RNAs were in vitro transcribed through run-off transcription reactions by
T7 RNA polymerase (New England BioLabs). The template DNA contains a T7
RNA promoter sequence followed by protospacer and sgRNA scaffold sequence.
The sgRNA transcription templates (200 mM) were mixed with MgCl, (14 mM), T7
RNA polymerase (500 units), RNase inhibitor (10 units) (New England BioLabs),
NTP (4 mM) in a reaction mix volume of 100 ul for 9 h at 37 °C. To remove the
template DNA after RNA synthesis, transcribed RNA mixture was pre-incubated
with DNase I (4 units) (New England BioLabs) and purified using RNeasy Mini Kit

(Qiagen) according to the manufacturer’s manual.



5. In vivo matured oocytes collection

After vaginal bleeding was first shown, blood was collected daily from the
cephalic vein and sera were separated by centrifuging for 10 min. Serum
progesterone concentration was monitored by an IMMULITE 1000 (Siemens
Healthcare Diagnostics Inc., Flanders, NJ, USA). The day when the progesterone
concentration reached 4.0 ng/ml to 10.0 ng/ml was considered the day of ovulation.
72 h after ovulation, in vivo matured oocytes were collected by oviductal flushing
using HEPES-buffered tissue culture medium-199 (TCM, Invitrogen) supplemented

with 10% bovine serum albumin and 2 mM NaHCO3.

6. Somatic cell nuclear transfer and embryo transfer

Cumulus cells were removed from in vivo matured oocytes by gentle
pipetting in tissue culture medium-199 supplemented with 0.1% hyaluronidase.
Metaphase chromosomes and extruded first polar bodies were removed under
ultraviolet light by aspiration in HEPES-buffered TCM drops containing
cytochalasin B and Hoechst 33442. Single donor cells were inserted into the
perivitelline space of oocytes. Each donor cell-cytoplast couplet was fused with two
pulses of DC 72 V for 15 ps using an Electro-Cell Fusion apparatus (NEPA GENE
Co. Chiba, Japan). Fused embryos were activated in modified synthetic oviductal
fluid (mSOF) medium containing 10 uM calcium ionophore (Sigma-Aldrich Corp).

After chemical activation for 4 min, cloned embryos were transferred into 40 ul of

10



mSOF with 1.9 mM 6-dimethylaminopurine for 2 h. Reconstructed cloned embryos
were transferred into the oviducts of synchronized recipients. Under laparotomy with
general anesthesia, embryos were placed into the ampullary part of the oviduct using

a 3.5 Fr Tom-Cat catheter (Sherwood, St. Louis, MO, USA).

7. T7 endonuclease I assay and sequencing

Genomic DNA was isolated using a genome isolation kit (Promega,
Madison, USA) according to the manufacturer’s instructions. Target genomic DNA
was amplified with a KAPA HiFi HotStart PCR kit (KAPA Biosystems #KK2501)
and PCR primers for T7E1 assay (Table 1). PCR amplicons were denatured at 95°C,
reannealed at 16°C to form heteroduplex DNA using a thermal cycler and then
digested with 5 units of T7 endonuclease 1 (New England Biolabs, Ipswich, MA)

for 20 min at 37°C and then analyzed using agarose gel electrophoresis.

8. Targeted deep sequencing analysis

Genomic DNA was isolated from transfected cells and tail tissue of the
cloned puppy. On-target and potential off-target sites were amplified with a Phusion
polymerase (New England Biolabs) for deep sequencing library generation (Table
1). Target genomic DNA was amplified by PCR with pre-index tailed primers. After
pre-indexed amplification, PCR products were amplified with universal index

primers for deep sequencing (Table 2). Amplicons were purified using purification

11



kit (MGmed). PCR amplicons were sequenced using MiniSeq or Miseq with TruSeq
HT Dual Index system (Illumina). Potential off-target sites were found by Cas-
OFFinder (Bae et al., 2014). Targeted deep sequencing data were analysis by Cas-

analyzer (Park et al., 2017).

9. Creatine kinase analysis

Blood samples for serum CK analysis were obtained from the jugular vein
beginning at 10 days after birth. Samples were collected at 1 week intervals until 8
weeks. No attempt was made to limit exercise prior to sampling. Biochemistry
analyses were performed on IDEXX Catalyst Dx (IDEXX VetLab Analysers,

Westbrook, Maine, USA). The normal reference range is 99- 436 U/L.

10. Biopsy and histopathological analysis

For biopsies of biceps femoris muscles, the dystrophin mutant dog and the
control dog were anesthetized with ketamine and xylazine via intravenous injection,
and anesthesia was maintained with isoflurane. The dogs were positioned in left
lateral recumbency, and he biopsy region was prepared aseptically. After a 3 cm skin
incision, a sample of the right biceps femoris muscle (1 cm x 1 cm x 0.5 cm) was
collected from each dog. Immediately, the biopsies were flash frozen in isopentane
precooled in liquid nitrogen. A standard panel of histochemical stains and reactions

was performed on 5 um muscle cryosections. Additional cryosections were used for

12



immunohistochemical staining using monoclonal antibodies against the dystrophin

carboxy terminal, rod domain and utrophin (Novocastra, Newcastle-upon-Tyne, UK).

11. Western blotting

Proteins of the dystrophin mutant dog and the control dog were extracted
from each muscle sample. After measuring protein concentration, equal amounts of
proteins were resolved by 10% SDS-PAGE and transferred to nitrocellulose
membranes (Hybond; Amersham Biosciences). Membranes were blocked for 1 h in
Tris-buffered saline Tween (TBST) containing 5% powdered skim milk and
incubated overnight with the following primary antibodies: anti-dystrophin NCL-
DYS1 (1:500, Novocastra Laboratories, Newcastle, UK), anti-dystrophin NCL-
DYS2 (1:100, Novocastra Laboratories), and anti-utrophin NCL-DRP (1:100,
Novocastra Laboratories). Horseradish peroxidase (HRP)-conjugated secondary
antibody (1:3000, Santa Cruz Biotechnologies, Piscataway, NJ) was used to detect
bound antibodies with the Imaging System from FUSION-Solo (6%, Vilber Lourmat,

France).

