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[ Abstract ]|  Objective: To investigate the molecular mechanism underlying Leber
hereditary optic neuropathy (LHON) caused by the m.3472T>C (p.Phe56Leu) mutation.
Methods: Three large pedigrees (WZL122, WZ676, WZ706) carrying the m.3472T>C
mutation were identified and selected from a cohort of 1397 LHON patients. Immortalized
lymphoblast cell lines were established from peripheral blood samples obtained from two
affected individuals carrying homoplasmic m.3472T>C mutation (derived from one Han
Chinese LHON pedigree) and two genetically unrelated, matched healthy controls. The
MitoTool software was used to analyze the complete mitochondrial DNA sequence to
determine the haplogroup background, and the conservation of the mitochondrial DNA
(mtDNA) mutation site was evaluated using the MitoMap database. The secondary
structure of the NADH dehydrogenase subunit 1 (ND1) protein was predicted and analyzed
using online prediction software. The three-dimensional structure and molecular interaction
changes of wild-type and mutant ND1 proteins were visualized and analyzed using
PyMOL. Western blotting was performed to determine the expression levels of key proteins.
Cellular adenosine triphosphate (ATP) levels were measured using a chemiluminescence
assay. Mitochondrial membrane potential and intracellular reactive oxygen species
(ROS) levels were assessed by flow cytometry. Results: mtDNA haplotype analysis
showed that all the subjects belonged to the East Asian mitochondrial haplogroup D4.
The m.3472T>C mutation results in the substitution of a highly conserved phenylalanine
with leucine (p.Phe56Leu) in the ND1 of mitochondrial complex I, which may alter the
structure and function of ND1. In lymphoblast cell lines carrying the m.3472T>C mutation,
manifestations of mutant ND1 instability were observed, including reduced ND1 protein
levels, diminished mitochondrial ATP production, decreased mitochondrial membrane
potential, and increased mitochondrial ROS production. Concurrently, the expression
levels of antioxidant enzymes catalase and superoxide dismutase 2 were elevated (all P<
0.01). These findings collectively suggest impaired complex I function. Conclusion: The
m.3472T>C mutation contributes to the pathogenesis of LHON by disrupting the structural
stability of ND1 in complex I, leading to mitochondrial dysfunction.

[ Key words ]  Leber hereditary optic neuropathy; Maternal inheritance; Mitochondrial
DNA; m.3472T>C mutation; Mitochondrial dysfunction
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[ FEE&IE ] F 18345 HAAY 2 5% K (Leber hereditary optic neuropathy, LHON) ;
NADH it 2.8 (NADH dehydrogenase, ND) ; 78 4B 4% B (polymerase chain reaction,
PCR) ; & # PCR (quantitative PCR, qPCR) ; 7% %t %, J% 5T %% % (radioimmunoprecipitation
assay, RIPA) ; A2 = 558 (adenosine triphosphate , ATP) ; e & b(cytochrome b,
CYB); %m e & % ¢ BALEE I 2K 2 (cytochrome ¢ oxidase subunit 2,C02) ; ATP &5 FO
T & 8(ATP synthase FO subunit 8, ATP8) ; £& 5 #& 9 it 4% i B (translocase of outer
mitochondrial membrane , TOM ) ; NADH—:Z A% &AL % R B (NADH-ubiquinone oxidore-
ductase, NDUF) ; 3% 24 B B £ B 35 % & @ T XX A (succinate dehydrogenase complex
flavoprotein subunit A, SDHA) ; ;2 B —4m & &, & ¢ i& & B #% S %& & (ubiquinol-
cytochrome ¢ reductase core protein, UQCRC) ; 28 JtL &, % ¢ A ALEE I & SA (cytochrome ¢
oxidase subunit 5A, COX5A) ; ATP 48 F1 3 J& « (ATP synthase F1 subunit alpha,
ATP5A1, ATP5F1A) ; #2 AL 49 B AL B (superoxide dismutase,SOD) ; A = #. T M
(polyvinylidene fluoride , PVDF ) ; B B2 3k 2% ¥ i (phosphate buffered solution, PBS) ;
Aeeb 78 -20 %9 PBS(PBS with Tween-20, PBST) ; #% #% 4 RNA (ribosomal RNA, rRNA ) ;
# A FAH) 3= 5 F B I FNZ (carbonyl eyanide-p-trifluoromethoxyphenylhydrazone,

FCCP) ; v9 W 2 % /+ 9 ¥ 85 (tetramethylrhodamine methyl ester, TMRM )
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PR 2\ E] 77 5 s RIPA 24 % % (PO013B) | 100x F %
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Fo A ITYE HFOI A S T U0 i 3~5 AR
{14 5 2 1 T 7390 09 RIPA U000, vK b 2L fife 4
fio 4 °C.20 000xg &> 20 min, B 5 Sx &
P10 b A 28 i RN 5 A B 1 AT A ) ) RIPA 24
fife g 3 ) B R A 5.5 e/l W RE B AR L RE A .
98 °Cfm il A0 P Je TV B T oK LR, 4 °C.2000%g
B0 5 s J5—80 CLRAF .

