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Leber’s hereditary optic neuropathy (LHON) is a maternal
inheritance of eye disease because of the mitochondrial DNA
(mtDNA) mutations. We previously discovered a 3866T>C
mutation within the gene for the ND1 subunit of complex I as
possibly amplifying disease progression for patients bearing the
disease-causing 11778G>A mutation within the gene for the
ND4 subunit of complex I. However, whether and how the ND1
mutation exacerbates the ND4 mutation were unknown. In this
report, we showed that four Chinese families bearing both
m.3866T>C and m.11778G>A mutations exhibited higher
penetrances of LHON than 6 Chinese pedigrees carrying only
the m.3866T>C mutation or families harboring only the
m.11778G>A mutation. The protein structure analysis revealed
that the m.3866T>C (I187T) and m.11778G>A (R340H) muta-
tions destabilized the specific interactions with other residues
of ND1 and ND4, thereby altering the structure and function of
complex I. Cellular data obtained using cybrids, constructed by
transferring mitochondria from the Chinese families into
mtDNA-less (p°) cells, demonstrated that the mutations per-
turbed the stability, assembly, and activity of complex I, leading
to changes in mitochondrial ATP levels and membrane poten-
tial and increasing the production of reactive oxygen species.
These mitochondrial dysfunctions promoted the apoptotic
sensitivity of cells and decreased mitophagy. Cybrids bearing
only the m.3866T>C mutation displayed mild mitochondrial
dysfunctions, whereas those harboring both m.3866T>C and
m.11778G>A mutations exhibited greater mitochondrial dys-
functions. These suggested that the m.3866T>C mutation acted
in synergy with the m.11778G>A mutation, aggravating mito-
chondrial dysfunctions and contributing to higher penetrance
of LHON in these families carrying both mtDNA mutations.

Leber's hereditary optic neuropathy (LHON) is the most
common maternally transmitted eye disorder, characterized by
the degeneration of retinal ganglion cells (RGC) and loss of cen-
tral vision (1-6). A number of mitochondrial DNA (mtDNA)
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mutations have been linked to the pathogenesis of LHON with
various degrees of contribution (7-10). These mtDNA muta-
tions included the primary mutations, which can each cause
LHON, and the secondary mutations, which may interact with
the primary mutation to increase the probability of clinical
expression (1, 8). In the majority of cases worldwide, LHON
was caused by three primary mtDNA point mutations, ND4
11778G>A, ND6 14484T>C, and ND1 3460G>A, affecting
subunits of NADH:ubiquinone oxidoreductase (complex I) (7—
15). These LHON-associated mtDNA mutations often occur
near homoplasmy or at homoplasmy. These LHON-associated
mtDNA mutations conferred mild mitochondrial dysfunctions,
especially the reduced activity of complex I (16—19). Notably,
families carrying the mtDNA mutation(s) exhibited gender
bias and incomplete penetrance of optic neuropathy (20, 21).
These indicated that nuclear and mitochondrial genetic
modifiers are required for the phenotypic manifestation of
these LHON-associated mtDNA mutations. In a recent study,
we identified two nuclear modifiers (c.572G>T, p.Gly191Val
in YARS2; and ¢.157C>T, p.Arg53Trp in PRICKLE3) neces-
sary for the phenotypic expression of the m.11778G> A muta-
tion (22, 23). Several mtDNA variants, including tRNAM
4435A>G, tRNA™ 15951A>G, ND1 3394T>C, and ND6
14502T>C mutations, may act as mitochondrial genetic modi-
fiers to increase the phenotypic expression of the m.11778G>A
mutation (24-28). Furthermore, our previous investigations
identified the m.3866T>C mutation in 7 probands (4 bearing
only the m.3866T>C mutation and 3 carrying m.3866T>C and
m.11778G>A mutations) in a large cohort of 1281 Chinese pro-
bands with LHON (15, 29). These Chinese pedigrees carrying
only the m.3866T>C mutation exhibited extremely low pene-
trance of LHON, whereas the penetrances of LHON among
those pedigrees bearing the m.3866T>C mutation together with
m.11778G>A mutations were higher than those in families car-
rying only single mtDNA mutation (15, 29). These data suggested
the role of m.3866T>C mutation in the pathogenesis of LHON.
However, the pathogenic mechanisms underlying these LHON-
associated mutations remain elusive.

The m.3866T>C mutation resulted in the change of highly
conserved isoleucine at position 187 with threonine (I187T) in
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ND1, the core component of 45 subunits of complex I (29-31).
Thus, the m.3866T>C mutation may perturb both the
structure and function of complex I, thereby causing mitochon-
drial dysfunction. The higher penetrance of LHON in the
families carrying both m.11778G>A and m.3866T>C muta-
tions implied that biochemical consequences caused by the
m.3866T>C mutation deteriorate the mitochondrial dysfunc-
tion associated with m.11778G>A mutation, thereby increas-
ing the penetrance and risk of LHON. The structural conse-
quences of m.11778G>A and m.3866T>C mutations were
evaluated by the tertiary structure analysis of complex I from
Homo sapiens and Mus musculus (31-33). Functional conse-
quences of m.3866T>C mutation was further investigated
through the cybrid cell lines constructed by transferring mito-
chondria from lymphoblastoid cell lines derived from an
affected matrilineal relative carrying the m.11778G>A and
m.3866T>C mutation, individuals bearing only m.3866T>C
or m.11778G>A mutation, and a control subject belonging to
the same mtDNA haplogroup, all into human mtDNA-less (p°)
cells (19, 34). Using Western blotting and blue native PAGE
(BN-PAGE) analyses, we examined if the m.3866T>C and
m.11778G>A mutations exerted an effect on the stability of
ND1 and ND4 as well as assembly of complex I. These cell lines
were then assessed for effects of the mtDNA mutations on the
enzymatic activities of respiratory chain complexes, the rate of
O, consumption, mitochondrial ATP production, mitochon-
drial membrane potential, and generation of reactive oxygen
species (ROS). These cell lines were further evaluated for
the effect of these mtDNA mutations on apoptotic state and
mitophagy.