13



Table 1. PCR primers for T7E1 analysis and Deep sequencing

Primers used for TTEL az:ay and Deep Seqeuncing of on-target site

Ford_1st GACACCTACCAATCAGAGTAGATTCC

Rav_lst CAGTGGATAGTCAGATCAGTATGG

Ford_2nd GAATGGACTCOGTCCTGETAG

Rev_lnd GAAATGAGCTGGAACCACACTGG

Fwd_DS ACACTCTTICCCTACACGACGCTCTTCCGATCTIGGATTGLAACAAACCAACA

Rev_D5 GTGACTGGAGTTCAGACGTGTGCTCTTODGATCTIGGAACCACACTGGTGAAAA

Primers used for Deep Sequencing of off-target site

AGGACATICAGGTCCTTACT

CCACTGTGTTCTTODCAGET

TGCACCTGGTCTTAGCTCCT

TOCTCCTTCTGCCTGTGTCT

GACTCAATCCCAGGTCTCCA

CCATTICGGCAGAAAATCAT

GLTGGATCCTGGETAGACAS

CCAATOTGEEACTTGATCCT

TCACCTAGGCATGCATICAS

CCCCCTGGTTGACTAATGTG

CAGCTCTGAAGGACCACACA

CAGCAGGTAAACACCAAGCA

ATGGAGGACACGATGITAS

GTGCAGGCAGCAACTTGTAL

AAACTCCTITITGGGGEICTA

TOCTCCTCTCATCTGGGTA

GGGATTTIGTTOOCAAGGTT

GAGAAGAATTITGEGGGAAGT

AACCGLAAACCAATACAAGS

GEEAAAGACAGACCTTCACG

TAGGGTTGCCATCACAAGGT

TTCAGGAATGTCCTGGCTCT
AGAGTACATGGCCTGGATEG

GATGGAGACTGGGCTCTICTG

TOCCATGAAAGAGGATCCAG

TGTGTGGTCTOOLCTGTGTA

TIGCAGTGGTGGAGAGAGTG

TGTGGETCACAGAACTGGAA

TIGGTITGGTTGETGCAGTA
CAGTIGACGGCAGTTGAGAA

DosDMD O 16 OF  |CAGTTGATGGCAGTTGAGAS

DosDMD_Of 16 OR  |TTGGTITGGTTGGTGCAGTA

DosDMD OF 17 OF  |CCATCCATCATCCTTTIGCTT

DosDMD OF 17 OF | TGAAAGCGTTTTGCAGATTG

DosDMD OF 15 OF  |GCTTCTIGGAGGAGCAACAC
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CAGGGAACAGGCTGTGGTAT

CCAGGACAGCAGGAAGAAAG

GOCTCCTGGTGGATTATGAA

CCTCTTGATGAGTCCCATTGA

GGEAAACTITIGTTIGOCTTT

CTCACTICAGGITTGCCTCT

TOCCCTCACCTTGACTTCAG

TGCCTTAACCATTICTATCCTCA

GOGTCCOCCCTGTTTAATCTT

TICTACCCAAAGCAGCCACT

CCTGTGGTCTGGTGACATTG

CACACCTGACACTTIGGCTGT

CAAGCCAGACACAAAAGTAA

CACCCAATGOCTAGCTCTTC

AGGAAAAGTTIGGGACGETCT

CAGGTTCCTACCTCGCTCTG

TICACAACCOOGTGGATAAT

TGTGTGEATCAGAGCAGAGG

CCCCAGTCACTGATCCCTTA

GAGCTCACGGITGGACTTAC

CTTTIGAGGCTICCCTCCTT

GACACTGCACTGTGGCATIT

GGGTCCTOGCATCTATGTGT

CCCTICTTITCTTICCCCATC

CATCCCTGAACACTCCTGGT

CAGGTTIGGAGGATCTTGGEA

CTGEGAGACACTGTGOGTAG

GAGGGAAACGGACAGCACTA

CCTETCAAAGGTGEAAGCAT

TCACGOCAGTCATTICTGAG
TCACACCAGTCATTICTGAG

CCTGTCAAAGGTGGAAGCAT

CTGTCOCTGCACCCCTATTA

CCCTOGTOCTCCAACAAATA

GGGGETCACACACCAGGTACT

TICCCTACACGACGCTCTTCCGATCTGACCAGAATOCAAGCCTCCT
GTGACTGEAGTTCAGACGTGTGCTCT TODGATCTCTGGACTGETCAACTCAGEA

ACACTCTTICCCTACACGACGITCTTCCGATCTCAAAGACCTGGGATICCAAL
GTGACTGGAGTTCAGACGTGTGCTCTTODGATCTITICATTTAACTCAAACACAACG

ACACTCTTICCCTACACGACGC TCTTCCGATCTGETGTODCTGTCTCAAGGTT

GTGACTGEAGTTCAGACGTGTGCTCT TODGATCTGATGGGTTACAAAGGGLTGT
ACACTCTTICCCTACACGAC G TCTTCCGATCTGEAAAAGAGAGAAGGAGGEAAA

(Continued)
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DoeDMD_OF 4 DS R

GTGACTGEAGTTCAGACGTGTGCTCT TODGATCTGATTIGGCTCTTIGGCTGAS

DosDMD_OF 5 DS F

ACACTCTTICCCTACACGACGCTCTTCCGATCTGCATTTITCCTAAATGOCAGA

DoeDMD_OF 5 DS .

GTGACTGEAGTTCAGACGTGTGCTCT TODGATCTICCATTGGEETAAAGACTGG

DoeDMD_OF 6 DS F

ACACTCTTICCCTACACGAC G TCTTCCGATCTCTGG O CAAGGTTCTGTTTGT

DoeDMD_OF § DS F.

GTGACTGGAGTTCAGACGTGTGCTCT TODGATCTIGTIGTGTCTGGGCTGAGTTC

DoeDMD_OF 7 DS F

ACACTCTTICCCTACACGACGC TCTTCCGATCTGGEATGGAGTGICAGTTITA

DoeDMD_OF 7 DS R

GTGACTGEAGTTCAGACGTGTGCTCTTODGATCTCAGGEAGTCCAACACAGGAC

DoeDMD_OF 8 DS F

ACACTCTTICCCTACACGACGITCTTCCGATCTTCACAGLAAACTACCCCAAL

DoeDMD_OF §_DS R

GTGACTGEAGTTCAGACGTGTGCTCT TODGATCTAGGCTTGOCAGTGAAACATC

DoeDMD_OF @ DS F

ACACTCTTICCCTACACGACGC TCTTCCGATCTCCTCTTIGCTOCAAAGCTGTC

DoeDMD_OF 9 DS R

GTGACTGEAGTTCAGACGTGTGCTCT TODGATCTGCTGETAGGL TGCTCATCTC

DosDMD_OF 10 DS F

ACACTCTTICCCTACACGACGCTCTTCCGATCTCAAAGC CAGAAGATGGAAGT

DosDMD_OF 10_DS_R

GTGACTGGAGTTCAGACGTGTGCTCT TODGATCTGGTGACCACCCTGGTITCTA

DosDMD_OF_11_DS F

ACACTCTTICCCTACACGACGC TCTTCCGATCTGTCAGACITGLAGCAGACAA

DoeDMD_OF 11_DS_R

GTGACTGEAGTTCAGACGTGTGCTCT TODGATCTGG GGG TITAGTCAGGETAG

DosDMD_OF 12 DS F

ACACTCTTICCCTACACGAC G TCTTCCGATCTAGGTCAGTGGETACCTG TG

DoeDMD_OF 12 DS R

GTGACTGGAGTTCAGACGTGTGCTCTTODGATCTATCTATCCACCCTCCCATCC

DosDMD_OF_13_DS F

ACACTCTTICCCTACACGACGCTCTTCCGATCTACCCTGGCTIGTACICATIT

DoeDMD_OF 13_DS_R

GTGACTGEAGTTCAGACGTGTGCTCTTOOGATCTAGTGCAAGCTGGAGTGTCC

DosDMD_OF 14 DS F

ACACTCTTICCCTACACGACGC TCTTCCGATCTGGTITACCTGOGTCCTITCA

DoeDMD_OF 14 DS R

DosDMD_OF 15 DS F

ACACTCTTICCCTACACGACGC TCTTCCGATCTGAAAAGCAGGLTCCCTGTAL

DoeDMD_OF 15_DS_R

GTGACTGGAGTTCAGACGTGTGCTCTTODGATCTCATGTGAAAGTGGAGGTCCATA

DosDMD_OF 16 DS _F
DoeDMD_OF 16_DS_R

ACACTCTTICCCTACACGACGC TCTTCCGATCTCATGTGAAAGTGGAGGTCCATA
GTGACTGEAGTTCAGACGTGTGCTCTTODGATCTGAAAAGTAGGCTCCCTGTAA

DosDMD_OF 17 DS F

ACACTCTTICCCTACACGACGC TCTTCCGATCTGGCTGGGCCCTACTCACTAT

DoeDMD_OF 17 DS_R

GTGACTGGAGTTCAGACGTGTGCTCT TODGATCTGTOCATCTCATGGCTCGTCT

DosDMD_OF 18 DS F

ACACTCTTICCCTACACGACGC TCTTCCGATCTGAGOCACTIGGTCTCCTCTG

DoeDMD_OF 15_DS_R

GTGACTGEAGTTCAGACGTGTGCTCT TODGATCTICTOCATGCAGTOCTCACAC
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Table 2. Universal index primer set for deep sequencing.

Forwad primer

Reverse pnimer

adapter sequence

D501

tatagcct

“TACACG.

D502

CTCTTTCCCTACACGAC

D503

D504

D505

D506

D507

D508

D701

CGGCATAC

AT

GAGATC

D702

D703

GGCATAC

GAGATaatgagcgGTGACTGE.

D704

ATACGAGATggas

GTGACTG

D705

“GGCATAC

GAGATtLctgaatGTGACTGG:

D706

CGECATAC

GAGATacgaattcGTGACTG

D707

GGCATAC

“GAGATagct

gGTGACTGG.

D708

GGCATAC

GAGATgCgCattaGTGACTG!

D709

GGCATAC

GAGATcata GTGACTGG:

D710

D711

D712

17



III. Results

1. Production of dystrophin mutant dog cells

First, I designed an sgRNA targeting the exon 6 of the dog dystrophin gene
(Figure 1a). The efficiency of sgRNA was validated by electroporation (the Amaxa
P3 Primary Cell 4D-Nucleofector Kit, Lonza) with a Cas9/sgRNA RNP into canine
male fetal fibroblasts (Figure 1b). As expected, the indel efficiency increased as the
amount of Cas9 protein increased when the amount of sgRNA was equal. After
confirming the activity of sgRNA through RNP experiments, the subsequent

experiments were conducted based on plasmid for cell viability.
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Dog DMD Exon 6
LATCCACAGGTTAATGTCATTAACTTCACCACCAGCTGGTCTGATGGCCTGGCTTTGAACGCTCTCAT..

Amaxa Mock

Y . —
=
e G GEEND

Cas9 (ug) 15 7 35

Figure 1. Genome editing in Canine fetal fibroblast using CRISPR-Cas9. (a) The
target sequence of the sgRNA is underlined within the genomic sequence of the
DMD gene. Red characters represent a protospacer-adjacent motif (PAM) sequence.
(b) Genome editing in Canine fetal fibroblast via RNP delivery. Mutations were
detected by T7E1 assay. A mixture of Cas9 protein and in vitro transcribed sgRNA

(20 pg) was transfected into 2x10° cells.
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2. Generation of a dystrophin mutant cloned dog by somatic

cell nuclear transfer

Having confirmed that Cas9/sgRNA was highly active in cultured cells, 1
performed somatic cell nuclear transfer (SCNT) to generate a dystrophin mutant dog.
Oocytes matured in vivo were enucleated, injected with a donor cell, and fused by
electrical stimulation. The fused couplets were activated with 10 uM calcium
ionophore and 6-Dimethylaminopurine and then a total of 26 reconstructed oocytes
were transferred into three naturally synchronized surrogate recipients.