1.6.3 EHFREB LGN E A &L HSDS
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AF R AR o A P B R e — B, FI DL 1xPBST
A BT EEBC T 9 5% JBERE - DR B G R E . K
PVDF RV 5 18750 1 A i 6 19 ) 1) Sl 5 0, 3kt
ST B AR I & A5, £ Image)
BRAEX B 2R A T BT

1.6.4 AL R HCEEKI ATP K- 445 51
W 2x10° /> b EL 40 B, I 45 40 S B, 43 il i A
ATP A6 5% 37 3£ 10 mmol/L 5 254 F11 10 mmol/L
2- JI8 4 - D- 7 25 W O % A 2 209 ) K 200 it
F37 CREAMRM R TIRE 2 h, HE
SEUE B ATP AN 2 i il 4 e A i J5 . 4 °C L
12 000xg T #5055 min, YU IE W, 7EXCR BRI
HeZ w554 T i Synergy H1 AR AR 2% 5
fH. @i ATP bRifE £ 138 L3 ATP IR, [
A BCA 200 52 B8 1A MR B X 45 SR A TS I o
1.6.5 qPCREZIMZERIfA DNA 5 D15 B 1x10°
A0 M, DNA $2 B0 ) 6 2 A SRR AR
DNA. Kzl DNA ¥ 5 Frali g, Jcb &R 5 DNA
YR BN 10 ng/wL. LA 18S rfRNA AN S 3L,
16S rRNA iy H 1y 5L A, ¥ If Hieff® qPCR SYBR
Green Master Mix 2 51 U5t B 45 20 pL & & i F =
AT qPCR A .

1.6.6 aNANM AR M LA KRB, PZHY
WA — s B A I 4 3 o0 o = A 6 AT AT Ak
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T 0% F 30 min, PBS % P& J5 B A 100 nmol/L
TMRM J£-7£ 37 ‘CF 98 30 min; — 17 ff F PBS AR
B FCCP TAEW, HoAx IR b s — 1 i i PBS AR 3%
FCCP TAEW A TMRM, oAz [6] | WE S HIG
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(1) PBS T 2 4 At J5 FH i =X

— U A LT TE N A 1 mmol/L i3 S Ak & 375 37 “C
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VEWEH-AE 37 ‘CTFIEH 30 min; —13 8 A Hanks %
R E A S, A ) b — 0 F Hanks WAUEE
it S AL A HT 1XMitoSOX Red TAEWE , Hi4x IRl |
S T 45 UG I PBS WUk, i PBS 5 H
it M AR o AR AZ a4 SR T 4
53 A 2 S AT L =2 10 2 e B 1 AL
1.7 SGitesinek

Fr A G2 1453 BT ¥ % F GraphPad Prism 8.0 %X
P, B 4 R0 S ARSI =YK, FF 43 0 6] % B
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2 & R
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B AN R B R 33.3%(2/6) .9.5% (2/21) |
5.3%(1/19) , WLIE 1. 5 5 0 I R 9 R an ¢ 1
FIT7R |, TS 2 B H At 1 2 95 2 G A oK DL S 7,
At B S o 34 2 UE A B 5 Al ) B M Y
m.3472T>C 545 (K 2)
2.2 ZRiAR NDI BN 3472 47 5 R AL B R
SPPE
T 35 X i R R (C1.C2) MTWZL122 K &

ALK, S PE-H ! 719 19
BRSO Mg 00000 OO0 ﬁ 0

- " . i 1 2 3 4 2 3 4 5 6 7 8 9 10 11 12
A FL 7 A5 4k I R A G Y

1.6.7 {fﬁﬁéﬂiﬂ@ﬂii‘ﬁ{m% 1 2 1 2 3 4 5 6 7 8 9 10 11
BRI EUKP MitoSOX vaﬁ%

wRAIAAEA 5 L2 — DI
130wl = H 5 7 AK i) % 1 2 | 3 T 6%7 2;5;%;&
100X KO REAE W, S UM DO Q OO O OO OO O 0 ek
Hanks 470 VG B 1x v OO M 7 < lelﬁﬂaﬁfﬂ%%ﬁ%l

MitoSOX Red TAEWK . M 4H

1 #5417 m.3472T>C AL 3 Bl UE# I 7E 58 R 18 (i k878 Se U )

Py B — i B A O
W50 o = Ay AT AT Ak B

probands)

Figure 1 Three pedigrees carrying the m.3472T>C mutation (arrows denote the
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Table 1 Clinical manifestations in five patients with Leber hereditary optic neuropathy
IR W WAk ,
4 =] ! & A4k L BG4
£ ] (%) et iR MR JES A6 2 485 TR L RS Ae 45 2
wWzLI22 -1 %« 18 0.08/0.06 rh A A A
wWzLI22 -2 16 0.02/0.04 o FMAREES 1, o MR S EH PG RN =
Wz676 11-9 5 21 0.04/0.03 o A L O R e il A I, oD MITEE RS R R R
WZ706 -1 ) 38 0.10/0.10 7 A FAG
WZ706 IV-3 L: 16 0.02/0.06 o LR RCHR R A

