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Purrosk. To investigate the molecular mechanism underlying the Leber’s hereditary optic
neuropathy (LHON)-linked MT-ND1 3460G>A mutation.

MerHODs. Cybrid cell models were generated by fusing mitochondrial DNA-less p° cells
with enucleated cells from a patient carrying the m.3460G>A mutation and a control
subject. The impact of m.3460G>A mutations on oxidative phosphorylation was evalu-
ated using Blue Native gel electrophoresis, and measurements of oxygen consumption
were made with an extracellular flux analyzer. Assessment of reactive oxygen species
(ROS) production in cell lines was performed by flow cytometry with MitoSOX Red
reagent. Assays for apoptosis and mitophagy were undertaken via immunofluorescence
analysis.
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Resurrs. Nineteen Chinese Han pedigrees bearing the m.3460G>A mutation exhibited
variable penetrance and expression of LHON. The m.3460G>A mutation altered the
structure and function of MT-ND1, as evidenced by reduced MT-ND1 levels in mutant
cybrids bearing the mutation. The instability of mutated MT-ND1 manifested as defects
in the assembly and activity of complex I, respiratory deficiency, diminished mito-
chondrial adenosine triphosphate production, and decreased membrane potential, in
addition to increased production of mitochondrial ROS in the mutant cybrids carrying
the m.3460G>A mutation. The m.3460G>A mutation mediated apoptosis, as evidenced
by the elevated release of cytochrome c into the cytosol and increasing levels of the
apoptotic-associated proteins BAK, BAX, and PARP, as well as cleaved caspases 3, 7, and
9, in the mutant cybrids. The cybrids bearing the m.3460G >A mutation exhibited reduced
levels of autophagy protein light chain 3, accumulation of autophagic substrate P62, and
impaired PTEN-induced kinase 1/parkin-dependent mitophagy.

Concuusions. Our findings highlight the critical role of m.3460G>A mutation in the patho-
genesis of LHON, manifested by mitochondrial dysfunction and alterations in apoptosis
and mitophagy.

Keywords: Leber’s hereditary optic neuropathy, complex I, mitochondrial dysfunction,
apoptosis, mitophagy

eber’s hereditary optic neuropathy (LHON) is the most
L common example of maternal inheritance of eye disease,
with the degeneration of retinal ganglion cells (RGCs) lead-
ing to the loss of central vision.!”?> A number of mutations
in mitochondrial DNA (mtDNA) have been associated with
LHON, contributing at varying degrees to pathogenesis.* 1!
Of these, NADH dehydrogenase (ND subunit 1 [MT-ND1]
3460G>A, MT-ND4 11778G>A, and MT-ND6 14484T>C)
mutations affecting essential subunits of NADH:ubiquinone
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oxidoreductase (complex I) have been found to be respon-
sible for the majority of LHON cases worldwide.*~812-14
The primary defects in these LHON-linked mtDNA muta-
tions appear to be a failure in the activity of complex I,
thereby causing respiratory deficiency, diminishing adeno-
sine triphosphate (ATP) synthesis, and increasing genera-
tion of reactive oxygen species (ROS).1>"2° Subsequently, the
energy failure and increasing oxidative stress may lead to
degeneration of the retinal ganglion cells.!* The pathophys-
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iology of these LHON-linked mtDNA mutations is not well
understood; therefore, it is necessary to establish a func-
tional link between LHON mitochondrial dysfunction and
the associated causes and effects.

The m.3460G>A mutation changed a highly conserved
alanine at position 52 with threonine (A52T) in MT-ND1, the
essential subunit of complex 1.2!-% Therefore, we hypothe-
sized that the m.3460G >A mutation may alter both the struc-
ture and function of complex I, thereby causing mitochon-
drial dysfunction. Recently, we identified 19 unrelated Han
Chinese families bearing the m.3460G>A mutation among
a large cohort of 1793 genetically unrelated Han Chinese
subjects.'*2%-?7 The occurrence of the m.3460G>A muta-
tion in the genetically unrelated families of different ethnic
backgrounds strongly supports the notion that this muta-
tion is involved in the pathogenesis of LHON.®#-%7 In the
present study, we performed clinical evaluations and Sanger
sequence analyses of the mtDNA of these Chinese fami-
lies bearing the m.3460G >A mutation. The functional signif-
icance of the m.3460G>A mutation was further investi-
gated through the use of cybrid cell lines constructed by
transferring mitochondria from lymphoblastoid cell lines
derived from an affected matrilineal relative carrying the
m.3460G>A mutation and from a control subject belong-
ing to the same mtDNA haplogroup into human mtDNA-less
(% cells.?®? Using western blot and Blue Native polyacry-
lamide gel electrophoresis (BN-PAGE) analyses, we exam-
ined whether or not the m.3460G>A mutation influenced
the stability of MT-ND1 and the assembly and activity of
complex I. These cell lines were then assessed for effects of
the mtDNA mutations on the enzymatic activities of respi-
ratory chain complexes, the rate of O, consumption, mito-
chondrial ATP production, mitochondrial membrane poten-
tial, and generation of ROS. These cell lines were further
evaluated for the effect of these mtDNA mutations on apop-
totic state and mitophagy.

MATERIALS AND METHODS
Families and Subjects

A total of 19 unrelated Han Chinese families bearing the
m.3460G>A mutation were recruited from eye clinics across
China, as described previously.'¥2?7 This study was in
compliance with the tenets of the Declaration of Helsinki.
Informed consent, blood samples, and clinical evaluations
were obtained from all participating family members under
protocols approved by the ethics committees of Zhejiang
University School of Medicine and Wenzhou Medical Univer-
sity. Comprehensive histories were obtained and physi-
cal examinations were performed for these participating
subjects to identify personal or family medical histories
of visual impairment or other clinical abnormalities. The
ophthalmic examinations of probands and other members
of these families were conducted as detailed previously.>*:3!
The degree of visual impairment was defined as follows:
normal, >0.3; mild, 0.3 to 0.1; moderate, <0.1to 0.05; severe,
<0.05 to 0.02; and profound, <0.02. A total of 485 control
DNA samples were obtained from the adult Han Chinese
participants.