In total, 49 matured in vivo from 4 oocyte donor dogs were recovered and
these oocytes were enucleated, injected with a donor cell, and fused by electrical
stimulation. The fused couplets (26/49, 53.1%) were activated with 10 uM calcium
ionophore and 6-Dimethylaminopurine and then a total of 26 reconstructed oocytes
were transferred into three naturally synchronized surrogate recipients. One of the
recipients was pregnant to term (33.33%) and gave birth to one puppy (3.85%) (Table

3).
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Table 3. Summary of embryo transfer and generation of the dystrophin mutant

cloned pup.
No. in vive No. No.
Recipient matured reconstructed fransferred Pregnancy No. births
oocytes oocytes embryos

A 16 & 6 + 1

B 13 1 7 - ]

C 20 13 13 - ]
Total 49 26 26 1(33.3%)/ 1(3.84%) 1

I'The percentage is based on the total number of recipient dogs.

I'The percentage is based on the total number of transferred embryos.
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3. Analysis of the dystrophin mutant cloned dog

a. On-target indel frequency of the mutant cloned dog

To confirm the newborn was the dystrophin mutant clone, I performed
targeted deep sequencing of the mutagenic site on the dystrophin mutant puppy. The
tail tissue of the cloned puppy was collected two days after birth to detect genomic
mutations in the target dystrophin locus. The puppy had a 57 bp deletion in the
dystrophin gene (Figure 2a). Although it was an in-frame shift mutation, it was

determined that it would be sufficient to disrupt the function of the DMD gene.

b. Creatine kinase analysis

The Creatine kinase (CK) level was recorded in both the dystrophin mutant
dog and an age-matched control at two and eight weeks after birth. Until eight weeks
of age, the control group had CK levels within the normal range (99436 U/L), but
the CK level (1,019-19,880 U/L) of the dystrophin mutant dog was much higher than
the normal range from two weeks to eight weeks (Figure 2b). At 10 months of age,
the CK levels of the dystrophin mutant dog and the control dog were 261 and 31,540
U/L, respectively. However, after 30 min of exercise, the dystrophin mutant dog had

a CK level 300-fold higher than that of the control group (Figure 2c¢).
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a

Total With both More than

s - Insertions
Sequences indicator sequences  minimum frequency
71232 51673 51396 0
Sequence
TGAGCTGGETCCGACAATCAACTCGTAATTATCC ACAGGTTAATGTCATTAAC TTCACCAC CAGCTGGTC T [CTGGCTTT
LELEEELERIRNTT LILELLTE
TGAGCTGGGTCCGAC <« < o= cmu s -« =~ATGGCCTGGCTTT

GAACGE TCTCATCCACAGTC ATAGG TAAGGAGAC CAC TGAGATATTGACTAATTT

LOLELEREERE LR R R e i
GRACGLTCTCATCCACAGTC ATAGGT AAGGAGAC CAC TGAGATATTGACTAATTT

TGAGCTEGETCCGACAATCAAC TCGTAATTATCC ACAGG T TAATGTCATTAAC TTCACCAC CAGETGGTCTGATGRRC TGGCTTT
LELEEETERTRLL IEETELRITTIT
TGAGCTEGGTCCRAC -~ - - - - === === = mm mwmmmm o mmmmmm s 2 mm mmmmm o) ATGGCCTGECTTT

GRACGCTCTCATCCACAGTC ATAGG T AAGGAGAL CAC TGAGATATTGACTAATTT
L e N N R
GRACGE TCTCATCCACAGTC ATAGGEAAGGAGAL CAC TGAGATATTGACTAATTT
TGAGCTGGETCCGALAATCAACTCGTAATTATCC ACAGGTTAATGTCATTAAL TTCACCAC CAGCTGGTCT [CTGGCTTT
LOLELELELL [y
TGABCTEGETCCBAL - - - - === m - m = m e om e e e oo ATGECCTGECTTT
GAACGCTCTCATCCACAGTCATAGGTAAGGAGAL CAC TGAGATATTGACTAATTT

LA RN Ryl
GAACACTCTCATCCACAGTC ATAGGTAAGGAGAC CACTGAGATATTGACTAATTT

b C

200009 —= Contorl
-= Dystrophin mutant d CK (U/L)
g 120,000
k- g ‘1?gguﬂ: 100,000
E = '/‘//.( 80,000
1000
g E 60,000
g 5004 - reference range (99-436) 40,000
T————— o
20,000
0 2 4 6 8 10 0
Weeks

exercise.

23

Deletions Indel HDR
frequency frequency
51396 51396 (100.0%) 0 (0.0%)
Length  Count Type HDR
83 47491 Del N/A
8 120 Del N/A
83 100 Del N/A
e Contor e [ VD
103,240
31,540,
261 289
L ———— ]
Before exercise After exercise

2 A ST
-

Figure 2. Production of a dystrophin mutant cloned dog by CRISPR-Cas9. (a)

protospacer-adjacent motif (PAM) sequence. (b) Summary of serum creatine kinase

The result of deep sequencing of mutant dog cells. Target Sequence of the sgRNA

is underlined within the genomic sequence of DMD gene. Red boxes represent a

(CK) values from two to eight weeks of age in the control and dystrophin mutant

dog. (¢) Change in creatine kinase in normal and dystrophin mutant dog after
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c. Analysis of off-target effect

To analyze the off-target effect, I first found potential off-target sites with
Cas-OFFinder (Bae et al., 2014) in the whole dog genome, allowing up to 3-
nucleotide mismatches (Table 4). No off-target indel mutations at candidate sites
were detected in the dystrophin mutant dog genome (Figure 3). Off-target candidate
#6 seems to have a substitution frequency of half, but it was pre-existed single

nucleotide polymorphism (SNP) found in the Cas9-untreated control.
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Table 4. Potential off-target sites with up to 3 mismatches.

.

O O N o v h~w N

- A o
A W PO = O

15
16
17
18

Mismatch 0 ;1 / Mismatch 1; 0/ Mismatch 2 ; 2 / Mismatch 3; 16
Target Chromosome Position  Direction Mismatches
crRNA: TTCACCACCAGCTGGTCTGANGG chr24 22878368 |+ 3
DNA: CTCtCCACCAGCTGGTCTGEGGG | |

crRNA: TTCACCACCAGCTGGTCTGANGG chrg 29061641 + 3
DNA: TTCACCtCCAGCTGETCTaATGG

CrRNA: TTCACCACCAGCTGGTCTGANGG chr12 4938755 |+ 3
DNA: TTCACaAgCAGCTGGaCTGAGGG

crRNA: TTCACCACCAGCTGGTCTGANGG chr3 26238745 + 3
DNA: TTCACCACattCTGGTCTGAAGG |

CrRNA: TTCACCACCAGCTGGTCTGANGG chr3 50964839 - 2
DNA: TTCACCACCACCTGGCCTGATGG

CcrRNA; TTCACCACCAGCTGGTCTGANGG chr3 57426757 + 3
DNA: cgCcCCACCAGCTGGTCTGACGG

crRNA: TTCACCACCAGCTGGTCTGANGG chr3 62735685 + 3
DNA: TTCACCcCCAGCTGaTCTGgGGG

crRNA: TTCACCACCAGCTGGTCTGANGG chr3 73060142 + 3
DNA: TTCACCAgCAGCTGGTaTGgTGG

crRNA: TTCACCACCAGCTGGTCTGANGG chr2s 45357425 |- 3
DNA: aTCAgCACCAGCTGGgCTGAGGG

crRNA: TTCACCACCAGCTGGTCTGANGG chr1 16905540 |- 3
DNA: TTCACCACCAcacGGTCTGAAGG

CcrRNA; TTCACCACCAGCTGGTCTGANGG chr1 35850847 |+ 2
DNA: TTCACCACCAGCTGGaCaGATGG

crRNA: TTCACCACCAGCTGGTCTGANGG chr1 1.13E408 - 3
DNA: TTCACCACCAGCTGGaggGATGG

CrRNA: TTCACCACCAGCTGGTCTGANGG chr33 17707648 + 3
DNA: TTCAgCAtCAGCTGGCcCTGACGG

CrRNA: TTCACCACCAGCTGGTCTGANGG chr20 56928844 + 3
DNA: TTCACCAtCAGCgGGTCTGEAGG

CcrRNA; TTCACCACCAGCTGGTCTGANGG chrX 27933928 |- @
DNA: TTCACCACCAGCTGGTCTGATGG

crRNA: TTCACCACCAGCTGGTCTGANGG chrx 1.06E+08 + 3
DNA: aTCACCACCAGCTGagCTGAAGG

crRNA: TTCACCACCAGCTGGTCTGANGG chrx 1.06E+08 - 3
DNA: aTCACCACCAGCTGagCTGAAGG

CrRNA: TTCACCACCAGCTGGTCTGANGG chr1g 50645543 + 3
DNA: TTCACCACCAGCTGGagaGATGG |

CrRNA: TTCACCACCAGCTGGTCTGANGG chr2g 32426415 - 3
DNA: TgCACCACCAGCaGGTCTGCAGG
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With both indicator seq More than minimum