TR IR 3472 WZL122 -2 3472 WZz706 V-3 3472

\ v

Wz676 1-9

3472

v

CATAAAACTCTTCACCAAAGA CATAAAACTOEITCACCAAAGA CATAAAACTCEITCACCAAAGA CATAAAACTOEITCACCAAAGA

T R e, (T

ND: NADH JJit &t .
2 RN IR SEIE R Lok AR NDT 347247 55,50 s 1]

Figure 2 Partial Sanger sequence chromatograms of ND1 3472 site from three probands and one control subject

B (T-2) A7 2 R 4 FE PR AL T, HE U]
69 M ZRAS N 5 (B 1) o Horp (i FE A5 IX
(I FEAAT 414, A0 45 1545 L7 T 26 4[R]3
RS SRR G W R, BT 2R AR )
LR DNA )8 T AR W BAFRE D4l 144
AN TR R 18] Y RNA 122 K A8 S AR £ <7 4 43 AT
m.3472T>C (p.Phe56Leu ) 28 53 75 i L6 4 v I 7
A AR Tl AR S AR A A S B R AR

PR ONEE— A PEAS m.3472T>C S AR (A E UK
PR, LT RIS VR B A SR R
JICHE IR B A NS R 9 ND1 2R T4, e B
55 56 AN R (F56) TEFEL I S AR SE (E3) .

2.3 ZRAIIRNDI F H 450 T Kz 58748 B0 P
m.3472T>C 575 S 3 ND1 & [ 4 56 {3 24 A&

PR PR R N R B 4 R s AR (p.5S6F>L) o Bb4h,
T S A TR 45 R R m.3472T>C AR T4k

PRSI 4A) 2 X5 E G T R HAD
WA EAEH . SR Pymol 3R A4F X 98 A8 A0 55 () =

N MEMANLELLIVET

SR | MEFILSLIGSLLLIIC

Fy ey MEMTNLELLIVPT
...... MFMINILSLIIPIBIA

AL MEFINIETLLVET
E110: MYFINIETLLIPIBIA
BE L) fli MLDILTSHLINPIAYAVPVEIAVAE
BTNl MLTIIT. HLINPELYMIPILIAVA

Y LS IEAT TN, 45 5 R 2248 5 156 15 ND1
FASE S2 RN 2R & AE A BAE R (1 4B) .
DL 4 R R , m.3472T>C 878 Al E R0 ND1 5
A AR B, T REHA ot .
2.4 m.3472T>C 2728/ ND1 2k (4 ik
BT BRI R AN 25 R R, AR ND 2R
17K R X R 2 E@(70.0¢11.9)%(P<0.01) , HoAth
LRI EE R AR T VI VI IV ATV gpifk
S i 2% AR 11 CYB . CO2 , ATP8 LA K2 4% 4 it 2%
¥4 % 1 NDUFA10. SDHA ., UQCRC2 ., COX5A |
ATPSF1A 7K -5 XF B8 20 7K 41 2% (P>0.05) , WL
SHIFE2, ZEREH, m.3472T>C %A FEL N
PND1 2 ki 1 %o HAth A AR e 1 e 52
B AR KT T B 5
2.5 m.3472T>CRAE G| LRk ATP KV F [
FHATA BT IR, 2482 5 0] IR 2R i ATP
FEHE BT KOEAR 2, X BRAL 14 (97.7+4.7) % (P>
0.05) o FH 2- It 480 -D- 7 26 W 855 5% Bof, W 1 it <2 2]

F56

ATSTITLYIT.
LLSNYLSYYI
STSTITLYIT.
ATSSISMFII.
LTTSMSLFII
LTTSMSLEIL
SVNASPILFLT.
STSSQTMELI.

TIALL.
FLSLF
TIALL.
SLALT
TLALSLI
TLALSLI
IIAMMLI
'ARALAMST]

LECECRCEC RN ]

B3 8 dedifk NADH HR%LIEJZ% 1 F56 10 s AR S4B

Figure 3 Conservation analysis of mitochondrial NADH dehydrogenase subunit 1 F56 site across eight species
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A TREER B S

4 NADH LSRG 1 4544 B 1]
Figure 4 Predicted NADH dehydrogenase subunit 1

structures

T, 578 20 Z- AR ATP 7K AN A X R 20 7K SF- 1Y
(36.0+25.9)% (P<0.01) . 45 KM, m.3472T>C
SR LR ATP KT R o
2.6 m.3472T>C R FELMARBE AT RET
AR L 2R R AR DNA $5 DLEOK - Ry X B 1)
(115.8+4.0) (P<0.01) , fif & i 44 i v 457 7K - A
X R 9 (71.5+2.9)% (P<0.01) , WK 6. #E7R
m.3472T>C 5725 FE LR 77K FE A
2.7 m.3472T>C KA L RARTE M E KT
GRAS L L B A TR PR UK O S BRZH 1 (119.9+
2.9)%(P<0.01) , VLIl 7. & 115 B 320 v K ) 485
R, GRAS 2 o S AL U RN SOD2 7K - B S 34
A3 9 R o R4 1Y (172.6249.6) % Fl (224.7+56.7) %
(31 P<0.01),SOD1 7K~ A% HRAH 1) (108.2+17.4) %
(P>0.05) , WLl 8. 45
R, m.3472T>C ®RAE T
B AR 1 KCE T