Sanger Sequence Analysis

Genomic DNA was isolated from whole blood of family
members and control subjects using the QIAamp DNA Blood
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Mini Kit (51104; QIAGEN, Hilden, Germany). The entire
mitochondrial genomes of family members were PCR ampli-
fied in 24 overlapping fragments using sets of light-strand
and heavy-strand oligonucleotide primers; they were subse-
quently analyzed by direct sequencing as described else-
where.>? These sequence results were compared with the
updated Cambridge Reference Sequence (GenBank acces-
sion number: NC_012920).33

Cell Cultures and Culture Conditions

Lymphoblastoid cell lines were immortalized by transforma-
tion with the Epstein-Barr virus, as described elsewhere.>
Cell lines derived from the affected matrilineal relative
(WZ83-1111) carrying the m.3460G>A mutation and one age-
and sex-matched control subject (A70) lacking the mutation
but belonging to the same mtDNA haplogroup D4 (Supple-
mentary Fig. S2) were grown in the RPMI 1640 medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS). The 143B.TK" cell line
was grown in Dulbecco’s modified Eagle’s medium (contain-
ing 4.5 mg/mL glucose and 0.11 mg/mL pyruvate), supple-
mented with 100 pg/mL bromodeoxyuridine (BrdU) and
5% FBS. The mtDNA-less p°206 cell line, derived from
143B.TK", was grown under the same conditions as the
parental line, except for the addition of 50 pg/mL uridine.?®
Transformation by cytoplasts of mtDNA-less p°206 cells was
performed using immortalized lymphoblastoid cell lines,
as detailed previously.?®* The cybrids derived from each
donor cell line were analyzed for the presence and level
of the m.3460G>A mutation and mtDNA copy numbers as
detailed elsewhere.'!?” Three cybrids derived from each
donor cell line with homoplasmy of mtDNA mutations and
similar mtDNA copy numbers were used for the following
biochemical characterization. All cybrid cell lines were main-
tained in the same medium as the 143B.TK" cell line.

Western Blot Analysis

Western blot analysis was performed as detailed else-
where.? Cellular proteins (20 pg) were electrophoresed
through 10% bis-Tris SDS-polyacrylamide gels and then
transferred to a polyvinyl difluoride membrane. The follow-
ing primary antibodies used for this experiment were
obtained from Abcam (Cambridge, UK): anti-ND1 (ab74257),
VDAC1 (ab14734), AFG3L2 (ab68023), TOM20 (ab56783),
and anti-cytochrome ¢ (ab13575). Anti-ND4 (5c-20499-R)
was obtained from Santa Cruz Biotechnology (Dallas, TX,
USA). Antibodies obtained from Cell Signaling Technology
(Danvers, MA, USA) included CLPP (14181), SOD1 (4266T),
SOD2 (13141T), catalase (12980T), LC3 (12741), P62 (8025),
PINK1 (6946), parkin (4211), PARP (9542), caspase 3
(14420), caspase 7 (12827), caspase 9 (9508), BAK (12105T),
BAX (5023T), cleaved PARP (5625), cleaved caspase 3
(9664), cleaved caspase 7 (8438), and cleaved caspase 9
(52873). Other antibodies included NDUFA3 (17257-1-AP;
ProteinTech Group, Rosemont, IL, USA), NDUFAS8 (A12118;
ABclonal Technology, Woburn, MA, USA), and NDUFA13
(A5412; ABclonal Technology). Peroxidase AffiniPure Goat
Anti-Mouse IgG and Peroxidase AffiniPure Goat Anti-
Rabbit IgG (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) were used as secondary antibodies, and
protein signals were detected using the ECL Prime West-
ern Blotting System (MilliporeSigma, Burlington, MA, USA).
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Quantification of the density in each band was performed
as detailed previously.?

BN-PAGE and In-Gel Activity Assays

BN-PAGE and in-gel activity assays were performed using
mitochondrial proteins isolated from mutant and control
cybrid cell lines, as detailed elsewhere.>>3° Samples contain-
ing 30 pg of mitochondrial proteins were separated on
3% to 11% Bis-Tris NativePAGE gel (Thermo Fisher Scien-
tific). The primary antibody used for this experiment was
the total human OXPHOS antibody cocktail (Abcam), with
voltage-dependent anion channel as a loading control. Alka-
line phosphatase-labeled goat anti-mouse IgG and goat
anti-rabbit IgG (Beyotime, Jiangsu, China) were used as
secondary antibodies, and protein signals were detected
using the BCIP/NBT Alkaline Phosphatase Color Develop-
ment Kit (Beyotime).

The in-gel activity assay was performed as detailed
elsewhere.’” Briefly, the NativePAGE gels were prewashed
in ice-cold water and then incubated with the substrates
of complex I (1-mM Tris-HCl, pH 7.4; 1 mg/mL nitrob-
lue tetrazolium [NBT]; 0.1 mg/mL NADH), complex II
(84-mM sodium succinate; 50-mM phosphate buffer, pH 7.4;
2 mg/mL NBT; 0.2-mM phenazine methosulfate) at room
temperature (RT), and complex V (35-mM Tris-HCl, pH 7.4;
14-mM magnesium sulfate; 270-mM glycine; 10-mM ATP;
0.2% lead nitrate). The gels were then incubated at 37°C
overnight. After the reaction was stopped with 10% acetic
acid, the gels were washed extensively in water and scanned
to visualize the activities of the respiratory chain complexes.