Total Sequences Insertions Deletions Indel frequency

uences frequency
1 13213 11325 10553 0] 68 68 (0.6%)
2 14376 13779 13442 0 7 7 (0.1%)
3 12183 11326 10835 o] 9 9 (0.1%)
4 15741 15231 14892 0 18 18 (0.1%)
5 15043 14459 14088 0 2 2 (0.0%)
6 14224 12056 11843 0 4 4 (0.0%)
7 11372 10141 9789 o] 3 3 (0.0%)
8 12832 12439 12244 0 2 2 (0.0%)
9 330852 11629 11439 0 2 2 (0.0%)
10 339871 8548 8240 0 2 2 (0.0%)
11 336445 9669 9364 0] 0 0 (0.0%)
12 295067 8274 8135 0 0 0 (0.0%)
13 245902 9766 9577 0 0 0 (0.0%)
14 280667 9419 8966 0 0 0 (0.0%)
15 256539 10355 10007 0] 0 0 (0.0%)
16 235573 9310 8534 0] 0 0 (0.0%)
17 337899 8469 8107 o] [0} 0 (0.0%)
18 373015 7996 7691 0 0 0 (0.0%)
1 GTTTGTTTAGCCGCCCCACCAGCTGGTCTGACGGLCCAGGTCCTATGCTCGCTCTTGCTGGCCATCCATTCCCCCAGCA 8 6126 WT or Sub
FECEEEEEERE- EEEEEE PR R T EE R EEEE R EE LR EE R e
6 GTTTGTTTAGCCTCCCCACCAGCTGETCTGACGRCCAGE TCCTATGCTCGCTCTTGCTGRCCATCCATTCCCCCAGCA
2 GTTTGTTTAGCCGCCCCACCAGCTGETCTGACGGCCAGG TCCTATGCTCGCTCTTGCTGGCCATCCATTCCCCCAGCA & a7 WT or Sub

GTTTGTTTAGCCGCCCCACCAGCTGGTCTGACGGCCAGGTCCTATGCTCGCTCTTGCTGGCCATCCATTCCCCCAGCA

Figure 3. No off-target mutations at candidate sites in Dmd mutant dog pup.
Indel frequencies at potential off-target sites were analyzed using targeted deep
sequencing. Off-target candidate #6 had 1 bp substituted allele which is pre-existed

SNP not caused by CRISPR/Cas9.
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d. Histopathological analysis and western blotting

The present study examined the biceps femoris of the dystrophin mutant
dog and a control dog at six months of age. Muscle histopathology examination
revealed mild fiber size variations, muscle fiber necrosis, and regeneration in focal
muscle groups (Figure 4). Immunohistochemical staining of frozen muscle using
monoclonal antibodies against the dystrophin carboxy terminal, rod domain, and
utrophin, revealed decreased expression of dystrophin 1 and 2 (Figure 4F and 4G)
along with upregulation of utrophin (Figure 4H) compared to the control dog
muscles (Figure 4A-D).

Dystrophin 1 and dystrophin 2 were detected in the muscle tissue of the
control in western blots, but were barely expressed in the dystrophin mutant dog
(Figure 5). Utrophin is markedly upregulated in the dystrophin mutant dog when

compared with controls in western blot analysis.
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Dystrophinl Dystrophin2
(Rod domain)”\ ____[cterminus)

HE

Utrophin

Figure 4. Histopathological analyses of dystrophic muscle. (A-D) A wild-type
control dog. (E-H) the dystrophin mutant dog. Muscle pathology showing focal
necrosis and regeneration of muscle fibers (HE), immunohistochemical staining
using monoclonal antibody against dystrophin rod domain and utrophin, showing
decrease in dystrophin 1 and dystrophin 2 expression and increased utrophin

expression and increased utrophin expression compared to control muscles.
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Control Mt dog Control Mt dog

DYS1 al
(Rod domain) - B-actin w

DYS2
(c-term)

B-actin ———

B-actin “

T

Utrophin

Figure 5. Western blotting of the dystrophin mutant dog. The analysis data
confirmed the absence of DYS (dystrophin)l, 2 and upregulation of utrophin in

dystrophin mutant dog (Mt dog) and control dog.
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IV. Discussion

The present study demonstrated that 1) donor cells were edited with the
dystrophin gene by CRISPR/Cas9 system, 2) a dystrophin mutant dog was
successfully generated by SCNT using the donor cells. For this study, first, I designed
a sgRNA targeting the exon 6 of the dog dystrophin gene (Aartsma-Rus ef al., 2006).
The remaining approximately 7% dystrophin gene mutations are caused by single or
multi-exon duplications, with exons 2 to 20 being the most commonly affected. It is
important to note that the GRMD and CXMD models have a frame shift because of
a mutation in the splice acceptor of exon 6 that disrupts exon 7, and inducing a
mutation in exon 6 could have a therapeutic effect on these canine dystrophinopathy

models (Kornegay et al., 2003).

I next evaluated whether the dystrophin mutant dog shared a remarkably
similar clinical course to that of dystrophinopathy patients. In both GRMD dogs and
human DMD patients, serum creatine kinase (CK) activity is markedly elevated
(Rowland, 1980). CK is most important for pre-neuter evaluations in young dogs
because increased CK activity may be an early indicator of underlying muscle

disease.

In addition, I and my colleagues observed walking or exercise-related
changes in the dystrophin mutant dog after five months of age. The dystrophin

mutant dog started to show "bunny hopping" from six months of age. Over time, its
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limbs became stiff, with a decreased range of joint motion while moving, more
pronounced bunny hopping, and difficulty in climbing stairs, and avoidance of
movement were revealed. In untreated DMD patients, ambulation loss usually occurs
during the early teenage years. Unlike in DMD patients, complete loss of ambulation
is not a clinical feature in young DMD dogs (Duan, 2015; Valentine ef al., 1988). In
this study, the 10-month-old dystrophin mutant dog was reluctant to exercise and
showed limb muscle atrophy, but was still able to walk. Because of the clinical
symptoms seen in DMD, it is necessary to observe whether the dystrophin mutant
dog will completely loose ambulation in the future. The present study examined the
biceps femoris of the dystrophin mutant dog and a control dog at six months of age.
Besides its resemblance to the human clinical cases, the dystrophin mutant dog also
exhibited histological lesions similar to dystrophinopathy patients. The present study
examined the biceps femoris of the dystrophin mutant dog and a control dog at six

months of age.

DMD is caused by out-of-frame mutations and absence of dystrophin
protein in skeletal muscles because the dystrophin protein that is produced is
truncated as a result of the premature stop codon and, therefore, is unstable (Yugeta
et al., 2006). BMD is caused by an in-frame mutation resulting in insufficient
dystrophin protein, and clinical progression can be predicted by whether the deletion
or duplication maintains or disrupts the translational reading frame (Arahata et al.,
1988; Monaco et al., 1988). However, there are reports about exceptions to the
reading-frame rule occurring in 10% of all DMD-causing mutations (Aartsma-Rus

et al., 2006). These findings are similar to the pathologic features in human
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dystrophinopathy. The results demonstrated that the clinical characteristics of a
dystrophin mutant dog are consistent with the diagnosis of dystrophinopathy in
humans. A recent study reported that treatment with Cas9 and sgRNA-51 in
spontaneous dystrophin KO dogs showed improved muscle histology (Amoasii et
al., 2018). The dystrophin mutant dog will also be useful in research for developing

therapeutics using the CRISPR/Cas9 system.

In summary, this study demonstrated for the first time that donor cells with
CRISPR/Cas9 for a specific gene combined with the SCNT technique can efficiently
produce a dystrophin knockout dog. Furthermore, this dystrophin KO dog showed
many features such as CK elevation, dystrophin deficiency, skeletal defects and
avoidance of ambulation, that are consistent with human dystrophinopathy. On
September 19, 2016, the U.S. Food and Drug Administration approved a
controversial drug to treat DMD, but the company involved failed to conduct a large
scale clinical trial. Now, however, the dystrophinopathy dog will be a more useful
model for contributing to preclinical studies aimed at the development of new

therapies.
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Chapter 2.

Base editing in human mitochondrial DNA with

monomeric DddA-TALE fusion deaminases
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I . Introduction

Mitochondria are bacterium-sized essential organelles that are present in
almost all eukaryotic cells. Mitochondria have the crucial role in intermediary
metabolism in various cellular metabolic pathways, including oxidative
phosphorylation, fatty acid oxidation, Krebs cycle, urea cycle, gluconeogenesis, and
ketogenesis (Duchen, 2004; Landrum et al., 2016; Ratnaike et al., 2021). In the
endosymbiotic theory, a proteobacterium was engulfed by endocytosis, providing the
host with the ability to produce cellular energy in the form of ATP. As a result,
mitochondria are double-membrane organelles lacking a nucleus and contain their
own DNA (mitochondrial DNA (mtDNA)) (Archibald, 2015). Unlike nuclear DNA
(nDNA), mtDNAs are maternally inherited and are present in multiple copies per
cell. Therefore, mitochondrial diseases caused by mutations in mtDNA follow the
laws of population genetics (Schon et al., 2012). The level of heteroplasmy is crucial
in determining the extent of cellular dysfunction. mtDNA has a circular structure and
lacks an intron—exon structure. In addition, replication, transcription and translation
are all controlled by a single non-coding region, termed the displacement loop (D

loop) (Gorman et al., 2016).