A POgEEAE
I R T
NDI|- - e _|3sooo

TOM20|- - - -|]5000

CYB |

TOM20 - --- 15000

c02|---—|25000

TOMZ0 | S -5

ATP8| PR ——— |10000

TOM20 - - - - 15 000
B ot HEA AL
Cl C2 -1 -2

NDURAT| M - - - | 0000
SOHA | — — - 50 000
T

UQCRC: | S - - |
- e e -\40000

T

ATPSFIA‘ - e— — —‘50000

- - - |

A SR R 5 B A LUK B 5 B A AR S R A HL UK A
ND: NADH Jiit & ; TOM : e AR SN AL 2 B s CYB : it 2
Eb;CO2: YN 2 ¢ AL 3£ 2; ATPS: ATP A 1§ FO I
3 8;NDUFA10: NADH—IZ it %8 fb 148 JF it IV 3 A 105 SDHA :
BEFBR I U A 2 R L A UQCRC: iZ FE -4 i {6, 25 ¢
I JEBEAZ O 2 5 COXSA: 21 (0 & o S AL T 5 5A;
ATPSF1A : ATP A3 F1 5L o actin: LB 1 .
BES PRI gmAY A% gt 2 (H vk 1A

Figure 5 [Electrophoresis of mitochondrially-encoded

- |25 000

B-actin

fB-actin

B-actin

and nuclear-encoded proteins in the control

and the mutant groups

R2 XS B H LAY A% G 1 FRIB K UL
Table 2 Comparison of mitochondrially-encoded and nuclear-encoded protein expression
levels between the control and the mutant groups

15, AR 3E b R AR A (i+s)
= > 2
ZUME A SOD2 A FEPL A 44 J  NDI CYB €02 ATP8 NDUFAI0O SDHA UQCRC2 COX5A ATP5FIA
{RLE XTHRZH 1006 100x6  100x6 100+2  100+10 100+17 100+18 100+8 100+7
I I 7R 70+127" 102420 101+11 103+9  103+7 9623  102+21 102+12 9247
- 5% IR L%, P<0.01. ND: NADH [ &0 ; CYB : 41 (03 b; CO2: Al (3K o S LI 3L 2
LHON & 52 ki k5 N AN BN
ATP8: ATP £ fiff FO V%L 8 ; NDUFA10: NADH—-7Z il 42 {6 148 J5U il 37 55 A 105 SDHA « 3% F1i2 JIid Sl v
75 AH DG 1 B R st AR 1 IR

I, LR AE S 4 o

FE AW I A; UQCRC: 12 B4l {0 3R ¢ 1 SR A% 00 26 1 5 COXSA - 20 S (5 3 ¢ LI035 5A
ATP5F1A: ATP i F1 7 3 o,



FRIHC, 2 .m.3472T>C AL FHORAA 8 L E A 2 AL BF 52 - 837 -

100 4
80 1
Cl

60 4

40

AT (%)

204

012)2'I 10° 10* 10°
TMRM#E
C1.C2 A%t AL, -1 -2 Ry 284820 . WAl i 7, W
PG A, I HL (S 7K B . TMRM : P F 56 2% ) 1]
HITEE .
6 Xof 2 19 A ] 2 AR 5 L (S A D 245 2R

Figure 6 Flow cytometric analysis of mitochondrial

106 1058

membrane potential in the control and the

mutant groups

PURCRI A=W 1 Teid A AR

ND1 5 UL 58 28 JE4T DI e B F , A 40 Jif 7K - %b 78
LHON B0 28 28 15 W B 98 ik o A SCgERE 4
E# BoA MR Y LHON I REFAE , 52 90 [A] R
(R ALE I RE 2451, A 77 46 25 25 SR K 0.02 51 0.06 A
o BRI Z AN, X B R R L5 A s e H
Il R S, QOB R UL PRS A% T g 453 40 Fn g
ZRGPINE . X5 O HE B E R
KA 1578 ) LHON I PR B —E 2
LHON fil ] T 52 ) 5t AR S5 MEREAR , AR
SEAAN R B R . IR BT IACRE B Y 3 AT
m.3472T>C 5828 K 2 WA i 3 R 5.3%~33.3%, Ik
T E AR m.11778G>A AR5 Jr P2
P IR R AV 5 575 B LHON A B4 i R 100 540k
R MEZEE m.3394G>A7"  m.11696G>
AP LHON ABEAM i 340 Y, A

A oo Hma (c2) B 00 getsat (o)
< 80+ < 804
X =
& 60 60
: %
\ \
L 401 T 40
junng o
= =