Measurements of Oxygen Consumption Rates

The oxygen consumption rates (OCRs) in various cybrid
cell lines were measured with a Seahorse XF96 extracellular
flux analyzer (Seahorse Bioscience, North Billerica, MA,
USA), as detailed previously.?® Cybrid cells were seeded at
a density of 2 x 10% cells per well on the Seahorse XF96
polystyrene tissue culture plates. Inhibitors were used at
the following concentrations: oligomycin (1.5 pM), carbonyl
cyanide  4-(trifluoromethoxy)phenylhydrazone  (FCCP;
0.8 pM), antimycin A (1.5 pM), and rotenone (3 pM).

ATP Measurements

The CellTiter-Glo Luminescent Cell Viability Assay
(Promega, Madison, WI, USA) was used to measure cellular
and mitochondrial ATP levels, modifying the manufacturer’s
instructions.? Briefly, the assay buffer and substrate were
equilibrated at RT and transferred to and gently mixed with
the substrate to obtain a homogeneous solution. After a
30-minute equilibration of the cell plate at RT, 100 pL of
the assay reagents was added to each well with 2 x 10%
cells and the content was mixed for 2 minutes on an orbital
shaker to induce cell lysis. After a 10-minute incubation
at RT, the luminescence was read on a microplate reader
(Synergy H1; BioTek, Winooski, VT, USA).

Assessment of Mitochondrial Membrane Potential

Mitochondrial membrane potential was measured with a JC-
10 Mitochondrial Membrane Potential Assay Kit (Abcam),
generally following the manufacturer’s recommendations
with some modifications, as detailed elsewhere.3“° In brief,
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~2 x 10° cells of each cybrid cell line were harvested, resus-
pended in 200 pL 1x JC-10 assay buffer, and then incu-
bated at 37°C for 30 minutes. Alternatively, harvested cells
were preincubated with 10 pM of FCCP for 30 minutes
at 37°C prior to staining with JC-10 dye. After they were
washed twice with PBS, the cells were resuspended in 200
pL PBS. The fluorescent intensities for both J-aggregates
and monomeric forms of JC-10 were measured at excitation
(Ex)/emission (Em) = 490/530 and 490/590 nm with a BD
Biosciences LSR II flow cytometer (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA).

Measurement of ROS Production

The levels of mitochondrial ROS generation were deter-
mined using the MitoSOX assay (Thermo Fisher Scientific)
as detailed previously.*!4? Briefly, approximate 2 x 10°
cells of each cell line were harvested, resuspended in PBS
supplemented with 5 pM of MitoSOX, and then incubated
at 37°C for 20 minutes. After they were washed twice with
PBS, the cells were resuspended in PBS in the presence of
0.8-mM freshly prepared H,O, and 2% FBS and then incu-
bated at RT for another 45 minutes. Cells were further
washed with PBS and resuspended with 1 mL of PBS with
0.5% paraformaldehyde. Samples with or without H,O, stim-
ulation were analyzed using the BD Biosciences LSR II
flow cytometer, with excitation at 488 nm and emission at
529 nm. In each sample, 10,000 events were analyzed.

Tunel Assay

The TUNEL assay was carried out using the In Situ Cell
Death Detection Kit (Sigma-Aldrich) according to the manu-
facturer’s protocol. Briefly, cybrid cells were seeded at a
density of 2 x 10% cells per well into a V-bottomed 96-
well microplate overnight. After they were washed twice
with PBS, the cells were incubated in the presence of 0.8-
mM freshly prepared H,O, at RT for 30 minutes, fixed
with freshly prepared 4% paraformaldehyde in PBS for
60 minutes at RT, permeabilized with 0.1% Triton X-100
(Sigma-Aldrich) for 2 minutes on ice, and incubated in the
TUNEL reaction mixture for 60 minutes at 37°C. Samples
were analyzed under a fluorescence microscope (DMi8;
Leica Microsystems, Wetzlar, Germany).

Immunofluorescence Analysis

Cells were cultured on glass coverslips (Thermo Fisher
Scientific), fixed with 4% (w/v) formaldehyde (Sigma-
Aldrich) in PBS for 15 minutes at RT, permeabi-
lized with 0.2% Triton X-100 in PBS for 10 minutes,
blocked with 5% BSA for 30 minutes, and incubated
with primary antibodies (TOM20, cytochrome ¢, and
LAMP1) at 4°C overnight. Samples were washed three
times in PBS for 5 minutes each at RT, incubated
with  fluorescent-conjugated secondary antibodies—
Alexa Fluor 488 Goat anti-Mouse IgG (H+L) and Alexa
Fluor 594 Goat anti-Rabbit IgG (H+L) (Thermo Fisher
Scientific)—for 1 hour at RT, stained with 4’,6-diamidino-
2-phenylindole (DAPI; Thermo Fisher Scientific) for
15 minutes, and then mounted with a drop of Fluoromount-
G (Sigma-Aldrich). Cells were examined using a confocal
microscope (LSM710; Carl Zeiss Meditec, Oberkochen,
Germany) with three lasers (Ex/Em = 492/520, 540/590,
and 358/461 nm).
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Statistical Analysis

Statistical analysis was carried out using Prism 8.0 (Graph-
Pad Software, San Diego, CA, USA) and was conducted
on data from three or more biologically independent
experimental replicates. Comparisons between groups were
planned before statistical testing, and target effect sizes
were not predetermined. In all graphs, error bars displayed
on graphs represent means = SEM of at least three inde-
pendent experiments. Statistical analysis included two-tailed
Student’s t-test (with 95% confidence interval) for two groups
or ordinary one-way analysis of variance (ANOVA) with
Dunnett’s multiple comparison test for three or more groups.
Differences were considered statistically significant at P <
0.05.