Results

Clinical and genetic evaluation of 10 Chinese families
carrying the m.3866T>C mutation

Ten Han Chinese pedigrees bearing the m.3866T>C muta-
tion (6 bearing only the m.3866T>C mutation, 4 carrying
m.3866T>C mutation together with m.11778G>A mutation)
were identified in a large cohort of 1793 Chinese probands with
LHON (15). This translated to an incidence of 0.6% in this
cohort. All available members of 10 pedigrees underwent
comprehensive physical and ophthalmologic examinations to
identify personal or family medical histories of visual impair-
ments and other clinical abnormalities. As shown in Table S1
and Fig. S1, matrilineal relatives exhibited variable penetrance
and expressivity of optic neuropathy among and within fami-
lies. In particular, the severity of visual loss ranged from pro-
found visual loss to normal vision. The age at onset of optic
neuropathy of 6 pedigrees bearing only m.3866T>C mutation
ranged from 5 to 39 years, with an average of 24.8 vyears,
whereas the average age at onset of visual impairment of 4 pedi-
grees harboring both m.3866T>C and m.11778G>A muta-
tions were 22.2 years, respectively. Strikingly, 6 pedigrees har-
boring only the m.3866T>C mutation exhibited extremely low
penetrance of optic neuropathy, ranging from 11.1% to 29.2%,
with an average of 17.0%. In contrast, the average penetrances
of optic neuropathy of 4 pedigrees harboring both m.3866T>C
and m.11778G>A mutations were 41.9%.
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Entire sequence analysis of mtDNAs among these Chinese
pedigrees revealed that these probands showed the presence of
m.3866T>C or m.11778G>A mutations and distinct sets of
mtDNA polymorphisms, including 129 known variants, as
shown in Table S2. As shown in Table S1, the mtDNAs from 10
pedigrees resided at mtDNA haplogroups C4a (1), D4 (2), G2
(1), M 10 (4), H2 (1), and R (1), respectively (35). These mtDNA
variants included 35 in the D-loop region, 4 in the 12S rRNA
gene, 3 in the 16S rRNA gene, 5 in the tRNA gene, and 53 silent
and 29 missense variants in the genes encoding polypeptides
(36). These variants in RNAs and polypeptides were evaluated
by phylogenetic analysis of these variants and sequences from
17 vertebrates, as shown in Table S2. These variants were fur-
ther evaluated for the presence of 485 control subjects and
potential structural and functional alterations. Of these, these
variants may not have potential structural and functional alter-
ations. These findings indicated that these mtDNA variants do
not play an important role in the phenotypic manifestation of
m.3866T>C mutations.

The effect of m.3866T>C and m.11778G>A mutations on
stability of ND1 and ND4

To test the effect of m.3866T>C (1187T) and m.11778G>A
(R340H) mutations on the structure and function of ND1 and
ND4, we performed the tertiary structure analysis of complex I
from H. sapiens and M. musculus. Based on the Cryo-EM struc-
ture of mammalian complex I (PDB entry 5XTD and 6G2J) (32,
33), the hydrophobic side chain of I187 forms the hydrophobic
interaction with phosphatidylcholine in ND1 (Fig. 14), whereas
the side chain guanidino group of R340 forms specific electro-
static interactions with the backbone hydroxyl group of V221
in ND4, which is located at the matrix side and water-mem-
brane interface (Fig. 1B). Hence, the replacement of hydropho-
bic isoleucine at position 187 with the hydrophilic threonine by
m.3866T>C mutation in ND1 or arginine at position 340 with
histidine by m.11778G>A mutation in ND4 may destabilize
these interactions inside ND1 or ND4, thereby perturbing the
structure and stability of ND1 and ND4 proteins, respectively.

To experimentally test this hypothesis, we examined the
levels of ND1 and ND4 proteins by Western blotting in these
mutant cell lines carrying only m.3866T>C mutation, only
m.11778G>A mutation, or both m.3866T>C and m.11778G>A
mutations, as well as control cell lines lacking these mutations. As
shown in Fig. 1, C and D, the levels of ND1 in mutant cell lines
carrying only m.3866T>C, m.11778G>A, or both m.3866T>C
and m.11778G>A mutations were 74.1%, 90.3%, and 56.4% rela-
tive to the average values of control cell lines. Furthermore, the
levels of ND4 in mutant cell lines carrying only m.3866T>C,
m.11778G>A, and both m.3866T>C and m.11778G>A muta-
tions were 94.5%, 66.0%, and 51.9%, respectively, relative to the
average control values.