20 20

0+ 04

10? 10° 104 10° 105 10% 10°

MitoSOX Red?#:
B 7 X HR RN AR 21 £ AR TG A SR ARG T &5 SR

Figure 7 Mitochondrial reactive oxygen species production in the control

and the mutant cells

Xof HEEH SN
Cl C2 -1 -2
ii’ih1t§ﬁ@| e —— o —|50 000

SODI | NS WEED NS — | 15000
- e e - |00

SOD2| -_— —— —|20000

- - - 000
SOD : A AL actin: WIS .
8 IR 2 A1 M L AT S B o
kI

Figure 8 Electrophoresis of antioxidant enzyme-related

B-actin

B-actin

proteins in the control and the mutant cells

P28 T 20 i S A 8 % A AR L R S b R
JIH 2R EO 22k o FE T AR 1397 4
LHON f8 2 (1) Ifi R 98 B LAl I, AR BIF 50 % 485 49
m.3472T>C RAS G R IEAT T I IR AL, £ B
FK 7w AL 2 2 A8 1) {H i oA B B L 1R SO 1 1

MitoSOX Red

SCHERE T 5 m.3472T>C KA Y
3K R R 16 2 5 38 %
AN RIS R B 18 %,
X5 e HE P ER RS2 R INER
AFZ 2 o LHON [ % 95 4F i 10 el
ARG . AERAER —KRBA
e AR K &R,
m.3472T>C 58728 B A A £ ™ o
FERUR o R B 25 5 X R
B 5 AR AR B A, ] R A H b 4 1
Z 4t [F {2 3 LHON By 32 8 63k,
PREE IR 280030 B JE R i IR K52 ok A pAf
RIS

ARWFFEAGEE T HEH m.3472T>C 2SR 7k A4k
Ih ECL R 200 AR AR | X6 2 A A1 it 114 24 b A4 1
Tt — 25T . W FL SRR DNA Sy XUEE 3
R DNA 73 F HAFEZ A5 DL ARBIE G0 & BLAE 4
m.3472T>C 2875 (1) LHON #8 # Sk J5k AE fh itk B
YN, SR EE DUBC L X FRZA B N T 15.8%, 31X
SEAME—FY . A5 SR, kK E LT
LHON #5747 2 L 1 BRI PR R I LHON #5457 3 A
T e P ZRL AR DL X AT R R AL T %
GEARAT A B AN S e AR R MEEAIL R T ASBiE
FERE— R T LHON #H56 m.3472T>C 27 /4>
FHUE, B m.3472T>C 58748 2 S B R AK ATP
PRI D LR A B ERL A7 AKCSF R ARG A R T A 4B K
SEHET, 3% 5 LHON FHC 58748 5 | e i) 4 bR Dy fig
S BN ORI e R A AT e T O I

10° 10%



-+ 838 - WL R 2R (R4 RT) Journal of Zhejiang University (Medical Sciences)

PR AT RE R S AR T, AT 2 E R0 b 28
AR R R

LHON B3 M R AR R kA HFFA
FEAE  ME DL 3 A T Bl AT A RO I, 4
RRE LT ORI B . LHON B & S tL I
FRAE FZbr 1A DNA H B = A0 J & S8 AR 15
XA A BT R A I AR e S
Bt 2220280 gu A, Gk R v i 4k & 9 AR 7 S B AE
LHON /) & 95 i & h & ¥ 45 A vl 2090 19 1
Fbo-0] S 2R R DN A 28738 8 3 B B30
FETIHE TERARE SR T Z5H F) g, it
WD T ATP (6 BOF I TSP = A . A
WEFE A0 T #5707 m.3472T>C RAS R E R 20 T X
AL REARAE , & Bl m.3472T>C 2828 7] GEVE y—
AR R Z T LHON & A= i KUK o % T4
PRI DU FE LHON 32 Wy Hh 9 J 224 T, m.3472T>C
[Fi] J3T P 98 A8 AT LA A0 Ry — A SR 4k v i,
T LHON 5 J8MA . 306 42 #F LHON & 5%
FE AR 1% 710 35 4% 5000 IR 55 ™= w2 W BT B 22
S A AN 1) T A BRI 1 SR

A S e A L TR O

B ABTTAT R E R E ST (2021YFC2700902)
Sff

Acknowledgements This study was supported by National
Key R&D Program of China (2021YFC2700902)

EETEE RO SCHE G H BRI AR MV il 2
Z 510 SR BT S 5 PORIIR T s R, R A
WFFEIR S BB e N A . T A ER B C B Ef
AT IR, I 0 B i S8 e v e At 6 58 . BAA L
L TR