REsULTS

Clinical Genetic Evaluation of 19 Chinese Families
Carrying the m.3460G>A Mutation

Nineteen Han Chinese pedigrees bearing the m.3460 G>A
mutation were identified in a large cohort of 1793 Chinese
probands with LHON.'%20:27 A]l available members of these
families underwent comprehensive physical and ophthalmo-
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logic examinations to identify personal or family medical
histories of visual impairments and other clinical abnormal-
ities. As shown in Supplemental Table S1 and Supplemen-
tary Figure S1, 42 (28 males/14 females) of 247 matrilin-
eal relatives exhibited variable penetrance and expression
of optic neuropathy among and within families. In particu-
lar, the severity of visual loss ranged from profound visual
loss to normal vision. The age at onset of optic neuropa-
thy of matrilineal relatives bearing the m.3460G>A mutation
ranged from 5 to 29 years, with an average of 18.9 years. As
shown in Supplementary Table S2, the penetrance of optical
neuropathy among these pedigrees varied from 2.8% to 50%,
with an average of 20.3%. Furthermore, all affected matri-
lineal relatives of these families revealed no other clinical
abnormalities, including hearing loss, diabetes, and neuro-
logical diseases.

Sanger sequence analysis of whole mtDNAs among these
Chinese pedigrees revealed the presence of the m.3460G>A
mutation and distinct sets of mtDNA polymorphisms, includ-
ing 269 known variants, as shown in Supplementary Table
S3. As shown in Supplementary Figure S2 and Supplemen-
tary Table S4, the mtDNAs from 19 pedigrees resided at
mtDNA haplogroups A, B5, C4al, D, F, M12, M7, M8a2, R9,
and H2.*3 These mtDNA variants included 76 in the D-loop
region, 11 in the 12S rRNA gene, 10 in the 16S rRNA gene,
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Ficure 1. Alterations in the structure and stability of MT-ND1. (A) Electrostatic interactions in A52 of MT-ND1. Based on the cryo-EM
structure of complex I from Homo sapiens (PDB entry: SXTD), the hydrophobic residue A52 interacts with 48P, 55L, and 56F. (B) Western
blot analysis. Cellular proteins (20 pg) from various cell lines were electrophoresed through a denaturing polyacrylamide gel, electroblotted,
and hybridized with MT-ND1, MT-ND4, NDUFA3, NDUFA8, NDUFA13, AFG3L2, and CLPP antibodies, with GAPDH as a loading control.
(C) Quantification of MT-ND1. Average relative values of MT-ND1 were normalized to the average values of VDACI1 in various cell lines. The
calculations were based on three independent determinations in each cell line. The error bars indicate 2 SEM. P indicates significance based
on Student’s #-test of the differences between mutant and control cells.
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Ficure 2. Altered assembly and defective stability of complex 1. (A) Respiratory complex I assembly. Whole cells from mutant and control
cell lines were solubilized with digitonin and then subjected to BN-PAGE analysis. Blots were then hybridized with NDUFA9 (complex
I, CD, SDHA (complex 1I, CII), UQCRC2 (complex III, CIII), and CO2 (complex IV, CIV) antibodies, with ATP5A (complex V, CV) as the
internal control. (B) Quantification of complexes. The levels of four complexes in the mutant and control cell lines were determined based
on three independent determinations in each cell line. (C) In-gel activity of complexes I, II, and V. Mitochondrial proteins (20 pg) from
various mutant and control cell lines were used for BN-PAGE, and the activities of the complexes were measured in the presence of specific
substrates (NADH and NBT for complex I; sodium succinate, phenazine methosulfate, and NBT for complex II; ATP and lead nitrate for
complex V). (D) Quantification of in-gel activities of complexes I and II. The calculations were based on three independent determinations

in each cell line. Graph details and symbols are explained in Figure 1.

eight in the tRNA genes, and 114 silent and 50 missense
variants in the genes encoding polypeptides. These vari-
ants in RNAs and polypeptides were further evaluated by
phylogenetic analyses of the sequences from 17 other verte-
brates, as shown in Supplementary Table S3. These vari-
ants were further assessed for their presence in 485 control
subjects and potential structural and functional alterations.
The lack of potential structural and functional alterations
indicates that these mtDNA varjants may not play an impor-
tant role in the phenotypic manifestation of the m.3460G>A
mutation.

Effect of the m.3460G>A Mutation on the
Stability of MT-ND1

We evaluated the effect of the m.3460G>A (A52T) muta-
tion on the structure and function of MT-ND1. Based on the
cryo-electron microscopy (cryo-EM) structure of mammalian
complex I (PDB entry: 5XTD and 6G2)),2>% A52 forms
hydrophobic interactions with P48, L55, and 56F in MT-ND1
(Fig. 1A). Hence, the substitution of non-polar hydrophobic
alanine at position 52 with the hydrophilic threonine due
to m.3460G>A mutation in MT-ND1 may destabilize these
interactions inside MT-ND1, thereby perturbing the struc-
ture and stability of MT-ND1.

To test this hypothesis, we analyzed the levels of MT-
NDland MT-ND4 by western blot in these mutant and
control cell lines. As shown in Figures 1B and 1C, the levels
of MT-ND1 in three mutant cell lines ranged from 45.7% to
50.6%, with an average of 47.4% (P = 0.0010), relative to the

mean value measured in three control cell lines, whereas
the levels of MT-ND4 in the mutant cybrids were compara-
ble with those in control cybrids.

Complex I of human and mice is composed of 45
subunits, including seven subunits encoded by mtDNA and
38 subunits encoded by nuclear genes.?! In fact, MT-ND1
interacts with NDUFA1, NDUFA3, NDUFAS, and NDUFA13,
whereas MT-ND4 interacts with MT-ND5, NDFS2, NDUFBI,
NDUFB4, DDUFB5, NDUFBS, and NDUFB11.2%4 To exam-
ine whether m.3460G>A mutation affects the expression
of other subunits of complex I, we measured the levels of
NDUFA3, NDUFAS, and NDUFA13 by western blot analysis
among mutant and control cell lines. As shown in Figure 1B,
the levels of these subunits in mutant cybrids were compa-
rable to those in control cybrids.