The lack of effect of m.3866T>C and m.11778G>A mutations
on expression of other subunits of complex |

The complex I of human and mice is composed of 45 subu-
nits, including 7 subunits encoded by mtDNA and 38 subunits
encoded by nuclear genes. These subunits are organized into
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Figure 1. Alterations in the structure and stability of ND1 and ND4. A, interaction between 1187 and phosphatidylcholine (PC) in MT-ND1 (shown in yel-
low). Based on the cryo-EM structure of complex | from H. sapiens (PDB entry 5XTD), the hydrophobic residue 1187 interacts with a PCin ND1. 1187 and PC are
highlighted in red and magenta sticks, respectively. The other hydrophobic residues around 1187 are shown in a yellow line. The distance between the side
chain of 1187 and the fatty acyl tail of PCis shown in a black number (in angstrom). B, the electrostatic interactions in R340 of ND4 (shown in blue). Based on the
cryo-EM structure of complex | from M. musculus (PDB entry 6G2J), the side chain guanidino group of R340 forms specific electrostatic interactions with the back-
bone hydroxyl group of V221 in MT-ND4. R340 and its partner are highlighted in red and white sticks, respectively. Hydrogen bonds are shown as black-dashed lines,
with the distance shown in black numbers (in angstroms). C, Western blot analysis. 5 pg of mitochondrial proteins from various cell lines was electrophoresed
through a denaturing polyacrylamide gel, electroblotted, and hybridized with ND1, N4, and ND6 antibodies, respectively, with VDAC as a loading control. D, quan-
tification of ND1, ND4, and ND6 in mutant and control cell lines. The calculations were based on three independent determinations in each cell line. The error bars

indicate two standard errors of the means. p indicates the significance, according to the t test, of the differences between mutant and control cell lines.

six modules, Q, ND1, ND2, ND4, ND5, and N, with the help of
specific assembly factors that begin to assemble separately and
ultimately combine to form the complex I holocomplex in
the inner membrane of mitochondria (37). As shown in Fig.
2A, ND1 interacts with NDUFA1, NDUFA3, NDUFAS, and
NDUFA13, whereas ND4 interacts with ND5, NDUFS2,
NDUFB1, NDUFB4, NDUFB5, NDUFBS8, and NDUFB11 (32,
33). To examine whether the m.3866T>C or m.11778G>A
mutation affected the expression of other subunits of complex I,
we measured the levels of NDUFA3, NDUFAS8, NDUFA13,
ND5, NDUFS2, NDUFB4, NDUFB5, NDUFBS, and NDUFB11
by Western blot analysis among mutant and control cell lines,
respectively. As shown in Fig. 1, C and D, and 2, B-D, the levels
of these subunits in mutant cell lines were comparable with
those in control cell lines.

Altered assembly and activity of complex |

We analyzed the consequence of m.3866T>C and
m.11778G>A mutations on the stability and activity of
complex I using the in-gel activity assay. Mitochondrial
membrane proteins isolated from mutant and control cell
lines were separated by BN-PAGE and stained with specific
substrates of complexes I, II, and IV (38-40). As illustrated
in Fig. 3A, mutant cell lines carrying only m.3866T>C, only
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m.11778G>A, or both m.3866T>C and m.11778G>A muta-
tions exhibited altered assembly of intact supercomplexes and
complex I. As shown in Fig. 3B, the in-gel activities of complex
I in mutant cell lines carrying only m.3866T>C, only
m.11778G>A, and both m.3866T>C and m.11778G>A muta-
tions were 72.7%, 66.7%, and 51.5%, respectively, relative to the
average values of control cell lines. In contrast, the average in-
gel activities of complexes II and IV in mutant cell lines were
comparable with those of the control cell lines.

We then assessed the consequences of this m.3866T>C
mutation on complex I activity using isolated mitochondrial
from our mutant and control cybrid cell lines (40-42). As
shown in Fig. 3C, the activities of complex I in mutant cell lines
carrying only m.3866T>C, only m.11778G>A, and both
m.3866T>C and m.11778G>A mutations were 76.7%, 59.8%,
and 53.4%, respectively, relative to the average values of control
cell lines. As shown in Fig. 3, D—F, the average activities of com-
plexes II, III, and IV in mutant cell lines were comparable with
those of the control cell lines.

Respiration deficiency

To further examine whether the m.3866T>C mutation
affected cellular bioenergetics, we examined the oxygen con-
sumption rates (OCR) of various mutant and control cybrid cell
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Figure 2. The m.3866T>C and m.11778G>A mutations did not affect the expression of subunits of complex I. A, structure of membrane domains of the
human complex | (PDB entry 5XTD). The hydrophilic domains of complex | were removed. The subunits surrounding ND1 and ND4 are shown in different col-
ors. In contrast, other subunits are represented in gray. B, Western blot analysis. 10 pg of total cellular proteins from various cell lines was electrophoresed
through a denaturing polyacrylamide gel, electroblotted, and hybridized with NDUFA3, NDUFA8, NDUFA13, NDUFS2, NDUFB4, NDUFB5, NDUFBS8, and
NDUFB11 antibodies with GAPDH as a loading control. D, quantification of ND1, ND4, and ND6 in mutant and control cell lines. The calculations were based
on three independent determinations. Graph details and symbols are explained in the legend to Fig. 1.

