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[ Abstract ] Mitochondria possess their own genome to maintain mitochondrial functions. Modification of
mitochondrial DNA ( mtDNA ) provides important insights into gene functions, disease mechanisms, and therapeutics.
However, the available tools for mtDNA editing are relatively limited because of the nature of the unique environment where
mtDNA resides and the mechanism of DNA damage repair in mitochondria. With the rapid progress of nuclease and base-
editing technologies in recent years, mitochondrially targeted nuclease tools and base editors have been developed,
providing powerful tools for mtDNA editing. In this review, we summarize the recent progress of a series of tools developed
for targeted editing of animal mtDNA and their applications in biomedicine, focusing on DACBE ( DddA-derived cytosine
base editor) , and provide a brief outlook on the existing problems and application prospects of mtDNA editing to provide a
useful reference for the development of novel tools for mitochondrial genome editing and their wider applications in basic
research, disease modeling, and clinical therapeutics.
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Note. A. Schematic diagram of MitoZFN. B. Schematic diagram of MitoTALEN. C. Mitochondrially targeted artificial nucleases mediate the

elimination of mutant mtDNA, resulting heteroplasmy shifting. Blue circles indicate wild-type mtDNA and red circles indicate mutant mtDNA ,

respectively. MTS. Mitochondrial targeting signal. ZF. Zinc finger protein. TALE. Transcription activator-like effector. mtDNA. Mitochondrial DNA.

Figure 1 Mitochondrially targeted artificial nucleases mediate the elimination of mutant mtDNA
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Mitochondrial targeting signal. TALE. Transcription activator-like effector. mtDNA. Mitochondrial DNA. UGL Uracil glycosidase inhibitor.
DddA, . Splited DddA deaminase half.
Figure 2 Mitochondrial base editor DACBE
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F 1 FZRZLARE DNA Hifl T HAHE 8455
Table 1 Summary of mtDNA editing technologies

Yt T H. FEHH Iy Ref A G FETE i 4l R
Editing tools Major components Size Programmability Editing effect
MitoRE! 5 MTS + RE 5

MitoARCUS 3!
MitoRE or
MitoARCUS

MitoZFN! 12

MTS + H 5% R

MTS + RE or MTS + Small ( Homodimer or monomer)

meganuclease

MTS + ZF + Fokl

(TR — B A E B g )

B (BOEHERE R, FL IR VE I 32 BR)
Difficult (Engineering is challenging,

mitDNA H5 547 B

limited targeting scope)

AR (5 2R 1A FEXT
Relatively large ( Heterodimer) Relatively easy
KA RIK) 5 ( RIGELF)
Large (Heterodimer) Easy (High flexibility)
RO ZRIE) 5 ( RIGVER)

Large (Heterodimer)

AT K (S BR{A)

Easy (High flexibility)

iERON=

MitTALEN ) MTS + TALE +
FokI
MTS + TALE +
~[20]
DACBE DddA + UGI
ZFD[?* 5
ZEDACBE. ] MTS + ZF +
- - DddA + UGI

ZFD or ZF-DdCBE

Relatively large (Heterodimer)

Relatively easy

Elimination of specific mtDNA

mtDNA ¢ 5P B
Elimination of specific mtDNA
mtDNA £ 5P R
Elimination of specific mtDNA
mtDNA 5 5878 (C-to-T)
mtDNA point mutation ( C-to-T)

mtDNA 51525 (C-to-T)
mtDNA point mutation ( C-to-T)

TALED!2") MTS + TALE + R (5 R AR i (RIGPELS) miDNA 5548 (A-to-G)
DddA + TadA8e Large ( Heterodimer or monomer) Easy (High flexibility) mtDNA point mutation ( A-to-G)
F2 FIHZORK DNA Sl T B /9 S PRl
Table 2 Animal models generated by mtDNA editing tools
Y B i TR ey SR VNS PSS 225 3CHk
Animals Target sites Editing tools Strategies Human diseases References
SR 1 Cof01S MitoRE H: Bl 235 mitoXhol Leigh ZEAHF MELAS [32]
Fruit fly Lo Expression of mitoXhol in germline Leigh syndrome and MELAS
K BEM bk . HHE LIS MitoPstl b AR LR 3
MitoRE (3]
Large mtDNA deletions Expression of MitoPstI in muscle Mitochondrial myopathy
MT-Nd5C12180 DACBE R By B S Leigh £ & 1iE \MELAS .LHON [22,34]
) ’ Microinjection of embryos Leigh syndrome, MELAS, LHON
MT-Nd1628200 DACBE AR Ao 5 Leigh ZEAHE LHON JWIH (35]
Microinjection of embryos Leigh syndrome, LHON, myopathy
/N MT-TrmkCTIE DACBE IS AR S Leigh 4551k . LHON Ly (35]
Mouse i : Microinjection of embryos Leigh syndrome, LHON, myopathy
95T6A/C AAV ik AR
A3 GIST6A/GISTTA [36]
MT-Nd3 DACBE AAV delivery Unknown
MT-Trk 7148 ZF-DACBE AAV % LRI P 55 A5 [25]
o AAV delivery Mitochondrial myopathy and retinopathy
: AAV ik
71 G3177A DdC [25]
MT-Nd1 ZF-DdCBE AAV delivery LHON
MT-TrneCM40%* DACBE W B AN [37]
Kl Microinjection of embryos Mitochondrial myopathy
Rat UT-TrmkST55A DUCEE R S MERRF /L JJL#5 | Leigh £5 4 1iF -
' Microinjection of embryos MERRF, cardiomyopathy, Leigh syndrome
mi-nd1 2474 DACBE v LHON (38]
e Microinjection of embryos
Zebrafish SO0 DACBE iRl TA D Ca T Leigh Z# &1l \MELAS [38]