Recently, the identification of pathogenic mtDNA mutations has evolved in
parallel with advances in sequencing and cell biology technologies but there were
still many shortcomings in the tools for mitochondrial gene correction. A diverse

array of DNA repair pathways exists in mammalian mitochondria with the notable
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absence of efficient DNA double-strand break (DSB) repair, and either inefficient or
absent homologous recombination (HR) (Hagstrom et al., 2014; Kazak et al., 2012;
Moretton et al., 2017; Shokolenko et al., 2013). As a result, programmable nuclease-
based therapy cannot induce or revert a specific mutation in mtDNA, possibly
because DNA DSBs are not efficiently repaired in mitochondria. The difficulty in
transporting RNAs into mitochondria is another obstacle to adapting CRISPR-Cas9
for mtDNA engineering. The series of studies suggested that endogenous RNA
import into mammalian mitochondria is not required for normal cellular functions
(Wanrooij et al., 2010). There is a report that had claimed CRISPR-Cas9 successfully
manipulates mtDNA (Jo et al., 2015). Nonetheless, the editing efficiency of the
CRISPR-Cas9 system for mtDNA is expected to be either absent or very low. So
previous approaches to editing mtDNA relied on RNA-free programmable nucleases
resulting in heteroplasmic shifts to favour uncut mtDNA genomes (Bacman et al.,

2018; Bacman et al., 2013; Gammage et al., 2014)

Base editors (BE) precisely induce targeted point mutations without
requiring DSBs or donor DNA templates, and without reliance on HDR (Gaudelli et
al., 2017; Komor et al., 2017; Komor et al., 2016; Nishida et al., 2016). CRISPR-
Cas9 based BEs are composed of a catalytically dead Cas9 (dCas9) or a nickase Cas9
(nCas9) fused to a deaminase and guided by a single guide RNA (sgRNA) to the
locus of interest. The cytosine BEs (CBEs) allow the conversion of a C:G to a T:A
base pair (bp), while adenine BEs (ABEs) convert an A:T into a G:C bp (Gaudelli et
al., 2017; Komor et al., 2016). In both CBEs and ABEs with CRISPR-Cas9, the

catalytically impaired Cas nuclease domain localizes a ssDNA deaminase enzyme to
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a genomic target sequence of interest. In this mechanism, R-loop caused by the
hybridization of the guide RNA spacer to the target DNA strand must be formed to
exhibit robust base editing activity (Jiang et al., 2016; Jiang et al., 2015; Jinek et al.,

2014).

DddA is a double-stranded DNA cytidine deaminase originated from
Burkholderia cenocepacia. DddA was predicted to function as an antibacterial toxin
that is delivered by the type VI secretion system (T6SS) (Coulthurst, 2019; Hood et
al.,2010; Mok et al., 2020). Unlike other deaminases that are known to catalyse the
deamination of ssDNA, RNA, and free nucleotide, DddA reduced the viability of
Escherichia coli when it was produced. The identified domain that confers toxicity
in which amino acids 1264-1427 of DddA is termed as DddAox. DddAox efficiently
converts cytosine to uracil within dsDNA, in contrast of the activity of previous
deaminase domains for genome engineering that convert within ssDNA or RNA.
Because of this characteristic, DddAwx can be used with zinc finger (ZF) or
transcriptional activator-like effector nucleases (TALE) as well as CRISPR-Cas9
(Joung and Sander, 2013; Mok et al., 2020; Urnov et al., 2010). In addition, DddA o«
has s strong preference for 5°-TC contexts as substrates (Mok et al., 2020). Because
the expression of full-length DddAx fused to programmable DNA-binding proteins
was toxic to human HEK293T cells, DddAx is engineered to the split form which
maintains high deaminase activity and target specificity. Among the splits tested,
splits at G1333 and G1397 yielded the highest editing efficiencies within the target
spacing region. Researchers showed that split DddAx nontoxic halves and an uracil

glycosylase inhibitor (UGI) fused to TALE proteins can achieve DNA base editing
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in the various organisms (DdCBEs; DddA-derived cytosine base editors) (Guo et al.,
2022; Kang et al., 2021; Lee et al., 2021; Mok et al., 2020; Silva-Pinheiro et al.,
2022). Split halves of DddAwx can be fused to ZF, which is termed zinc finger

deaminase (ZFD) (Lim et al., 2022).

Although DdCBEs and ZFDs are highly versatile, enabling targeted base
editing in both nuclear and organelle DNA, the requirement for two TALE and ZF
constructs, respectively, rather than one, to induce base editing is disadvantageous
and challenging. Here, I modify DddA.x by random mutagenesis and generate non-
toxic, full-length DddAox. In addition, I show that full-length DddA o« variants fused
to Cas9 or TALE, termed mDdCBEs (monomeric DdCBEs), have the high
deaminase activity in human and mouse mtDNA. I demonstrate that E1347A
DddAox variant which is known to be catalytic inactive in split form is shown to be
active at full-length. It is shown that mDdCBEs can be designed to target TC motif
which conventional dimeric DACBE cannot target. I also show that mDdCBEs
expressed via AAV in cultured human cells can achieve nearly homoplasmic C-to-T

editing in mitochondrial DNA.
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IT . Materials and Methods

1. Plasmid construction

Sequences encoding the DddAx variants were PCR amplified using the
synthesized full-length DddA.x-encoding sequence (gBlock, IDT) as a template, the
primers listed in Table 1, and Q5 DNA polymerase (NEB). The resulting PCR
products were cloned using Gibson assembly (NEB) into p3s-BE3 that had been
digested with BamHI and Sma I (NEB) in the Apobecl sequence. The TALE-
DddAx (Addgene #158093, #158095, #157842, #157841) plasmids were digested
with BamH I and Sma I, and sequences encoding the DddAx variants were PCR
amplified using the primers listed in Table 1 and cloned into the digested plasmid
using Gibson assembly. TALE arrays were designed to target human ND/, the human
MT-TC gene encoding tRNA-Cys, and mouse ND5 following the approach used in
previous reports (Kang et al., 2021; Kim et al., 2013; Lee et al., 2021). Assembled
plasmids were chemically transformed into E. coli DH5a, and plasmids from the
surviving colonies were analyzed by the Sanger sequencing method. Final plasmids

were midi-prepped (Macherey-Nagel) for cell transfection.

To generate an AAV vector encoding mDdCBEs, PCR amplicons
containing ND1 L-GSVG, ND1 L-E1347A, and the CMV promoter were assembly
with Not I- (NEB) and Apa I- (NEB) digested pAAV vector by Gibson assembly
(NEB). pAAV-CMV-NDI1 L-GSVG was digested with EocR I (NEB) and Apa I

(NEB) and ND4 R-GSVG, ND4 R-E1347A, ND6 L-GSVG, and ND6 L-E1347A
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were amplified by PCR for Gibson assembly (NEB). Assembled plasmids were
chemically transformed into £. coli DH5a, and plasmids from the surviving colonies
were analyzed by the Sanger sequencing method. Final plasmids were midi-prepped

(Macherey-Nagel) for viral particle production.

2. Cell culture and transfection conditions

HEK293T (ATCC, CRL-11268) cells and HeLa (ATCC, CCL-2) cells were
cultured and maintained at 37 °C in a 5 % CO2 atmosphere. Cells were grown in
Dulbecco’s Modified Eagle Medium supplemented with 10% (v/v) fetal bovine
serum (Welgene) and 1% penicillin/streptomycin (Welgene). Twenty-four hours
before transfection, cells were seeded in a 48-well plate (Corning) at a density of
3X105 cells/well (HEK293T) and 4x104 cells/well (HeLa), after which they were
transfected with a plasmid encoding the Cas9-DddA.x fusion (750 ng) and a single
guide RNA- (sgRNA-) encoding plasmid (250 ng) with Lipofectamine 2000
(Invitrogen) according to the manufacturer's protocol. TALE-DddAx constructs

(200 ng) were transfected into HEK293T cells using Lipofectamine 2000.

3. In vitro activity assay

To measure the base editing activity of the DddAx variants fused to Cas9
in vitro, templates were PCR amplified from genomic DNA from HEK293T cells

using PrimeSTAR® GXL DNA Polymerase (TAKARA) and the TYRO3-specific
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primers listed in Table X. An sgRNA targeted to the TYRO3 site was transcribed in
vitro using an mMESSAGE mMACHINE™ T7 ULTRA Transcription Kit
(Invitrogen) according to the manufacturer's protocol. The PCR amplified template
(200 ng) and sgRNA (200 ng) were incubated with purified proteins (300 nM) in
NEB buffer 3.1 in a 20 puL reaction at 37 °C for various amounts of time. The reaction
was terminated by incubation at 65 °C for 15 min, after which PCR amplification

was performed for targeted deep sequencing.

4. Random mutagenesis

Error-prone PCR was performed on the synthesized full-length DddA ox-
encoding sequence (gBlock, IDT) using a GeneMorph ii Random mutagenesis kit
(Agilent) according to the manufacturer’s protocol. In brief, 1 ng, 100 ng, and 700
ng of DddAwx-encoding DNA fragments were used as template for the introduction
of random mutations at a density of 0~16 mutations/kb. The full-length DddAox
gBlock sequence was PCR amplified beforehand with primers listed in Table 1. PCR
products were pooled and Gibson assembled (NEB) into p3s-UGI-Cas9(H840A)-
DddAwx(E1347A) that had been digested with Smal and Xhol. The assembled
plasmids were transformed into DHS5a heat-shock competent cells, after which
plasmids from a fraction of the surviving colonies were subjected to Sanger
sequencing. p3s-UGI-Cas9(H840A)-DddA .« plasmids with correct in-frame fusions
were transfected into HEK293T cells along with a plasmid encoding an appropriate

sgRNA to target the selected site. Editing activity was detected through targeted deep

48



sequencing.