lines with a Seahorse Bioscience XF-96 extracellular flux ana-
lyzer (Seahorse Bioscience) (43, 44). As shown in Fig. 4, the ba-
sal OCR in the mutant cybrids carrying only m.3866T>C, only
m.11778G>A, or both m.3866T>C and m.11778G>A muta-
tions were 82.9%, 79.1%, and 61.0%, respectively, relative to the
mean value measured in the control cybrids. To assess which of
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the enzyme complexes of the respiratory chain was perturbed
in the mutant cell lines, OCR was measured after the sequential
addition of oligomycin (inhibit the ATP synthase), carbonyl cy-
anide p-(trifluoromethoxy) phenylhydrazone (FCCP; to uncou-
ple the mitochondrial inner membrane and allow for maximum
electron flux through the electron transport chain), rotenone
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Figure 3. Defective stability and activity of complex I. A, in-gel activity of complexes |, II, and IV. Twenty micrograms of mitochondrial proteins from various
mutant and control cell lines was used for BN-PAGE, and the activities of complexes were measured in the presence of specific substrates (NADH and NTB for
complex |, sodium succinate, phenazine methosulfate, and NTB for complex II, and DAB and cytochrome ¢ for complex IV). B, quantification of in-gel activities of
complexes|, Il, and IV. The calculations were based on three independent determinations in each cell line. C—F, Enzymatic activity of respiratory chain complexes.
The activities of respiratory complexes |, I, lll, and IV were investigated by enzymatic assay on complex | (O), Il (D), Ill (E), and IV (F) in mitochondria isolated from
various cell lines. The calculations were based on three independent determinations. Graph details and symbols are explained in the legend to Fig. 1.

(to inhibit complex I), and antimycin (to inhibit complex III).
The difference between the basal OCR and the drug-insensitive
OCRyielded an amount of ATP-linked OCR, proton leak OCR,
maximal OCR, reserve capacity, and nonmitochondrial OCR.
As shown in Fig. 4, the ATP-linked OCR, proton leak OCR,
maximal OCR, reserve capacity, and nonmitochondrial OCR in
mutant cybrids carrying both m.3866T>C and m.11778G>A
mutations were 53.2%, 151.2%, 41.4%, 13.4%, and 73.5%,
respectively, those in mutant cybrids carrying only the
m.3866T>C mutation were 77.1%, 151.2%, 82.7%, 82.3%, and
96.5%, respectively, and those in mutant cybrids carrying only
the m.11778G>A mutation were 69.8%, 186.9%, 61.0%, 35.1%,
and 86.1%, respectively, relative to the mean values measured
in the control cybrids.

Reductions in mitochondrial ATP production

To examine the capacity of oxidative phosphorylation, we
measured the levels of cellular and mitochondrial ATP produc-
tion using a luciferin/luciferase assay (44). Populations of
cells were incubated in the media in the presence of glucose
and 2-deoxy-D-glucose with pyruvate to inhibit the glycolysis.
As shown in Fig. 5, the levels of mitochondrial ATP production
(pyruvate and 2-deoxy-p-glucose) in the mutant cybrids
bearing only m.3866T>C, only m.11778G>A, and both
m.3866T>C and m.11778G>A mutations were 82.3%,
67.2%, and 43.2%, respectively, of average values of control

13228 J Biol Chem. (2020) 295(38) 1322413238

cybrids, whereas the levels of cellular ATP production (glu-
cose) in mutant cybrids were comparable with those meas-
ured in the control cybrids.

Alterations in mitochondrial membrane potential

The mitochondrial membrane potential (AW,,)) generated by
proton pumps (complexes I, III, and IV) is an essential com-
ponent in the process of energy storage during oxidative
phosphorylation (45, 46). We examined the levels of mito-
chondrial membrane potential (AW,,) in the mutant and
control cybrids using a fluorescence probe JC-10 assay sys-
tem. As shown in Fig. 6, the levels of the AW, in the mutant
cybrids carrying only the m.3866T>C mutation, only the
m.11778G>A mutation, or both the m.3866T>C and
m.11778G>A mutations were 79.9%, 75.7%, and 53.7% of
the mean values measured in the control cell lines. Con-
versely, the levels of AV, in mutant cell lines in the presence
of FCCP were comparable with those measured in the con-
trol cell lines.

The increase of ROS production

Mitochondrial ROS play a critical role in physiological con-
sequences (47). We next assessed ROS production in mutant
cybrid cell lines via flow cytometry, comparing baseline staining
intensity for each cell line to that upon oxidative stress to obtain
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2 X 10* cells of each cell line under basal conditions and then sequentially added to oligomycin (1.5 mm), carbonyl cyanide p-(trifluoromethoxy) phenylhydra-
zone (FCCP) (0.5 mm), rotenone (1 mm), and antimycin A (1 mm) at the indicated times to determine different parameters of mitochondrial functions. B, graphs
present the ATP-linked OCR, proton leak OCR, maximal OCR, reserve capacity, and nonmitochondrial OCR in mutant and control cell lines. Nonmitochondrial
OCR was determined as the OCR after rotenone/antimycin A treatment. Basal OCR was determined as OCR before oligomycin minus OCR after rotenone/anti-
mycin A. ATP-lined OCR was determined as OCR before oligomycin minus OCR after oligomycin. Proton leak was determined as basal OCR minus ATP-linked
OCR. Maximal OCR was determined as the OCR after FCCP minus nonmitochondrial OCR. Reserve capacity was defined as the difference between maximal
OCR after FCCP minus basal OCR. The average values of 4 determinations for each cell line are shown, and the horizontal dashed lines represent the average
value for each group. Graph details and symbols are explained in the legend to Fig. 1.