Microinjection of embryos

Leigh syndrome, MELAS

TE : MELAS ; 20 A i UL £ 25 FLIAR LILAE FIZE F R B A s LHON ; Leber 35t A2 MEA M 220678 ; MERRF : JULR: 200 1 R L1 2T 4405
Note. MELAS. Mitochondrial encephalopathy with lactic acidosis and stroke-like episodes. LHON. Leber Hereditary Optic Neuropathy. MERRF. Myoclonic

epilepsy and ragged red fibers.

3.1 BEEHENZERERARKINR

% R it ek #L 1)  fip A

ed S mtDNA 28 S (1 56 VG 7 448 T — R 5ok
B0 ZRiA m.8993T> G 2875 5 LA ki kB N%

AHSE (T NARP A1 MILS Z551F ) |, 22320 I BR
HE N I MitoRE-Smal 8, MitoRE-Xmal 7F &5 4 1%
B AR 1 4 28 0 A Hh AR S P TH BR 28 28 mitDNA |, #
$T Ay A Bayona-Bafaluy %514 2% 42

5 mtDNA 5285 v
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FESEPIIRYT S N o B DR TN TR il A
15" A0 T B EANE R T v = (5 A2 | D AT
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WFSE B AR SP 35 57 1 N2 20 Jf v s oy 52 80 7 48 1)
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Fr BRI AR R R 7E— N5 miDNA
FOR RS (m.5024C>T) [/ FRAE AL 1 1] R AH ¢
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MitoTALEN | 175 Jig 1A f6 00 I 0B 8 WL 45 22 b 21 21
A REAR T 28728 mtDNA 7K 7 11 42 8 17 5 4 7Y
mtDNA I i, 1T — & B8 B 2 T 4R IR
Ijjﬁg[létflﬂ .

TXUEAE AR M35 57 1 N 25 2% 28 4 i /)N BB AR
I RIS, B AEIE 52T H08 ] SR 1R 119 A% R il T 2L
FEREG T N TR AR, (R B T AL R B A
S miDNA ZR AR T mDNA A9 5 MR 25 i
AT A s S A R A R ik = R A SR LS
XU O TR A8 AT T W10 0 IE, Rk LA
EEEEANZEN
3.2 mtDNA WEHEH RN A

mtDNA B85 G 6 7 R BE9% 15 5 40 5 0 s 7= A
B miDNA 2875 | g Hg# miDNA A BRI IR AL T4
T E T RISRAN Y R SR S = IR (% 2) .
Lee %51 S5 S ] P ) R4 ) DACBE B 35 4
i, A m.12918G>A S5 /N R A B2 MT-
ND5 BRI — A B R (m. 13513G>A) LR AR
5 Leigh Zi & fiE \MELAS 1 LHON 5 G- 1iF 55 £ Fj g
FRARSE, HEARFTRAS Y FO AR /N R RS W HE A= i 3
A AR I T B DR A i A 1) R e [
% mtDNA 748 L MR ARG , A 1 5 220 5%, (H % B
5 E UEM T FIF DACBE RERS TR FR1S miDNA %
AL SRR S DACBE Bk T B 5 fa Fi ok BL4%
HAA TR 30 40 59 mtDNA 2 5, i S A5 480 1 4 58
mtDNA ZE7EJ A [ — SERFAEPE I R A7 5
SEZERESE T miDNA g T BRI | =k
P miDNA S8 A8 LRI AR SR AL XA i) 25
MELLSZERAY BT, Silva-Pinheiro %' 2£F DACBE