5. Genomic and mtDNA preparation

Cells transfected with plasmids encoding DddAx variants fused to Cas9
were harvested 2 days post-transfection and cells transfected with plasmids encoding
TALE-DddAx were harvested 3 days post-transfection. Genomic and mtDNA was
isolated using a DNeasy Blood & Tissue Kit (Qiagen). For large-scale analysis, DNA
was extracted using 100 uL of cell lysis buffer (50 mM Tris-HCI, pH 8.0 (Sigma-
Aldrich), 1 mM EDTA (Sigma-Aldrich), 0.005% sodium dodecyl sulfate (Sigma-
Aldrich)) that included 5 pL of Proteinase K (Qiagen). The lysate was incubated at

55 °C for 1 h, and then at 95 °C for 10 min.

6. Targeted deep sequencing analysis

To analyze the frequency of edits, on-target sites were amplified via nested
primary PCR, a secondary PCR, and a third PCR using TruSeq HT Dual index-
containing primers and PrimeSTAR® GXL DNA Polymerase (TAKARA) to
generate deep sequencing libraries. The libraries were sequenced using Illumina
MiniSeq with paired-end sequencing systems. The computer program used to

analyze the frequency of edits is available at https://github.com/ibs-cge/maund.
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7. In vitro transcription and transfection

The templates for in vitro transcription were amplified by PCR using
PrimeSTAR® GXL DNA Polymerase (TAKARA) with the primers listed in Table 1.
mRNAs were synthesized from PCR amplicons using an mMESSAGE
mMACHINE™ T7 ULTRA Transcription Kit (Invitrogen) according to the
manufacturer's protocol. Various concentrations of the mRNAs were then transfected

into cells with Lipofectamine 2000 (Invitrogen).

8. Analysis of mitochondrial genome-wide off-target effects

The mtDNA was amplified with PrimeSTAR® GXL DNA Polymerase
(TAKARA) using the primers listed in Supplmentary Table 6. Amplicons were
purified with a Qiaquick PCR Purification Kit according to the manufacturer's
protocol. Sequencing libraries were constructed using a Nextera DNA Flex Library
Prep Kit (Illumina). Sequencing was performed with an Illumina MiniSeq with the

300 cycles paired end program.

To analyze next-generation sequencing data from whole mitochondrial
genome sequencing, [ followed methods in previously published reports (Lim ef al.,
2022; Mok et al., 2020). Fastq files were aligned to the GRCh38.p13 (release v102)
reference genome using BWA (v.0.7.17), and BAM files were generated with
SAMtools (v.1.9) by fixing read pairing information and flags. Positions with

conversion rates > 0.1% were identified among all cytosines and guanines in the
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mitochondrial genome using the REDItoolDenovo.py script from REDItools (v.1.2.1)
(Picardi ef al., 2015). In all samples, positions with 50% conversion and target sites
considered as single nucleotide mutations in cell lines were excluded. To calculate
the average C+G-to-T+A editing frequency for all C+Gs in the mitochondrial genome,

the conversion rates were averaged at each base position in the off-target sites.

9. Transduction of AAV into HEK293T cells

AAV serotype 2 was produced by the IBS Virus Facility
(https://www.ibs.re.kr/virusfacility/). HEK293T cells were seeded at a density of
8X10* cells/well in a 48-well plate (Corning) 24 h before transduction. They were
then infected with different viral doses determined by quantitative PCR, and cultured
in DMEM containing with 10% (v/v) fetal bovine serum (Welgene) and 1%
penicillin/streptomycin (Welgene). At different time points after transduction, cells

were collected for targeted deep sequencing.

10. In silico analysis of base-editable TC motifs in organelle

DNA

The human mitochondrial genome (NC_012920) was used as reference
sequences for this analysis. All TC motifs were extracted from the organelle DNA
sequences, after which the split TALE-DddA.x recognition sites for each TC motif

were determined according to the following criteria: (i) the TALE array-binding
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sequence must contain a thymidine at the 5' and 3' ends, (ii) the length of the TALE
array-binding sequence must be 14-20 bp, and (iii) the sequence between a pair of
TALE-binding sites must be 14-18 bp long, including at least one TC motif. After
this analysis, the remaining TC motifs were analyzed to find locations at which only
one TALE array could bind. For this procedure, criteria (i) and (ii) above were used;
the third criterion was changed to (iii) TC motifs must be within 18 bp of the

thymidine at the 3’ end of a TALE array-binding sequence.
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III. Results

1. Creation of non-toxic, full-length DddA¢«x variants by

random mutagenesis

Full-length DddAx could not able to be cloned to H840A nCas9 due to
cytotoxicity. Therefore, I tried error-prone PCR to introduce random mutations in the
DddAtox coding sequence and collected surviving colonies. Most of colonies had
mutations that causes out-of-frame, but 23 clones had no frameshift (Table 1, Figure
1).

Through these experiments, a non-toxic, full-length DddAox variant with
four-point modifications: S1326G, G1348S, A1398V, S1418G (termed “GSVG”)
was able to be obtained, after measuring base editing efficiencies of 23 clones in
human cells. The numbers used to indicate the position of the GSVG target window
were obtained by counting backward and forward from the proto-spacer, toward the
5" upstream and toward the 3" downstream region, respectively. The base editing and
indel frequencies were measured by targeted deep sequencing (Table 2, 3). This
variant was also successfully fused to the C terminus or the N terminus of dCas9,
D10A nCas9, H840A nCas9, and Cas9. In human cells, these fusion proteins, with
the exception of those containing the wild-type Cas9, induced C-to-T conversions at
various sites with efficiencies of up to 38% (Figure 2). As expected, fusion proteins
containing Cas9 induced indels rather than base substitutions.

In order to pinpoint which mutations are critical in the GSVG variant, |
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attempted to create four revertants, namely, SSVG, GGVG, GSAG, and GSVS
(reverted residues are underlined), via site-directed mutagenesis. [ was able to obtain
SSVG, GSAG, and GSVS revertants but failed to obtain the GGVG variant fused to
the C terminus of nCas9. It can be assumed that G1348 right next to E1347 which is
the catalytic site plays the most important role (Figure 3).

Surprisingly, unlike previously known to be inactive in the split form, the
E1347A DddA variant had been shown to be active at full-length (Figure 3). I was
able to confirm the deaminase activity of the recombinant E1347A-D10A nCas9
fusion protein, expressed in and purified from E. coli, under cell-free in vitro

conditions using a PCR amplicon containing the TYRO3 site (Figure 4).
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Figure 1. Schematic diagram of the screen for non-toxic DddA, variants

generated by error-prone PCR. The E1347 active site and replaced residues are

shown in violet and red, respectively.
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Figure 2. Characterization of the DddA:«x GSVG variant derived from random
mutagenesis. (a), (b) Editing and indel frequencies at the TYRO3 site induced by
the GSVG variant fused to the N (a) and C (b) termini of Cas9, D10A nCas9, H840A
nCas9, and D10A, H840A dCas9. (c) Heat map showing the frequencies of C-to-T
substitutions at various positions in the TYRO3 site. The protospacer is shown in
blue and the PAM in orange. Cytosines that underwent editing are shown in red.
Means + s.e.m. (a, b) and heat map colors (¢) were determined from three

independent experiments.
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Table 2. PCR primers for amplifying target site sequence in genome.

Forward primer(5" to 37)

Reverse primer(5 to 37)

TYRO3

Hman ND1

Hman ND4

Hman ND6
mouse ND5
Hman MTND4P12

ctgtcaacaaagtgectggec
ggttcggttggtctctgcecta
gccattctecatccaaacc
ggtttgtggggttttcttcet
cgcagctacaggaaaatcagce

ctaattctectttgaggagecatggttag

agttacacagggccttogtg
atggccaacctcctactect
ggttgagggataggaggag
caaccaccaccccatcata
atggtattcctgtgagggcg

tatcacttccagccacctatttec
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Table 3. PCR primer list for targeted deep sequencing.