1 Control

a ratio corresponding to ROS generation (48, 49). Geometric both the m.11778G>A and m.3866T>C mutations were

mean intensity was recorded to measure the rate of mitoROS of
each sample. The relative levels of geometric mean intensity in
each cell line were calculated to delineate the levels of mitoROS
in mutant and control cells. As shown in Fig. 7, A and B, the lev-
els of ROS generation in the mutant cybrids carrying only the
m.3866T>C mutation, only the m.11778G>A mutation, and

SASBMB

119.3%, 122.1%, and 141.2% of the mean values measured in the
control cell lines. Furthermore, we examined the levels of cata-
lase and superoxide dismutase proteins (SOD1 and SOD2) in
mutant and control cell lines by Western blot analysis (47, 50).
As showed in Fig. 7, C and D, the marked increasing levels
of these proteins were observed in the mutant cybrids. In par-
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Figure 5. Measurement of cellular and mitochondrial ATP levels. ATP lev-
els from mutant and control cell lines were measure using a luciferin/lucifer-
ase assay. Mutant and control cell lines were incubated with 10 mm glucose
or 5 mm 2-deoxy-D-glucose plus 5 mm pyruvate to determine ATP generation
under mitochondrial ATP synthesis. Average rates of ATP level per cell line in
mitochondria are shown. A, ATP level in mitochondria. B, ATP level in total
cells. Five determinations were made for each cell line. The average values of
5 determinations for each cell line are shown. Graph details and symbols are
explained in the legend to Fig. 1.

ticular, the levels of catalase, SOD1, and SOD2 in mutant
cybrids carrying only the m.3866T>C mutation were 124.1%,
144.4%, and 177.6%, carrying only the m.11778G>A mutation
were 156.2%, 170.6%, and 237.8%, and carrying both
m.3866T>C and m.11778G>A mutations were 170.7%,
200.9%, and 272.2%, respectively, relative to the mean values
measured in the control cell lines.

Promoting apoptosis
Deficient activities of oxidative phosphorylation have been
linked to protection against certain apoptotic stimuli (19, 51).

13230 J Biol Chem. (2020) 295(38) 1322413238

To evaluate if the m.3866T>C and m.11778G>A mutations
affected the apoptotic processes, we examined the apoptotic
state of mutant and control cybrid cell lines by using Annexin
V/PI-based flow cytometry and Western blot analyses. As
shown in Fig. 84, the average ratio of Annexin V-positive cells
in the mutant cybrids carrying only the m.3866T>C mutation,
only the m.11778G>A mutation, and both m.11778G>A and
m.3866T>C mutations were 223.9%, 276.6%, and 330.4% of the
mean values measured in control cell lines. Furthermore, we
examined the levels of three apoptosis-activated proteins (cas-
pase 9, caspase 3, and poly-ADP-ribose polymerase [PARP]) in
mutant and control cell lines by Western blot analysis (52). As
shown in Fig. 8B, the markedly increasing levels of these pro-
teins were observed in the mutant cybrids. In particular, the
levels of cytochrome ¢, caspase 9, caspase 3, and PARP in mu-
tant cybrids carrying both m.3866T>C and m.11778G>A
mutations were 218.2%, 166.1%, 135.7%, and 193.4%, those in
cybrids carrying only the m.3866T>C mutation were 125.5%,
143.5%, 122.4%, and 134.5%, and those in cybrids carrying only
the m.11778G>A mutation were 185.7%, 154.5%, 127.9%, and
174.5% relative to the mean values measured in the control
cybrids, respectively (Fig. 8, C and D).

Alteration in mitophagy

The alterations in oxidative phosphorylation (OXPHOS) and
mitochondrial membrane potential affected the mitophagic re-
moval of damaged mitochondria (19, 53, 54). To investigate if
the m.3866T>C and m.11778G>A mutations regulated the
autophagy, the autophagic states of various mutant and control
cybrids were analyzed using both fluorescence-based cytome-
try and Western blotting assays. First, CYTO-ID® autophagy
detection kits were used with flow cytometry to examine the
degree of autophagy of mutant and control cell lines. As shown
in Fig. 9, A and B, significant shifts in the fluorescence peak
to high intensity occurred in the mutant cybrids compared
with those in control cybrids. The levels of autophagy in the
mutant cybrids harboring only the m.3866T>C mutation, only
the m.11778G>A mutation, and both m.11778G>A and
m.3866T>C mutations were 82.3%, 65.5%, and 55.4% of the
mean values measured in the control cybrids. To further evalu-
ate the effect of mtDNA mutations on mitophagy, we per-
formed a Western blot analysis using two markers: microtu-
bule-associated protein 1A/1B light chain 3B (LC3) and
sequestosome 1 (SQSTM1/p62) in various cell lines. LC3-11 is
recleaved by cysteine protease (Atg4B) following completion of
the autophagosome and recycled, whereas SQSTM1/p62, one
of the best-known autophagic substrates, interacts with LC3 to
ensure the selective delivery of these proteins into the autopha-
gosome (55). As shown in Fig. 9, C and D, the average levels
of LC3-II/I+II in the mutant cybrids carrying only the
m.3866T>C mutation, only the m.11778G>A mutation, and
both m.11778G>A and m.3866T>C mutations were 90.3%,
81.1%, and 79.6% of the mean values measured in the control
cybrids. Furthermore, the average levels of p62 in the mutant
cell lines carrying only the m.3866T>C mutation, only the
m.11778 G>A mutation, and both m.11778G>A and
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Figure 6. Mitochondrial membrane potential analysis. The mitochondrial membrane potential (AW ,,) was measured in mutant and control cybrid cell
lines using a fluorescence probe JC-10 assay system. The ratios of fluorescence intensities between excitation/emission of 490/590 nm and 490/530 nm (FLsgo/
FLs30) were recorded to delineate the AW, level of each sample. The geometric mean relative ratios of FLsgo/FLs30 between mutant and control cell lines were
calculated to reflect the level of AW,,.. A and C, flow cytometry images of cybrids WZC46 lacking the mtDNA mutation, WZ77-lI15 carrying only the m.3866T>C
mutation, WZ455-1119 carrying only the m.11778G>A mutation, and WZ449-IV5 bearing both m.3866T>C and m.11778G>A mutations without (A) and with
(C) FCCP. B and D, relative ratios of JC-10 fluorescence intensities at excitation/emission of 490/530 nm and 490/590 nm in the absence and presence of FCCP.
The average of 3-5 determinations for each cell line is shown. Graph details and symbols are explained in the legend to Fig. 1.

m.3866T>C mutations were 118.4%, 152.8%, and 180.1% of
the mean values measured in control cybrids.