Author Contributions ZHANG Huanhuan, SHAN Wengqi,
YASHENG Meiheriayi and GUAN Minxin participated in
brewing and designing experiments, or acquisition, analysis,
or interpretation of data for the work; drafting the work, or
revising it critically for important intellectual content. All
authors have read and approved the final manuscript, and take
responsibility for the integrity and security of the data. See

the electronic version for details

HURA R AW AR SR C AR SCE SO

TR

Data Availability  All relevant data supporting the
findings of this study are fully available within the article and

supplementary materials

EZOE  AUES I KRR RG22 A
(2021-IRB-288) IF4F £ 1964 4F (bl /R - FE 5 5 ) L Z J Y
BT AR AR BBRE . T S5 5 L 5L 128 5
(AEhsS

Ethical Approval All procedures performed in this study
involving human participants were in accordance with the
ethical standards of Zhejiang University School of Medicine
(2021-IRB-288), and with the 1964 Helsinki declaration
and its later amendments or comparable ethical standards. All
participating family members had signed an informed consent

form

FlEEMsR ARSI R AR 0P A =
P R LA [ AT L 5T, AT i SR
Al i i 5 9 A 2 Z2 A1 1

Conflict of Interests The authors declare that there is no

conflict of interests. The manuscript was assigned to at least
two independent outside reviewers, and the decision was
made by other editorial board members who do not have

conflicts of interests with the author

©The author(s) 2025. This is an open access article under the
CC BY-NC-ND 4.0 license (https://creativecommons. org/
licenses/by-nc-nd/4.0/)

2 2% 3Lk (References)

[1]  WALLACE D C, SINGH G, LOTT M T, et al. Mitochon-
drial DNA mutation associated with Leber’s hereditary
optic neuropathy[J]. Science, 1988, 242(4884): 1427-
1430.

2] YEN MY, WANG A G, WEI'Y H. Leber’s hereditary
optic neuropathy: a multifactorial disease[J]. Prog Retin
Eye Res, 2006, 25(4): 381-396.

[3] ZHANG J, JTY, LIU X, et al. Leber’s hereditary optic
neuropathy caused by a mutation in mitochondrial
tRNA™ in eight Chinese pedigrees[]]. Mitochondrion,
2018, 42: 84-91.

[4] HOWELL N, BINDOFF L. A, MCCULLOUGH D A,
et al. Leber hereditary optic neuropathy: identification
of the same mitochondrial ND1 mutation in six pedigrees
[J. Am J Hum Genet, 1991, 49(5): 939-950.

[5] MACKEY D, HOWELL N. A variant of Leber hereditary
optic neuropathy characterized by recovery of vision
and by an unusual mitochondrial genetic etiology[J].
Am J Hum Genet, 1992, 51(6): 1218-1228.

[6]  POINCENOT L, PEARSON A L, KARANJIA R. Demo-



FRIHC, 2 .m.3472T>C AL FHORAA 8 L E A 2 AL BF 52

+ 839 -

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

graphics of a large international population of patients
affected by Leber’s hereditary optic neuropathy[J].
Ophthalmology, 2020, 127(5): 679-688.

LIANG M, JIANG P, LL F, et al. Frequency and spectrum
of mitochondrial ND6 mutations in 1218 Han Chinese
subjects with Leber’s hereditary optic neuropathy[J].
Invest Ophthalmol Vis Sci, 2014, 55(3): 1321-1331.
JIANG P, LIANG M, ZHANG ], et al. Prevalence of
mitochondrial ND4 mutations in 1281 Han Chinese
subjects with Leber’s hereditary optic neuropathy[J].
Invest Ophthalmol Vis Sci, 2015, 56(8): 4778-4788.
JI'Y, LIANG M, ZHANG ], et al. Mitochondrial ND1
variants in 1281 Chinese subjects with Leber’s hereditary
optic neuropathy[J]. Invest Ophthalmol Vis Sci, 2016,
57(6): 2377-2389.

LIANG M, GUAN M, ZHAO F, et al. Leber’s hereditary
optic neuropathy is associated with mitochondrial ND1
T3394C mutation[]J]. Biochem Biophys Res Commun,
2009, 383(3): 286-292.

ZHOU X, QIAN'Y, ZHANG ], et al. Leber’s hereditary
optic neuropathy is associated with the T3866C mutation
in mitochondrial NDI gene in three Han Chinese
families[J]. Invest Ophthalmol Vis Sci, 2012, 53(8):
4586-4594.

MANICKAM A H, MICHAEL M J, RAMASAMY S.
Mitochondrial genetics and therapeutic overview of
Leber’s hereditary optic neuropathy[J]. Indian J Oph-
thalmol, 2017, 65(11): 1087-1092.

ZHANG ], JIANG P, JIN X, et al. Leber’s hereditary
optic neuropathy caused by the homoplasmic NDI
m.3635G>A mutation in nine Han Chinese families
[J]. Mitochondrion, 2014, 18: 18-26.

YASHENG M, JI'Y, HE Y, et al. Leber’s hereditary
optic neuropathy-associated ND1 3733G>C mutation
ameliorates the mitochondrial quality control and cellular
homeostasis[J]. J Biol Chem, 2025, 301(8): 110464.
VACCHIANO V, CAPORALI L, MORGIA C L, et al.
The m.3890G>A/MT-ND1 mtDNA rare pathogenic
variant: expanding clinical and MRI phenotypes[J].
Mitochondrion, 2021, 60: 142-149.
MARTINEZ-ROMERO I, DOLORES HERRERO-
MARTIN M, LLOBET L, et al. New MT-NDI pathologic
mutation for Leber hereditary optic neuropathy[J]. Clin
Exp Ophthalmol, 2014, 42(9): 856-864.