Reverse primer(S' to 3')

Forward primer(S' to 3°)

o

gtgactggagtt

gcotggeco

g

Cctotghocaacaas

"

TYRO3

.
[~
=
c
£
T

Hmian ND4

goggtgtagtog

ttgtta

Hmian NDE

Ttoa

gTgactgga

mouse NDS

TCT

CTCTToCga

tcagacgtgtgo

gtgactggagt

ggctgagogagoctoa

ToTg

¢n Hman MTHND4P12
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(By Young Geun Mok in Institute for Basic Science)
Figure 3. Time-dependence of editing and indel frequencies induced by DddA ¢«
variants. E1347A, GSVG, SSVG, GSAG, and GSVS variants fused to the C
terminus of H840A nCas9 had base editing activity at the TYRO3 site (position Gao)
(a) and EMX1 site 2 (position Gsg) (b). Means =+ s.e.m. were determined from three

independent experiments.
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(By Jaesuk Lee in Seoul National University)
Figure 4. In vitro assay to measure the deaminase activity of E1347A-D10A
nCas9. (a) Nickel agarose bead-based purification of His-tagged E1347A-D10A
nCas9 protein from E. coli cell lysates was monitored using polyacrylamide gel
electrophoresis. Coomassie blue was used to stain the gel. Lane 1, molecular weight
indicators, with sizes of representative markers indicated to the left. Lane 2, sample
from cells in which protein expression was not triggered by IPTG. Lane 3, Sample
from cells in which protein expression was stimulated with IPTG. Lane 4, soluble
fraction after sonication. Lane 5, insoluble fraction after sonication. Lane 6, flow-
through fraction from the column. Lane 7, first wash fraction. Lane 8, second wash
fraction. Lane 9, elution fraction. The red arrow indicates the E1347A-D10A nCas9
protein. (b) Time-dependent in vitro activity of E1347A-D10A nCas9 measured by

targeted deep sequencing of a PCR amplicon containing the TYRO3 target. The
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protospacer and PAM are underlined in blue and red, respectively. The colors in the

heat map were determined from three independent experiments.
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2. mtDNA editing by monomeric DdCBEs

a. On-target activity of mDdCBE

The results show that E1347A and GSVG variants can be used as
monomeric DddAx cytosine deaminases (mDdCBE). GSVG and E1347A variants
were successfully fused to the C terminus of TALE arrays designed to bind to three
mitochondrial genes, ND4, ND6, and ND1. The resulting mDdCBEs containing the
GSVG variant achieved base editing at intended target nucleotide positions with high
frequencies of up to 31% (ND4) (Figure 5a, b) 27% (ND6) (Fig. 5c, d), and 42%
(ND1) (Fig. 5e, f), on par with the original split DACBE pairs targeted to these sites
(shown as L-1397N + R-1397C, indicating DddAox split at G1397 fused to the left-
or right-TALE array, and L-1333N + R-1333C, indicating DddAx split at G1333
fused to the left- or right-TALE array in Figure 5). mDdCBESs containing E1347A
also generated targeted C-to-T conversions, albeit less efficiently, with frequencies
of up to 7.2% (ND4), 8.9% (ND6), and 13.7% (ND1) at these sites.

I tried to find out if mDdCBESs work in other mammalian cells. As a result,
it was shown that mDdCBEs were highly efficient in mouse NIH3T3 cells,

exhibiting editing frequencies of up to 32% at a target site in the MT-ND35 gene

(Figure 6).
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Figure 5. Base editing in the mitochondrial genome induced by mDdCBEs and

DdACBEs. (2), (¢), (¢) Editing efficiencies of mDdCBEs and DdCBEs at the ND4 (a),

NDG6 (c), and NDI (e) sites. Target cytosines and TALE-binding sites are shown

red and gray, respectively. The left and right TALE arrays are represented by L and

R, respectively. Mismatches between the site recognized by the ND6-specific TALE

array and the reference genome are underlined and shown in purple. (b), (d), (f) Heat

maps showing the frequencies of C-to-T conversions at the indicated positions in the
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ND4 (b), ND6 (d), and ND1 () sites. Means + s.e.m. (a, ¢, €¢) and heat map colors (b,

d, f) were determined from three independent experiments.
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Figure 6. Mitochondrial base editing frequencies induced by the indicated

Cytosine conversion rates(%)

DdCBEs and mDdCBEs in mouse NIH3T3 cells at the NDS site. Target cytosines
are shown in red and the left and right TALE-binding sites are shown in blue and
green, respectively. The cytosine conversion rates were measured by targeted deep

sequencing. Means =+ s.e.m. were determined from three independent experiments.
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b. Cytotoxicity and nuclear off-target analysis of mDdCBE

I next investigated whether mDdCBEs targeted to the mitochondria were
cytotoxic or would induce off-target mutations in the nuclear genome. I found that
mtDNA edits induced by ND6-specific mDdCBEs were maintained in HEK293T
cells for at least 21 days (Figure 7). It suggests that mtDNA editing by mDdCBEs
was well-tolerated.

mDdCBEs containing a mitochondrial targeting sequence (MTS) rather
than a nuclear localization signal did not induce off-target mutations at a potential

off-target site with a single-nucleotide mismatch in the nuclear genome (Figure 8).
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Figure 7. Time-dependence of editing frequencies induced by the indicated
DdCBEs and mDdCBEs in HEK293T cells. Editing efficiencies at each target
cytosine in the ND6 site are shown. The cytosine conversion rates were measured by
targeted deep sequencing. Means + s.e.m. were determined from three independent

experiments.
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mtDNA ND4 on-target

TGCTAGTAACCACGTTCTCCTG ATC,AAATATCACTCTCCTACTTACAGGA
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Figure 8. Off-target editing activity of mitochondrially-targeted DdCBEs and
mDdCBEs in the nuclear DNA of HEK293T cells. (a) The on-target editing site in
the mitochondrial ND4 gene and the corresponding nuclear DNA sequence with the
highest homology. The nucleotide mismatch between the mtDNA and the nuclear
MTNND4P12 pseudogene is shown in yellow. (b) Editing frequencies induced by
the indicated DACBEs and mDdCBEs at the off-target site in MTNND4P12. Target
cytosines are shown in red and the left and right TALE-binding sites are shown blue
and green, respectively. The cytosine conversion rates were measured by targeted
deep sequencing. Means = s.e.m. were determined from three independent

experiments.
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3. Advantages of mDdCBEs over conventional dimeric

DdCBEs

a. Targeting single TALE binding site

Since the dimeric DACBE requires two binding sites, the target TC motif is
limited compared to the monomeric DACBE. TALE-binding sites typically have
preference to a thymine at the 5’ and 3’ termini. Although it is possible to ignore the
need for a thymine at the 5’ terminus or to use an engineered TALE N-terminal
domain that recognizes all four bases (Lamb et al., 2013), it is unknown whether the
resulting TALE proteins used in a DACBE pair would be as efficient and specific as
conventional TALE proteins recognizing a thymine at the 5’ terminus. By in silico
analysis, all TC motifs which dimeric DACBE cannot adhere efficiently in human
mitochondrial DNA were organized and analyzed (Figure 9a, Table 4). As shown,
8.4% of TC motifs in human mtDNA can potentially be edited by mDdCBE but not
DdCBE.

As an example, I chose the MT-TC gene encoding tRNA-Cys: Various
single-nucleotide substitutions in this gene are associated with myopathy or hearing
loss17. I was able to design mDdCBEs but not dimeric DdCBE:s to target a site in
this gene, where there is no thymine within a stretch of 39 bp downstream of a
potentially editable TC motif (Figure 9b). The mDdCBE containing the GSVG
variant targeted to this site achieved C-to-T conversions at a frequency of 16%,
demonstrating the advantage of mDdCBEs over conventional DdCBEs (Figure 9c,

d.
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Figure 9. mDdCBE allows base editing in mtDNA at sites with a single TALE
binding site. (a) Among all editable TC motifs in human mtDNA, 8.4% can
potentially be edited by mDdCBE but not DACBE. (b) Schematic of a mDdCBE
target site in the M7-TC gene in human mtDNA. Target cytosines are shown in red.
(c) Editing frequencies induced by mDdCBEs at the MT-TC site. (d) Heat map
showing the frequencies of C-to-T substitutions at various positions in the MT-TC
site. Means + s.e.m. (c) and colors in the heat map (d) were determined from three

independent experiments.
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b. AAV-mediated base editing in mtDNA by mDdCBE

mDdCBE can be delivered via a single AAV vector with a ~4.7-kb cargo
capacity, but dimeric DACBE cannot (Figure 10a). I produced AAV2 particles
encoding mDdCBEs targeted to the ND4 and ND1 sites and transduced HEK293T
cells with variable viral doses. At day 6 post-infection, base editing frequencies
reached as high as 99.1% at the ND4 site and 59.8% at the ND]I site with high
multiplicity of infection (Figure 10b-¢). This result suggests that nearly homoplasmic

(> 99%) mutations can be induced in mtDNA using AAV-mediated DdCBE delivery.
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Figure 10. AAV-mediated base editing in mtDNA in HEK293T cells. (a)
Schematic showing the AAV vector encoding mDdCBE. Time-dependence of
editing frequencies induced by AAV2-encoded mDdCBEs at the ND4 (b) and ND1
(d) sites. Heat maps showing the frequencies of C-to-T substitutions at various
positions in the ND4 (¢) and ND1 (e) sites on Day 12. The cytosine conversion rates
were measured by targeted deep sequencing. Means =+ s.e.m. (b and d) and colors in

the heat maps (c and e) were determined from three independent experiments.
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4. Mitochondrial genome-wide target specificity

I assessed the mitochondrial genome-wide target specificity of split
DdCBEs and mDdCBEs by performing high-throughput sequencing of DNA
samples isolated from cells transfected with the NDI- and ND6-specific split
DdCBEs or mDdCBEs containing the E1347A or GSVG variant (Figure 11a, b). At
the same time, I also analyzed four TALE-free split or full-length Ddd A« constructs
to test whether they would induce random mutations across the mitochondrial
genome. A mitochondrial-specific PCR primer set was used to amplify the whole
mitochondrial DNA (Table 5). None of these TALE-free DddAx constructs were
mutagenic, compared with the negative control: Average frequencies of
mitochondrial genome-wide C-to-T editing induced by these constructs ranged from
0.018% to 0.019%, not much different from that obtained with the negative control
(0.019%). The split DACBE pairs targeted to the two sites, however, showed off-
target C-to-T editing with average frequencies that ranged from 0.031% to 0.039%
(ND1)or 0.14% to 0.19% (ND6). The mDdCBEs targeted to the same sites also were
mutagenic, inducing off-target C-to-T editing with average frequencies that ranged
from 0.041% to 0.21% (NDI) or 0.12% to 0.23% (ND6) (Figure 11a, b). This result
suggests that mDdCBE target specificities are not necessarily poorer than those of
split DACBE pairs.