Discussion
The pathogenicity of ND1 3866T>C mutation

In this present study, we further investigated the molecular
mechanism of LHON-associated ND1 3866T>C mutation.
The m.3866T>C mutation has been associated with LHON, ei-
ther together with the m.11778G>A mutation or in isolation
among Chinese families (15, 29). The incidences of the
m.3866T>C mutation were 0.6% in the cohorts of 1793
Chinese probands with LHON. The occurrence of the
m.3866T>C mutation in these genetically unrelated pedigrees
affected by LHON and differing considerably in their mtDNA
haplotypes (C4a, D4, G2, M10, H2, and R) strongly indicated
that this mutation is involved in the pathogenesis of LHON
(15, 29). However, 5 pedigrees carrying only m.3866T>C did
not have a family history of optic neuropathy. The extremely
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lower penetrance of LHON in these families carrying only the
m.3866T>C mutation was comparable with those in Chinese
families bearing only one LHON-associated mtDNA mutation
(s), including m.3394T>C, m.14502T>C, m.12338T>C,
m.11778G>A, or m.14484T>C (26, 27, 56-59).

The m.3866T>C (1187T) mutation changed a conserved ty-
rosine at position 187 with isoleucine in ND1, which is an
essential subunit of complex I (29, 60). Complex I is composed
of 45 subunits, including 7 subunits encoded by mtDNA and 38
subunits encoded by nuclear genes. These subunits are organ-
ized into six modules, Q, ND1, ND2, ND4, ND5, and N, with
the help of specific assembly factors that begin to assemble sep-
arately and ultimately combine to form the complex I holocom-
plex in the inner membrane of mitochondria (30-32). Based on
the cryo-EM structure of mammalian complex I, the hydropho-
bic side chain of 1187 forms the hydrophobic interaction with
lipids in ND1. The substitution of hydrophobic isoleucine at
position 187 for the hydrophilic threonine by the m.3866T>C
mutation in ND1 may destabilize these interactions, thereby

J. Biol. Chem. (2020) 295(38) 13224-13238 13231
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Figure 7. Measurement of mitochondrial ROS. The rates of ROS generation by mitochondria in living cells from mutant and control cell lines were analyzed
by a Novocyte flow cytometer (ACEA Biosciences) using the mitochondrial superoxide indicator MitoSOX-Red (5 mm). A, flow cytometry histogram showing
MitoSOX-Red fluorescence of various cell lines. B, relative ratios of MitoSOX-Red fluorescence intensity. The average of 4 determinations for each cell line is
shown. C, Western blot analysis of three antioxidative enzymes. Twenty micrograms of total proteins from various cell lines was electrophoresed, electroblot-
ted, and hybridized with catalase, SOD1, and SOD2 antibodies and with GAPDH as a loading control. D, quantification of Sod2, Sod1, and catalase. Average rel-
ative values of Sod2, Sod1, and catalase were normalized to the average values of GAPDH in various cell lines. The values for the latter are expressed as
percentages of the average values for the control cell lines. The average of three independent determinations for each cell line is shown. Graph details and

symbols are explained in the legend to Fig. 1.

altering the structure and function of complex I. In this investi-
gation, the instability of mutated ND1 was evidenced by the
reduced levels of ND1 observed in cybrid cell lines bearing
only the m.3866T>C mutation and both m.3866T>C and
m.11778G>A mutations. However, the m.3866T>C mutation
did not affect the expression of other subunits of complex I,
such as NDUFA3, NDUFAS, and NDUFA13, which interacted
with ND1. The mutated ND1 indeed perturbed the assembly of
complex I, as in the case of m.14502T>C or m.3394T>C to-
gether with m.11778G>A mutations (26, 27). Both instability
of ND1 and altered assembly of complex I were responsible for
20% reductions in the activity of complex I observed in cybrids
carrying only the m.3866T>C mutation. Furthermore, the
m.3866T>C mutation yielded reduced rates in the basal OCR
and ATP-linked OCR in mutant cybrid cell lines. These respira-
tory deficiencies would lead to an impaired ATP synthesis,
alterations in the mitochondrial membrane potentials, and
increasing production of oxidative reactive species (61, 62). In
the present study, there was a very significant correlation

13232 J Biol. Chem. (2020) 295(38) 1322413238

between the reduced levels of complex I activity, mitochondrial
ATP production, mitochondrial membrane potentials, and the
increasing rates of ROS production (p < 0.01) in the control
and mutant cybrids harboring the m.3866T>C mutation. This
correlation is clearly consistent with the important role that the
defective activity of complex I in the mutant cell lines carrying
m.3866T>C mutation plays in producing mitochondrial dys-
function for the development of LHON.