To analyze whether the m.3460G>A mutation affects
mitochondrial protein homeostasis, we measured the levels
of the caseinolytic mitochondrial matrix peptidase prote-
olytic subunit (CLPP) involved in mitoribosome zlssembly45
and AFG3 like matrix AAA protease stress®® in the vari-
ous cell lines. As shown in Figure 1B, there were no
significant differences in the levels of AFG3L2 and CLPP
between the mutant and control cybrids. These data indicate
that the m.3460G>A mutation may not affect proteostasis
stress.

Perturbed the Assembly and Activity of Complex I

To determine whether or not the mutated MT-ND1 affects the
assembly of complex I, mitochondrial membrane proteins
isolated from mutant and control cell lines were separated



Investigative Ophthalmology & Visual Science

MT-ND1 3460G>A Mutation Associated With LHON

IOVS | July 2021 | Vol. 62 | No. 9 | Article 38 | 6

A Antimycin A
Oligomycin FCCP & Rotenone
2507 A70-1
A70-2
200- A70-3
= - II1-1
E 11-2
8 1504 1111-3
S
g
~ 1004
Q
o
504
O T T T T T T T T T T T T
5 10 15 20 25 30 35 40 45 50 55 60
Time (min)
B P=0.0098 P=0.0076 P=0.5600 P=0.0013 P=0.3040 P=0.5022
120+
100- T I I T I I
)
g 804
v
2
g 60
&
& a0
@)
204
C T T T T T T
& F ©  ¢© ¢
& S & & = &
S < & & @C &
“-ﬁ} ?§Q < .&\Q} %Q‘b &
el & &
@‘b 5\0
i’
;,\\/\\
%Q

Ficure 3. Respiration assays. (A) An analysis of O, consumption in the various cell lines using different inhibitors. The OCRs were first
measured on 1 x 10 cells of each cell line under basal conditions and then sequentially added to oligomycin (1.0 pM), FCCP (0.5 pM),
rotenone (1.0 uM), and antimycin A (1.0 pM) at the indicated times to determine the different parameters of mitochondrial functions.
(B) Graphs show the ATP-linked OCR, proton leak OCR, maximal OCR, reserve capacity, and non-mitochondrial OCR in the mutant and
control cell lines. The non-mitochondrial OCR was determined as the OCR after rotenone/antimycin A treatment. The basal OCR was
determined as the OCR before oligomycin minus the OCR after rotenone/antimycin A treatment. The ATP-linked OCR was determined as
the OCR before oligomycin minus the OCR after oligomycin. The proton leak OCR was determined as the basal OCR minus the ATP-linked
OCR. The maximal OCR was determined as the OCR after FCCP minus the non-mitochondrial OCR. Reserve capacity was defined as the
difference between the maximal OCR after FCCP minus the basal OCR. The average values of four independent experiments for each
cell line are shown. The horizontal dashed lines represent the average value for each group. Graph details and symbols are explained in
Figure 1.

the in-gel activity assay. Mitochondrial membrane proteins
isolated from mutant and control cell lines were sepa-
rated by BN-PAGE and stained with specific substrates
of complexes I, II, and V (complex V as a loading
control).3:37 As illustrated in Figures 2C and 2D, the activ-
ities of complex I in the mutant cell lines were 78.2%
(P = 0.0023) relative to the average values of control
cell lines. In contrast, the average in-gel activities of
complex II in the mutants were comparable to those of the
controls.

by BN-PAGE, electroblotting, and hybridizing, with NDUFA9,
SDHA, UQCRC2, and CO2 (subunits of complexes I, II, III,
and IV, respectively) and ATP5A (subunit of complex V) as
loading controls. As shown in Figures 2A and 2B, the levels
of complex I in the mutant cybrids were 67.2% relative to the
average values in the control cybrids (P = 0.0267), whereas
the levels of complexes II, I1I, and IV in the mutant cybrids
were comparable to those in the control cybrids.

We analyzed the potential consequence of m.3460G>A
mutation on the stability and activity of complex I using
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Respiration Deficiency

To further elucidate whether the m.3460G>A mutation
affects cellular bioenergetics, we examined the OCRs of vari-
ous mutant and control cybrid cell lines with the Seahorse
XF96 extracellular flux analyzer®® As shown in Figure
3, the basal OCR in the mutant cybrids carrying only
m.3460G>A was 33.1% (P = 0.0098), relative to the mean
value measured in the control cybrids. To assess which
of the enzyme complexes in the mitochondrial respiratory
chain was perturbed in the mutant cell lines, the OCR was
measured after the sequential addition of oligomycin (to
inhibit ATP synthase), FCCP (to uncouple the inner mito-
chondrial membrane and allow for maximum electron flux
through the electron transport chain), rotenone (to inhibit
complex I), and antimycin (to inhibit complex III). The
difference between the basal OCR and the drug-insensitive
OCR vyielded the ATP-linked OCR, proton leak OCR, maxi-
mal OCR, reserve capacity, and nonmitochondrial OCR. As
shown in Figure 3, the basal OCR, ATP-linked OCR, proton
leak OCR, maximal OCR, reserve capacity, and nonmito-
chondrial OCR in mutant cell lines carrying the m.3460G>A
mutation were 33.1%, 27.8%, 82.2%, 52.9%, 74.5%, and
110.9%, respectively, relative to the mean values measured
in the control cybrids.