Off-target activities of DACBEs and ZFDs can be reduced or eliminated by
delivering such constructs as in vitro transcripts rather than plasmids encoding them
(Lim et al., 2022). I investigated whether in vitro transcripts encoding mDdCBEs
can also reduce off-target editing frequencies. ND6-targeted mDdCBEs, associated
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with relatively high average frequencies of mitochondrial genome-wide off-target C-
to-T editing, were transfected via variable amounts of mDdCBE-encoding mRNA
into HEK293T cells. As expected, high editing frequencies of up to 20% were
obtained with increasing doses of up to 800 ng mRNA (Figure 11c¢). Importantly, the
use of 800 ng mRNA was as efficient as transfection of plasmid DNA in terms of on-
target editing frequencies and reduced off-target C-to-T editing by 3.7 fold. Thus,
the average frequency of mtDNA-wide off-target editing with 800 ng mRNA was
0.058% (Figure 11d), whereas that obtained with the mDdCBE plasmid was 0.21%
(Figure 11b). Use of 200 ng mRNA achieved base editing with modest frequencies
of up to 10% without inducing mtDNA-wide off-target editing, compared with that
in the untreated control (Figure 11c, d). These results show that the amount of
mDdCBE-encoding mRNA can be titrated to reduce or avoid off-target editing in

human mtDNA.
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Figure 11. Mitochondrial genome-wide analysis of off-target editing by DACBEs
and mDdCBEs. (a), (b) Average frequencies of off-target C+G-to-T*A editing in
mtDNA. HEK293T cells were transfected with plasmids encoding DdCBEs,
mDdCBEs, TALE-free MTS-split DddA:«x-UGI, and TALE-free MTS-non-split
DddA-UGI targeted to the NDI (a) and ND6 (b) sites. (c¢) Editing frequencies at
the C6 and C7 positions in the ND6 site following transfection of various
concentrations of mDdCBE-encoding mRNAs into HEK293T cells. (d) Average
frequencies of off-target CeG-to-T*A editing in mtDNA from HEK293T cells
transfected with mDdCBE-encoding mRNA. Means + s.e.m. were determined from

two (a, b, d) and three (¢) independent experiments.
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Table 5. Primer list for whole mitochondria genome amplification.

Name Sequence 5 to 3
Mito 9397-1892 F aaagcacataccaaggccac
Mito 9397-1892 R ttggctctecttgeaaagtt
Mito 15195-9796 F tatccgccatcccatacatt
Mito 15195-9796 R aatgttgagccgtagatgece
Mito 2478-10858 F gcaaatcttacceccgecotg
Mito 2478-10858 R aattaggctgtgggtggttg
Mito 10653-2688 F gccatactagtctttgcege
Mito 10653-2688 R ggcaggtcaatttcactgg
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IV. Discussion

In this study, I presented full-length, non-toxic DddAx variants, which can
be fused to D10A or H840A nCas9 to make novel CRISPR RNA-guided cytosine
base editors with altered editing windows or to custom-designed TALE DNA-
binding proteins to create mDdCBEs enabling mtDNA editing in human and mouse
cells. In addition, I demonstrated the deaminase activity of E1347A Ddd A variant

by in vitro assay and cell experiments.

There were previous studies that engineering mtDNA by TALE (Bacman et
al.,2018; Bacman et al., 2013). Although, because of the lack of DNA repair system
in mitochondria, their methodology had limitations; mitoTALEN can only be applied
by removing mutant mtDNAs (Kazak et al., 2012; Moretton et al., 2017; Shokolenko
et al., 2013). In spite of miroTALEN, mDdCBEs can make de novo disease model

and treat patients with no or few normal mtDNA in mitochondria population.

Interestingly, the split DACBE pairs and mDdCBEs often produced
different editing patterns. For example, the DACBE pair (shown as L-1333N + R-
1333C in Figure 5b) specific to the ND4 gene was poorly active at the C4 position
with an editing frequency of 0.8%, whereas two mDdCBEs containing the GSVG
variant (shown as L-GSVG (Left TALE fused to the GSVG variant) and R-GSVG
(Right TALE fused to the GSVG variant) in Figure 5b) were highly active at this
position with editing frequencies of 26% and 31% (Figure 5b). I also noted that the

ND1 site-specific R-GSVG was highly selective, inducing C-to-T conversions
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primarily at the C11 position, whereas two split DACBE pairs targeted to the same
site and L-GSVG were poorly discriminatory, inducing base edits at multiple
positions in the editing window (Figure 5f). These results show that dimeric DdACBEs
and mDdCBEs can create different mutation patterns and suggest that the two forms

can be complementary to each other to induce diverse mutations at a given target site.

I examined the positions of C-to-T edits induced by mDdCBEs containing
either the GSVG variant or the E1347A variant. I plotted the cytosine-editing
frequencies of a total of 9 mDdCBEs at each nucleotide position downstream of a
TALE-binding sequence to define an editing window for mDdCBEs (Figure 12).
Positions 4 to 11 were more frequently converted than those immediately adjacent
to or far downstream of the TALE-binding site. Thus, the editing window for
mDdCBEs can be loosely defined as spanning nucleotides 4~11 downstream of a

TALE-binding site.

mDdCBE-encoding genes, unlike those encoding dimeric DACBEs, can be
packaged into AAV and other viral vectors with a limited cargo space, facilitating in
vivo studies and gene therapy. Importantly, the ND4-specific mDdCBE delivered via
AAYV induced C-to-T edits at a frequency of up to 99.1%, suggesting that nearly
homoplasmic mutations can be achieved in mtDNA without drug selection. This
suggests the potential of treating diseases that most of mitochondria population needs

to be corrected via AAV encoding mDdCBE.

Furthermore, mDdCBEs can edit sites for which only a single TALE protein

can be designed. I also found that mDdCBEs often yield mutation patterns different
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from those obtained with dimeric DACBEs. Scrutinizing other organelles by in silico
analysis, there would be a lot more single TALE binding sites. For example, the
length of Arabidopsis thaliana chloroplast genome is 154,478 bp, about 10 times
larger than the human mitochondria genome built of 16,569 bp (Sato et al., 1999;
Taanman, 1999). Through this, it can be estimated that there are much more single
TALE binding sites in Arabidopsis thaliana chloroplasts than in human

mitochondria.

I found, however, that certain, but not all, mDdCBEs were more prone to
induce off-target editing in mtDNA, compared with dimeric DACBEs. Fortunately, I
was able to reduce or eliminate mitochondrial genome-wide off-target effects by
using mDdCBE-encoding mRNAs rather than plasmid DNA. Furthermore, off-
target effect can be reduced by the improvement of spatiotemporal controllability.
There are the methods to control CRISPR-Cas9 function by small molecule
activation, small molecule inhibition, bioresponsive delivery carriers and optical/
thermal/ultrasonic/magnetic activation of protein (Davis et al., 2015; Dow et al.,
2015; Furuhata et al., 2017; Jain et al., 2016; Maji et al., 2017; Nguyen et al., 2016;
Polstein and Gersbach, 2015; Shahbazi et al., 2019; Zhou and Deiters, 2016; Zhuo
et al., 2021). By applying these techniques to mDdCBEs, it will be possible to make
them specifically expressed only in the desired cells or to reduce the unwanted

residual deaminase effect.

I believe that, together with dimeric DACBEs and ZFDs for C-to-T editing

and transcriptional activator-like effector nucleases (TALEDs) for A-to-G editing
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(Cho et al., 2022), mDdCBEs can broaden the scope of organellar genome editing.
And also, targeting sites is broadened by DdCBEs with evolved Ddd A to increase
average editing efficiencies at AC and CC targets from less than 10% for canonical
DdCBE to 15-30% and up to 50% (Mok et al., 2022). Combining new DddA o«

variants and mDdCBE will lead to higher activity and expending targeting scope.

This study suggests further lines of investigation to improve base editing
outcomes, including the modification of the editing window of DddA.x and
characterization of the factors that distinguish well-edited and poorly edited sites.
Non-toxic, full-length DddAwx was obtained by random mutagenesis with no
evolution pressure to deaminase activity or deliberate cytotoxicity. Therefore,
engineering DddA via directed evolution can illuminate new variants with altered

sequence context and substrate preferences or higher activity with low toxicity.
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