Mitochondrial dysfunctions and overproduction of ROS by
LHON:-associated mtDNA mutations often induced mito-
chondrion-dependent apoptotic death and defective mitophagy
(19, 62, 63). In this study, the m.3866T>C mutation promoted
the apoptotic process, evidenced by elevated release of cyto-
chrome c into cytosol and increased levels of apoptosis-acti-
vated proteins: caspase 9, caspase 3, and poly-ADP-ribose poly-
merase in the cybrid cell lines carrying the m.3866T>C
mutation. Moreover, we also documented the involvement of
m.3866T>C mutation in decreased mitophagy, as shown by
reduced levels of autophagy protein LC3 and accumulation of
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Figure 8. Analysis of apoptosis. A, Annexin V/Pl apoptosis assay by flow cytometry. Cells were harvested and stained with Annexin V and 1 ul of propidium
iodide. The percentage of Annexin V-positive cells then was assessed. B, relative Annexin V-positive cells from various cell lines. Three independent determina-
tions were done in each cell line. C, Western blot analysis of four apoptosis-activated proteins. Twenty micrograms of total proteins from various cell lines was
electrophoresed, electroblotted, and hybridized with caspases 9 and 3 and PARP antibodies, with GAPDH as a loading control. D, quantification of four apo-
ptosis-activated proteins. Three independent determinations were done in each cell line. Graph details and symbols are explained in the legend to Fig. 1.

autophagic substrate p62, as in the cases of other LHON-linked
mtDNA mutations (19, 53, 54). These data demonstrated the
direct link between mitochondrial dysfunction caused by com-
plex I mutation and apoptosis or mitophagy. However, the
extremely low penetrance of LHON and mild mitochondrial
dysfunction strongly suggested that the m.3866T>C mutation
is the primary factor underlying the development of LHON but
is insufficient to produce a clinical phenotype. The additional
hereditary or environmental factors are necessary for the phe-
notypic expression of m.3866T>C mutation.

The synergy effect of m.3866T>C mutation on the phenotypic
expression of the LHON-associated m.11778G>A mutation

Mitochondrial genetic backgrounds, such as specific mtDNA
variants, may act as genetic modifiers to increase the pheno-
typic expression of the m.11778G>A mutation (24-28, 64).
The average penetrances of optic neuropathy of 4 pedigrees
harboring both m.3866T>C and m.11778G>A mutations
exhibited levels significantly higher than those in 6 families car-
rying only the m.3866T>C mutation and other pedigrees har-
boring only the m.11778G> A mutation. (14, 15, 29, 58). These
observations strongly suggested that the m.3866T>C mutation
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increases the expression of optic neuropathy in these families
carrying the m.11778G>A mutation, as in the cases of
m.4216T>C and m.13708 G>A mutations in European fam-
ilies and m.4435A>G, m.3394T>C, m.15951A>G, and
m.14502T>C mutations in other Chinese pedigrees (11,
24-27, 64).

These cybrid cell models, with identical nuclear back-
ground and mtDNA haplogroup, allow us to evaluate the
biochemical consequences because of specific mtDNA muta-
tions. In fact, m.11778G>A only altered the stability of ND4 but
not other subunits, such as ND5, NDUFS2, NDUFB4, NDUFB5,
NDUFBS, and NDUFB11, that interacted with ND4. As a result,
m.11778G>A mutation conferred a mild reduction in the activity
of complex I (1618, 22, 23). In the present study, cybrid cell lines
bearing both m.3866T>C and m.11778G>A mutations exhib-
ited more severe mitochondrial dysfunctions than those in the
cells carrying only the m.11778G>A or m.3866T>C mutation.
In particular, the cell lines carrying both m.3866T>C and
m.11778G>A mutations exhibited more unstable complex I
than those bearing only the m.3866T>C or m.11778G>A muta-
tion. As a result, the m.3866T>C mutation aggravated the
biochemical defects caused by the m.11778G>A mutation,

J. Biol. Chem. (2020) 295(38) 13224-13238 13233
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Figure 9. Analysis of mitophagy. A, flow cytometry histograms showing fluorescence of 6 mutant and 2 control cybrids using a CYTOID® autophagy detec-
tion kit. Cells were incubated with DMEM in the absence and presence of rapamycin (inducers of autophagy) and chloroquine (lysosomal inhibitor) at 37 °C for
18 h, added to CYTO-ID®-Green dye, and analyzed using a Novocyte flow cytometer (ACEA Biosciences). B, relative fluorescence intensity from various cell
lines. Three independent determinations were done in each cell line. C, Western blot analysis for mitophagic response proteins LC3-I/(I+11) and P62. Twenty
micrograms of total cellular proteins from various cell lines was electrophoresed, electroblotted, and hybridized with LC3 and p62, with GAPDH as a loading
control. D, quantification of autophagy markers LC3 I/ll and p62 in mutant and control cell lines, determined as described elsewhere (19). Four independent
determinations were done in each cell line. Graph details and symbols are explained in the legend to Fig. 1.