FINSTERER J, ZARROUK-MAHJOUB 8. Pathogenicity
of the LHON variant m.3472T>C is uncertain[J]. J
Neurol Sci, 2017, 382: 164-165.

CARELLI V, CARBONELLI M, DE COO I F, et al.
International consensus statement on the clinical and
therapeutic management of Leber hereditary optic neuro-
pathy[J]. J Neuroophthalmol, 2017, 37(4): 371-381.
ANDREWS R M, KUBACKA I, CHINNERY P F, et al.
Reanalysis and revision of the Cambridge reference
sequence for human mitochondrial DNA[J]. Nat Genet,
1999, 23(2): 147.

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

HENLE W, DIEHL V, KOHN G, et al. Herpes-type
virus and chromosome marker in normal leukocytes after
growth with irradiated Burkitt cells[J]. Science, 1967,
157(3792): 1064-1065.

PO, BB, Franfe, 4 . ZokiiAiE & s i i
A R - i A T U 200 R R S A A L R
[J]. =%, 2016, 38(7): 666-673.

SUN Jiji, ZHAO Xiaoxu, QIAO Lihua, et al. Cellular
models for mitochondrial DNA-based diseases: lympho-
blastoid cell lines and transmitochondrial cybrids[J].
Hereditas, 2016, 38(7): 666-673. (in Chinese)
ZHANG J, J1' Y, CHEN J, et al. Assocation between
Leber’s hereditary optic neuropathy and MT-ND1
3460G>A mutation-induced alterations in mitochondrial
function, apoptosis, and mitophagy|J]. Invest Ophthal-
mol Vis Sci, 2021, 62(9): 38.

SUN Y H, WEI Q P, ZHOU X, et al. Leber’s hereditary
optic neuropathy is associated with the mitochondrial
NDG6 T14484C mutation in three Chinese families[]J].
Biochem Biophys Res Commun, 2006, 347(1): 221-
225.

QIAN Y, ZHOU X, HU Y, et al. Clinical evaluation and
mitochondrial DNA sequence analysis in three Chinese
families with Leber’s hereditary optic neuropathy[J].
Biochem Biophys Res Commun, 2005, 332(2): 614-
621.

ZHOU X, ZHANG H, ZHAO F, et al. Very high pene-
trance and occurrence of Leber’s hereditary optic neuro-
pathy in a large Han Chinese pedigree carrying the ND4
G11778A mutation[J]. Mol Genet Metab, 2010, 100
(4): 379-384.

ROSENBERG T, NORBY S, SCHWARTZ M, et al. Pre-
valence and genetics of Leber hereditary optic neuro-
pathy in the Danish population[J]. Invest Ophthalmol
Vis Sci, 2016, 57(3): 1370-1375.

JIY,ZHANG J, YU J, et al. Contribution of mitochon-
drial NDI 3394T>C mutation to the phenotypic mani-
festation of Leber’s hereditary optic neuropathy[J]. Hum
Mol Genet, 2019, 28(9): 1515-1529.

QU J, LI R, ZHOU X, et al. Cosegregation of the ND4
G11696A mutation with the LHON-associated ND4
G11778A mutation in a four generation Chinese family
[J]. Mitochondrion, 2007, 7(1-2): 140-146.
HARDING A E, SWEENEY M G, GOVAN G G, et al.
Pedigree analysis in Leber hereditary optic neuropathy
families with a pathogenic mtDNA mutation[J]. Am J
Hum Genet, 1995, 57(1): 77-86.

LAYROLLE P, ORSSAUD C, LELEU M, et al. The
optic nerve at stake: update on environmental factors
modulating expression of Leber’s hereditary optic neuro-
pathy[J]. Biomedicines, 2024, 12(3): 584.
GIORDANO L, DECEGLIE S, D’ADAMO P, et al.
Cigarette toxicity triggers Leber’s hereditary optic
neuropathy by affecting mtDNA copy number, oxidative
phosphorylation and ROS detoxification pathways[J/OL].



- 840 - WHT R 2F2E 1 (24 /) Journal of Zhejiang University(Medical Sciences)

Cell Death Dis, 2015, 6(12): e2021. [39] QIAN Y, ZHOU X, LIANG M, et al. The altered activity
[32] YU J, LIANG X, JI Y, et al. PRICKLE3 linked to of complex Il may contribute to the high penetrance

ATPase biogenesis manifested Leber’s hereditary optic of Leber’s hereditary optic neuropathy in a Chinese

neuropathy[J]. J Clin Invest, 2020, 130(9): 4935-4946. family carrying the ND4 G11778A mutation[J]. Mito-
[33] JIANG P, JIN X, PENG Y, et al. The exome sequencing chondrion, 2011, 11(6): 871-877.

identified the mutation in YARS2 encoding the mito- [40] JIN X, ZHANG J, YI Q, et al. Leber’s hereditary optic

chondrial tyrosyl-tRNA synthetase as a nuclear modifier neuropathy arising from the synergy between NDI

for the phenotypic manifestation of Leber’s hereditary 3635G>A mutation and mitochondrial YARS2 mutations

optic neuropathy-associated mitochondrial DNA mutation [J]. Invest Ophthalmol Vis Sci, 2021, 62(7): 22.