Impaired Mitochondrial ATP Synthesis

The capacity of oxidative phosphorylation in mutant and
control cybrids was examined by measuring the levels of
cellular ATP using a luciferin/luciferase assay. Populations
of cells were incubated in media in the presence of glucose
(total cellular ATP), and 2-deoxy-p-glucose (2-DG) with pyru-
vate to inhibit glycolysis (oxidative phosphorylation).?? As
shown in Figure 4, the levels of mitochondrial ATP produc-
tion in the mutant cybrids ranged from 73.3% to 87.5%, with
an average of 81.1% relative to the mean values measured
in the control cybrids (P = 0.0114), whereas there were no
differences in the levels of total cellular ATP between mutant
and control cybrids.

Decrease in Mitochondrial Membrane Potential

The JC-10 Mitochondrial Membrane Potential Assay Kit was
used to measure the mitochondrial membrane potential
(A¥m) in three mutant and three control cybrids.?** The
ratios of fluorescence intensities Ex/Em = 490/590 and
490/525 nm (FL590/FL525) were recorded to determine the
AWm of each sample. The geometric means of the relative
ratios of FL590/FL525 between mutant and control cybrids
were calculated to represent the AWm levels, as described
elsewhere.?® As shown in Figure 5, the levels of AWm in
three mutant cybrids carrying the m.3460G>A mutation
were decreased, ranging from 28.9% to 35.7%, with a mean
value of 31.5% (P = 0.0006) measured in three control
cybrids. By contrast, the levels of AWm in mutant cybrids in
the presence of FCCP were comparable to those measured
in the control cybrids.

ROS Production Increase

The levels of ROS generation in the vital cells in three
mutant cybrids carrying the m.3460G>A mutation and three
control cybrids lacking this mutation were measured using
the MitoSOX assay via flow cytometry under normal condi-
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Figure 4. Measurement of cellular and mitochondrial ATP levels.
ATP levels in the mutant and control cell lines were measured
using a luciferin/luciferase assay. Cells were incubated with 10-mM
glucose or 5-mM 2-DG plus 5-mM pyruvate to determine ATP gener-
ation under mitochondrial ATP synthesis. (A) Average ATP levels in
total cells. (B) Average ATP levels in mitochondria. Four indepen-
dent experiments were conducted for each cell line. Graph details
and symbols are explained in Figure 1.

tions and H,O, stimulation.*"*> Geometric mean intensity
was recorded to measure the rate of ROS in each sample.
The ratio of geometric mean intensities between unstimu-
lated and stimulated cell lines with H,O, was calculated to
determine the reaction to increasing levels of ROS under
oxidative stress. As shown in Figures 6A and 6B, the levels of
mitochondrial ROS in the three mutant cybrids varied from
123.5% to 135.2%, with an average of 129.3% (P = 0.0040)
of the mean value measured in three control cybrids. To
determine whether the m.3460G >A mutation affects antiox-
idant systems, we used western blot analysis to measure
the levels of three antioxidant enzymes in the mutant and
control cybrids: SOD2 in the mitochondrial matrix and SOD1
and catalase in the cytosol and mitochondrial intermem-
brane space.’” As shown in Figure 6C, the mutant cell lines
revealed marked increases in the levels of SOD1 and cata-
lase and mild increases in the levels of SOD2, as compared
with those in the control cell lines.
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Ficure 5. Mitochondrial membrane potential analysis. (A, C) The mitochondrial membrane potential was measured in mutant and control
cell lines using the BD Biosciences LSR II flow cytometer and JC-10 Mitochondrial Membrane Potential Assay Kit. The ratios of fluorescence—
490/525 nm and 490/525 nm (FL590/FL525)—were recorded to determine the AWm level of each sample. Representative flow cytometry
images of mutant cell lines and control cell lines with and without 10 uM of FCCP are shown. (B, D) The geometric means of the FL590/FL525
relative ratios between mutant and control cell lines were calculated to reflect the level of AWm. The averages of three to five determinations
for each cell line are shown. Graph details and symbols are explained in Figure 1.

Promoting Intrinsic Apoptosis

Deficient activities of oxidative phosphorylation have been
linked to protecting against certain apoptotic stimuli.!*1® To
evaluate whether or not the m.3460G> A mutation affects the
apoptotic process, we performed TUNEL assays to examine
cell death in the mutant (II11-1) and control (A70-1) cybrids
with or without H,O, stimulation. As shown in Figure
7A, cell death in the mutant cybrids (III1-1) increased as
compared with the control cybrids (A70-1). Without H,O,
stimulation, there were 36 cell deaths out of 3147 total cells
(n = 10 sides) in the control cybrids (A70-1) and 43 cell
deaths out of 2686 total cells (n = 10 sides) in the mutant
cybrids (III-1). With H,O, stimulation, the mutant cybrids
(1111-1) had 243 cell deaths out of 2724 total cells (z = 10
sides), as compared with 81 cell deaths out of 2721 total cells
(n = 10 slides) in the control cybrids (A70-1).

We then examined the apoptotic state of the cybrids
by using immunocytostaining assays to determine the
immunofluorescence pattern of cybrids that were double
labeled with rabbit monoclonal antibody specific for
cytochrome ¢ and mouse monoclonal antibody to TOM20, a
nuclear-encoded mitochondrial protein. As shown in Figure
7B, the mutant cybrids carrying the m.3460G>A muta-
tion revealed markedly increased levels of cytochrome
¢, as compared with the control cybrids. The impact of
the m.3460G>A mutation on the apoptotic process was
confirmed with western blot analysis, which showed that the

mutant cybrids exhibited 67.4%, 53.0%, and 51.8% increased
levels of cytochrome ¢, BAX, and BAK, respectively, which
are able to pierce the mitochondrial outer membrane to
mediate cell death by apoptosis,® as compared with the
control cybrids (Figures 7C, 7D). Furthermore, we used west-
ern blot analysis to measure the levels of apoptosis-related
proteins: uncleaved/cleaved PARP and uncleaved/cleaved
caspases 3, 7, and 9 in mutant and control cell lines.* As
shown in Figures 7E and 7F, the average levels of cleaved
PARP protein and caspases 3, 7, and 9 in the three mutant
cell lines were 153.5%, 116.2%, 140.8%, and 114.5%, respec-
tively, of the average values measured in the three control
cell lines. However, there were no significant differences in
the average levels of uncleaved PARP or caspases 3, 7, and
9 between control and mutant cybrids (Figs. 7G, 7H).