RYGAHE T — A 0855 G 5 25 SCHFE (MitoKO) |, HiAT LA
R 1] R 5 /0N B R 5 IR A ) 4 2 1 S IR
W A I SRR 5 2Rk AR D) BE FIAA 2 miDNA 3% R 2K 7%
FRRY B Al T O — T AE K R 5, f
DACBE Y Cre/loxP Z 4t tH 25 &, A8 0% 52 80 K B
mtDNA Zifith 25 11 A9 S PR

[ A, mtDNA B J i 5 T HAE mtDNA 28745 95
I IR T B B A T R N T R, RAAH T
AR B = H TR HRGE 322 A DACBE
WP A= B muDNA 77 A € AR, i 3E 2 1F B0
mtDNA 28748 (HE A AR5 RGBSR e 5
P 38106 SR I S5 7 THT X BB R ok 1 i PR YA Y N A 4R
HEER B R AN, Silva-Pinheiro 257 2% 5 F FH
AAV #3% DACBE, 78 BUAF A /N A 4 5080 10
WERIFEMR mtDNA Zik , H AR I R0 430
ik 209%F1 30% , 1 EL4E K DACBE B9 1 H i (] BE 0%
PR 0 ) g B 50K, DACBE W8 % T A2k #%
fE A IR R BRI 3 A5 AR miDNA A2, (H AR
JVJiey [) 44 86 20k % 22 S/ 0 K (N m. 37336 B 7
2.77% ~ 58.97%Z.[]) , 1fij B 24 91 73 5 mRNA (4§
B8 AN M) Mg R R E R T A T ME
ST SRR VER I, AT DL AR I G T
F14) 2t R0 B 3 28R R 2ok 6 G s | VS I 8 R s
BORVEAL LS — b G S5, A, 7
20 B RN i 7K S OB 5E 25 50 R, 3K 28 miDNA. Bigi I
O T ELAT 7 207 AR R PR 4 0 A% 5 PR 4 KOS 1
AR 2200 R R LI PR R T v 0 A AU, R
ReH B RGN PEAL T i — e AR SR, i
i B 2 DAdA B2 FLAR FME R 35K DdA 1)
T2 [ 8k 5 DACBE (1) 37 40 Jifd 5 o7 2170 ]
DI B4R AIE DACBE F R TG M | Sy isk 4 T 2 A LA
TRIT N FH BEE T JE Al
4 RE

KL, o 2 1A 32 R 4 1) 2 4 4 oy IR
B2 A ROR W, BE A I AF ok i DR g A B R 1 G
KJE, ZFh miDNA e T H g A28 7 % (3 B Aok
Ui, o A9 T L) R o] 52 80 A 35 PR 2t i 2 R0 38 2 AR
HBR, BRREEA S A mDNA # [i 315 55 0 6 5 2 4
/2 1Y mtDNA G S S AR AR hy
mtDNA P [ S 40 P (1L T A ROR MG, (EAREEN
J&,CRISPR/Cas % 4t L H ] 51 | 2 7% Al = 80 55 A0
A TE 20 M A% i R g 8 b R B )iz AHE RiYE
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DU T miDNA i, it e gRNA XE D)3 16 3] 28 kL
A PN B B 5 0] B, ffF CRISPR/Cas R GEHEA SN T
mtDNA 44, %% S 2 A 5 25 #HE s VR A, (45 8
ZMIRR SR,

i T HARBR S, 7T A mtDNA 5878 sl A
RIFA S B = ) BHLAS T AR S s WL 5 R
JPITEERIT & . DL DACBE MACE AR SL g 2%, 7]
PAE S E miDNA 2878 | BB A A 840 TR R 2L
Pk miDNA 58748 | DT A EAH C B A (H 2,
H AT C AR mtDNA 28745 8 Py A 8 A AT /0 B L
(% 2) , AR AH BRI 2 A FEAN, BAh, T
LR BRI IRL N , BRA5 1) ) P s AU AE A% AR
FEHZE4E miIDNA () Ll ml fg = AR KA 5, R 8UR
ARATE IR ) X A A 31— 3, B H

mtDNA Z375 AH e 4R AR B 9% H 1T v S A 20h
J7F-BL, mtDNA Zidh T HA 2O RO IE IR T 1Y
FIES o AHH T g B A0 G 28 A WS TR B A A
55 W RN A5 D7 T AR AR 2 AN 2 8 FtE— 25
ez, [, BT mtDNA B9 2285 DUARAE AR ME S
100% 1) %€ 7% mtDNA {4 R 80 21 1F, 5% 88 1Y 28 48
mtDNA A RERC AR . WK miDNA 45 5K 5 46
FLARACH AR AT BEAE G AN FH o 5 A ] T R A1
5% BH 978 mtDNA %338 21 J5 A AU
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