[J]. Hum Mol Genet, 2016, 25(3): 584-596. [41] ZHAO F, GUAN M, ZHOU X, et al. Leber’s hereditary
[34] ZHANG M, ZHOU X, LI C, et al. Mitochondrial haplo- optic neuropathy is associated with mitochondrial ND6

group M9a specific variant NDI T3394C may have T14502C mutation[J]. Biochem Biophys Res Commun,

a modifying role in the phenotypic expression of the 2009, 389(3): 466-472.

LHON-associated ND4 G11778A mutation[J]. Mol [42] BXfEHr, AR, B fE, 2 pE Leber /&1

Genet Metab, 2010, 101(2-3): 192-199. HIZERTAE G11696A TRAZ WA ZK AR S Hrl]]. e E
[35] FILOGRANA R, MENNUNI M, ALSINA D, et al. Mito- FimfEFELE, 2007, 24(5): 556-559.

chondrial DNA copy number in human disease: the ZHAO Fuxin, ZHOU Xiangtian, QU Jia, et al. Leber’s

more the better?[J]. FEBS Lett, 2021, 595(8): 976-1002. hereditary optic neuropathy is associated with the mito-
[36] BIANCO A, VALLETTI A, LONGO G, et al. Mitochon- chondrial G11696A mutation in two Chinese families

drial DNA copy number in affected and unaffected [J]. Chinese Journal of Medical Genetics, 2007, 24

LHON mutation carriers[J]. BMC Res Notes, 2018, (5): 556-559. (in Chinese)

11(1): 911. [43] JTY, QIAO L, LIANG X, et al. Leber’s hereditary optic
[37] FILOGRANA R, KOOLMEISTER C, UPADHYAY M, neuropathy is potentially associated with a novel

et al. Modulation of mtDNA copy number ameliorates m. 5587T>C mutation in two pedigrees[J]. Mol Med

the pathological consequences of a heteroplasmic Rep, 2017, 16(6): 8997-9004.

mtDNA mutation in the mouse[J]. Sci Adv, 2019, 5(4): [44] LIU X L, ZHOU X, ZHOU J, et al. Leber’s hereditary

eaav9824. optic neuropathy is associated with the T12338C muta-
[38] JIANG P, LIANG M, ZHANG C, et al. Biochemical tion in mitochondrial ND5 gene in six Han Chinese

evidence for a mitochondrial genetic modifier in the families[J]. Ophthalmology, 2011, 118(5): 978-985.

phenotypic manifestation of Leber’s hereditary optic

neuropathy-associated mitochondrial DNA mutation[J]. (AcgmsE e e 4 oI5

Hum Mol Genet, 2016, 25(16): 3613-3625.

BEEBREERRSEIGERZE

20254F9 25 H WV R A2 A 5 22 e/ R 34 52 26 28 KR 1 22 A1 R BT AAEC A 98 - 246 ) (Nature Aging ) R 35 % 3Ny
“Elastin-derived extracellular matrix fragments drive aging through innate immune activation” 432 3C (DOI: 10.1038/543587-
025-00961-8) o Zf LA JE it (ECM) H 1) 58P 25 1 I i 3 WD Joi R R 2 32 2 1 45 1l 20 (R 55 8l A T 98 5 e A, 86 il 125
ECM J Brite A Ry (R 58 R4 SPOB IR, SR T 1 E R £ - BT HILAAR T2 22 PR 52 ) 0 N5 AT 5 (TR, BILAAR 2 0 o 2 n ] 5 350
EHELWAYT o WA A RREA A ZEBAS i R B T i s B ) A W BTR A AR R TR AR R e B
i AR B EAOC, B R R AR 1 R B OGRS AR 1 1 VGVAPG ZE iR, B E-motif) %o /I B 75 iy 46 4
FNECRE R AR e B3 . WF9E A D R R A 7 5 B-motif ] 5350/ )N BRI B2 41 B Eb 60 5 v, 1 S 00 40 ] i oA 4
JH R e PR B 1 L B . E-motif 38 o SR AN 3R TR A SRR 2R 1 2 AR B WA & R G 1| (NEUD A R
KL o WFFEN GLHE— 90T NEUL /N300 A R0RE , & 90 HE AT A4 A 7 1 SR s s/ N B 54 (17% ), IR E
G2 T PRI AR RGN RN 2 5 B 1 3 A 3R A

SR  E R AT AR ORE A B AN BRI i SCER — A . ESEAS B E 5 S R TR E 2K A 2R
Bp2E B SR R SR+ X B R B SR 5T 00