Alteration in Mitophagy

Mitophagy, an important mitochondrial quality control
system, selectively degrades damaged mitochondria with
autophagosomes and their subsequent catabolism by lyso-
somes.”® To investigate the effect of the m.3460G>A muta-
tion on mitophagy, we evaluated the mitophagic states
of mutant and control cell lines using immunoblotting
and endogenous immunofluorescence assays. As shown
in Figure 8A, mutant cell lines displayed ~16% reduced
levels of lysosome-associated membrane glycoprotein 1
(LAMP1), indicating that the m.3460G>A mutation affects
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FiGure 6. Assays for mitochondrial ROS production. (A) Ratios of geometric mean intensity between levels of ROS generation in the vital
cells. The rates of ROS production from six cell lines were analyzed using the BD Biosciences LSR II flow cytometer system with MitoSOX
(5 pM). (B) The relative ratios of intensity were calculated. The average values of three independent determinations for each cell line are
shown. Graph details and symbols are explained in Figure 1. (C) Western blotting analysis of antioxidative enzymes SOD2, SOD1, and

catalase in six cell lines, with actin as a loading control.

the mitophagy process. The levels of autophagy in mutant
and control cell lines were then examined using two
markers: microtubule-associated protein 1A/1B light chain
3 (LC3) and Beclin-1.>! During autophagy, the cytoplas-
mic form (LC3-I) is processed into a cleaved and lipi-
dated membrane-bound form (LC3-II), which is recruited to
autophagosomal membranes. The amount of LC3-1I is clearly
correlated with the number of autophagosomes.’* The
sequestosome 1/P62 protein, (SQSTM1, hereafter referred
to P62), is an autophagy substrate that colocalizes with
ubiquitinated protein aggregates in many neurodegenerative
diseases.”® As shown in Figures 8B and 8D, reduced levels
of LC3 and increased levels of P62 were observed in mutant
cell lines carrying the m.3460G>A mutation, compared with
controls. In particular, the average levels of LC3-11/I and P62
in the three mutant cell lines carrying the m.3460G >A muta-
tion were 47.0% (P = 0.0140) and 137.5% (P = 0.0375) of
the mean values measured in the three control cell lines,
respectively. These data suggest that the m.3460G>A muta-
tion impaired autophagy in the mutant cell lines.
Mitophagy promotes mitochondrial turnover and
prevents accumulation of damaged mitochondria. It is
regulated by the PINK1/parkin pathway. Damaged mito-
chondria are recognized by PINK1, which builds up on the
outer mitochondrial membrane and recruits parkin. The
accumulation of PINK1 and recruitment of parkin target
mitochondria for degradation by lysosomes.”® To assess if

the m.3460G>A mutation affects PINK1/parkin-mediated
mitophagy, we evaluated the mitophagic states of mutant
and control cell lines using immunoblotting. As shown
in Figures 8C and 8E, reduced levels of PINK1 and parkin
were observed in mutant cell lines carrying the m.3460G>A
mutation compared with the controls. In particular, the
average levels of PINK1 and parkin in the three mutant cell
lines carrying the m.3460G>A mutation were 36.7% (P =
0.0105) and 56.0% (P = 0.0202), respectively, of the mean
values measured in the three control cell lines lacking the
mutation. These data reveal that the m.3460G>A mutation
alters mitophagy.

DiscussION

In the current study, we investigated the pathophysiology of
the LHON-associated m.3460G>A mutation. Nineteen Han
Chinese families bearing the m.3460G>A mutation were
identified among a large cohort of Chinese patients with
LHON.!4-20:27 Optic neuropathy as a sole clinical phenotype
was only present in the maternal lineage of these pedigrees,
which showed a wide range of penetrance and expression
of the optic neuropathy. The average age of onset of LHON
ranged from 5 to 29 years, with an average of 18.9 years
among the 19 Chinese families, whereas the average age of
onset of optic neuropathy was 20 years in eight Caucasian
families.>*>°> The penetrance of optic neuropathy (affected
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Ficure 7. Apoptosis assays. (A) TUNEL assays of mutant III1-1 and control A70-1 cybrids with or without H,O, stimulation. Arrows indicate
death cells. (B) The distribution of cytochrome ¢ from mutant III1-1 and control A70-1 cybrids was visualized by immunofluorescent labeling
with TOM20 antibody conjugated to Alexa Fluor 594 (red) and cytochrome ¢ antibody conjugated to Alexa Fluor 488 (green) and analyzed
by confocal microscopy. DAPI-stained nuclei were identified by their blue fluorescence. (C, E, G) Western blotting analysis. Cellular proteins
(20 pg) from various cell lines were electrophoresed, electroblotted, and hybridized with several apoptosis-associated protein antibodies:
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explained in Figure 1.

matrilineal relatives/total matrilineal relatives) in the 19
Chinese pedigrees bearing the m.3460G>A mutation ranged
from 2.8% to 50%, with an average of 20.3%; whereas, 134
affected matrilineal relatives out of 768 matrilineal relatives
among 21 Caucasian families harboring the m.3469G>A
mutation developed optic neuropathy.>> Furthermore, 28
males and 14 females of the 247 matrilineal relatives among
the 19 Han Chinese families exhibited visual impairment,
whereas the average ratio for affected male and female matri-
lineal relatives among 21 Caucasian families was 3.35.>>
Moreover, the mtDNA haplogroups (A, B5, C4al, D, F, M12,
M7, M8a2, R9, and H2) of the 19 Chinese pedigrees and
those (B4d1, F2, ASb, M12a, D4b2b, and D4b2) in six other
Chinese families bearing the 3460G>A mutation differed
from those (H, J, K, U, V, W, and X) in 11 Dutch and seven
Italian families carrying the m.3460G>A mutation.>*->® The
occurrence of the m.3460G>A mutation in these genetically

unrelated families affected by optic neuropathy and that they
differed considerably in their mtDNA haplogroups highlight
the impact of the mutation on the pathogenesis of LHON.
The phenotypic variability, including the penetrance and
expression of the m.3460G>A mutation, may be due to the
influence of mitochondrial haplotypes or nuclear modifier
genes,19:26,27,30,58-60

The m.3460G>A mutation replaced the highly conserved
alanine at position 52 with a threonine in MT-ND1, which
is the essential subunit of complex I comprised of an addi-
tional six mitochondrion-encoding and 39 nucleus-encoding
subunits.?! Based on the cryo-EM structure of mammalian
complex I, the hydrophobic side chains of A52 contribute
to the hydrophobic interactions with P48, L55, and 56F
in MT-ND1.>2 The substitution of nonpolar hydrophobic
alanine at position 52 with the hydrophilic threonine by
the m.3460G>A mutation in MT-ND1 may destabilize these
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Ficure 8. Analysis of mitophagy. (A) The distribution of LAMP1
from cybrids (II11-1 and A70-1) was visualized by immunofluores-
cent labeling with TOM20 antibody conjugated to Alexa Fluor 488
(green) and LAMP1 antibody conjugated to Alexa Fluor 594 (red)
analyzed by confocal microscopy. DAPI-stained nuclei were revealed
by blue fluorescence. (B, C) Western blot analysis. Cellular proteins
(20 pg) from various cell lines were electrophoresed, electroblotted,
and hybridized with LC3, P62, PINK1, and parkin antibodies, with 8-
actin as a loading control. (D) Quantification of autophagy markers
LC3 and P62. (E) Quantification of mitophagy-associated proteins
(PINK1 and parkin). Three independent determinations were made
in each cell line. Graph details and symbols are explained in
Figure 1.

interactions, thereby altering the structure and function of
MT-ND1. The instability of mutated ND1 was evidenced
by a 52.6% decrease in the levels of MT-ND1 observed in
the cybrids harboring the m.3460G>A mutation. However,
the m.3460G>A mutation did not affect the expression
of NDUFA3, NDUFAS8, or NDUFA13, which interact with
MT-ND1.22 The mutated MT-ND1 altered the assembly of
complex I, as is the case for m.3394T>C and m.3866T>C
mutations.'®2° Alterations in the stability of MT-ND1 and
the assembly of complex I were responsible for signifi-
cant reductions in the activity of complex I observed in the
cybrids in this study and lymphoblastoid cell lines carrying
the m.3460G>A mutation.!> Furthermore, the m.3460G>A
mutation gave rise to reduced basal OCRs, as well as reduced
levels of ATP-linked OCR protons, leak OCRs, maximal
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OCRs, and reserve capacity in the mutant cybrids. These
OXPHOS deficiencies diminished ATP synthesis, impaired
the mitochondrial membrane potentials, and increased the
production of oxidative reactive species in the mutant cell
lines bearing the m.3460G>A mutation, as is the case
for cells carrying the m.3394T>C and m.3866T>C muta-
tions.'®?° These results indicate that defects in complex I in
the mutant cell lines carrying the m.3460G>A mutation play
a critical role in the mitochondrial dysfunction that leads to
the development of LHON.

Mitochondrial dysfunction and overproduction of ROS
caused by LHON-associated mtDNA mutations often affect
apoptotic death and mitophagy.'!,18:20.61-63 In the present
investigation, we have shown that mitochondrial dysfunc-
tions caused by the m.3460G>A mutation promote the
apoptotic process. Both immunocytostaining assays and
western blot analysis revealed the elevated releases of
cytochrome ¢ into cytosol in the mutant cybrids carry-
ing the m.3460G>A mutation compared with the control
cybrids lacking the mutation. Additional effects of the
m.3460G>A mutation include the increased expression
of BAK and BAX, which mediate cell death by apopto-
sis, and the elevated levels of apoptosis-activated proteins
(cleaved caspases 3, 7, and 9 and PARP) in the mutant
cybrids carrying the m.3460G>A mutation compared with
the control cybrids.®4° Mitophagy disposes of damaged
mitochondria and maintains a healthy mitochondria popu-
lation in cells.>® The effect of the m.3460G>A mutation on
autophagy was first evidenced by reduced levels of LAMP1
in the mutant cell lines carrying the m.3460G>A mutation
as compared with the control cell lines. The reductions
in LC3 level in the mutant cell lines suggested a general
decrease in the capacity of the mutant cells to generate
autophagosomes, thereby perturbing the autophagic degra-
dation of ubiquitinated proteins. Furthermore, the increased
levels of p62 in cybrids carrying the m.3460G>A muta-
tion indicate an accumulation of autophagic substrates, such
as misfolded proteins, leading to the deleterious effects.
Notably, the reduced levels of PINK1 and parkin observed
in the mutant cell lines carrying the m.3460G>A muta-
tion indicated that the m.3460G>A mutation altered the
mitophagic removal of damaged mitochondria. Photorecep-
tor cells and RGCs account for the biggest demand for
ATP by cells in the retina.’”-%* Mitochondrial dysfunction
may lead to the dysfunction or death of RGCs, thereby
contributing to the development of optic neuropathy. Our
findings highlight the critical role of the m.3460G>A muta-
tion in the pathogenesis of LHON, manifested by mito-
chondrial dysfunction and alterations in apoptosis and
mitophagy.
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