including the defective activity of complex I, decreases of mito-
chondrial ATP production and mitochondrial membrane poten-
tials, and increasing production of ROS. In particular, the 57%
decreases in the mitochondrial ATP production observed in the
cybrids bearing both m.3866T>C and m.11778G>A mutations
were below a proposed threshold level, which is 50% of control
levels in the mitochondrial ATP, to develop a clinical phenotype
(23, 65, 66). In particular, RGCs require the highest-ATP-demand
cells in the retina (67, 68). Therefore, the retinal ganglion cells
carrying both m.3866T>C and m.11778G>A mutations may be
preferentially involved, because they are high-ATP-demand cells
and somehow are exquisitely sensitive to subtle imbalance in cel-
lular redox state or increased level of free radicals (1, 5, 6, 69-71).
Mitochondrial dysfunction affected the apoptotic sensitivity and
mitophagy of cells carrying the LHON-associated mtDNA muta-
tions (19, 53, 71). In the present investigation, the cell lines carry-
ing both m.3866T>C and m.11778G>A mutations exhibited
more apoptotic susceptibility than those carrying only the
m.3866T>C or m.11778G>A mutation. In particular, cell
lines carrying both m.3866T>C and m.11778G>A muta-
tions exhibited an increase of apoptosis and higher levels of
apoptosis-activated proteins cytochrome ¢, caspases 3 and
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9, and PARP than those in cell lines carrying only the
m.3866T>C or m.11778 G>A mutation. These data demon-
strated that m.3866T>C mutation elevated the apoptosis
induced by the m.11778G>A mutation. Mitophagy disposes
of damaged mitochondria and maintains the healthy mito-
chondrial population in the cells. The impairment of
OXPHOS and alteration of mitochondrial membrane
potential affected the mitophagic removal of damaged cells
(72, 73). In this study, the cell lines carrying both
m.3866T>C and m.11778G>A mutations exhibited more
increased levels of p62 than cells carrying only m.3866T>C
or m.11778G>A mutation, which indicated the preferential
accumulation of autophagic substrates, such as misfolded
proteins, leading to deleterious effects. Furthermore, more
severely decreased levels of LC3 were observed in cybrid cell
lines carrying both m.3866T>C and m.11778G>A muta-
tions than those in cell lines carrying only m.3866T>C or
m.11778G>A mutation, which suggested more decreases
in the capacity of the double mutant cells to generate auto-
phagosomes, thereby perturbing the autophagic degrada-
tion of ubiquitinated proteins. These data indicated that
m.3866T>C mutation worsened the defective mitophagy
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caused by the m.11778G>A mutation. The significant cor-
relation between severe biochemical phenotypes in these
mutants cybrids and higher penetrance of LHON in these
pedigrees harboring both m.11778G>A and m.3866T>C
mutation demonstrated that the m.3866T>C mutation
enhanced the penetrance and occurrence of optic neuropa-
thy in the Chinese families carrying both m.3866T>C and
m.11778G>A mutations. Therefore, our findings high-
lighted the critical role of m.3866T>C mutation in the
pathogenesis of LHON, manifested by sole mtDNA muta-
tion or its synergy with the m.11778 G>A mutation.

Experimental procedures
Families and subjects

A total of 1793 genetically unrelated Han Chinese subjects
with LHON were recruited from eye clinics across China, as
described previously (14, 15, 26). This study was in compliance
with the Declaration of Helsinki. Informed consent, blood sam-
ples, and clinical evaluations were obtained from all participat-
ing family members under protocols approved by the Ethic
Committees of Zhejiang University and Wenzhou Medical
University. A comprehensive history and physical examination
for these participating subjects were performed at length to
identify both personal or family medical histories of visual
impairment and other clinical abnormalities. The ophthalmic
examinations of probands and other members of these families
were conducted as detailed previously (24, 29). A total of 485
control DNA samples were obtained from adult Han Chinese
from the same area.

Mitochondrial DNA analysis

The mutational screening of the m.3866T>C mutation was
performed as detailed previously (15, 29). The entire mitochon-
drial genomes of 6 probands carrying only the m.3866T>C
mutation and 4 individuals harboring both the m.3866T>C
and m.11778G> A mutations were determined as detailed else-
where (74). The resulting sequence data were compared with
the updated consensus Cambridge sequence (GenBank acces-
sion number NC_012920) (36). The entire mtDNA sequences
of 11 pedigrees and 1 control subject were assigned to the mito-
chondrial haplogroups using the nomenclature described pre-
viously (35). An analysis for the presence and levels of
m.11778G>A and m.3866T>C mutations in mutant and con-
trol cell lines were carried out as described previously (23, 29).
The quantification of mtDNA copy numbers from different cell
lines was carried out as detailed elsewhere (73).

Cell lines and culture conditions

Lymphoblastoid cell lines derived from three probands
(WZ77-1115 harboring only m.3866T>C mutation, WZ455-
III9 bearing only m.11778G>A mutation, and WZ449-1V5 car-
rying both m.11778G>A and m.3866T>C mutations) and one
control individual, WZC46, were immortalized by transforma-
tion with the Epstein-Barr virus, as described elsewhere (75).
Lymphoblastoid cell lines were grown in RPMI 1640 medium
(Corning) supplemented with 10% fetal bovine serum. The
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143B. TK" cell line was grown in DMEM (containing 4.5 mg of
glucose and 0.11 mg pyruvate per ml), supplemented with 100
pg of BrdU per ml and 5% FBS. The mtDNA-less p°206 cell
line, derived from 143B.TK", was grown under the same condi-
tions as the parental line, except for the addition of 50 pg of uri-
dine/ml (34). Transformation by cytoplasts of mtDNA-less
p°206 cells was performed by using four immortalized lympho-
blastoid cell lines, as detailed previously (34, 76). The cybrids
derived from each donor cell line were analyzed for the pres-
ence and level of the m.3866T>C or m.11778G>A mutation
and mtDNA copy numbers as detailed elsewhere (24, 29, 76).
Two cybrids derived from each donor cell line with homo-
plasmy of mtDNA mutations and similar mtDNA copy num-
bers were used for the following biochemical characterization.
All cybrid cell lines were maintained in the same medium as the
143B. TK™ cell line.

Western blot analysis

Mitochondria were isolated from mutant and control cell
lines by following the protocol described elsewhere (77). West-
ern blot analysis was carried out by using total mitochondrial
proteins isolated from mutant and control cell lines, as detailed
elsewhere (44, 46). The first antibodies used for this investiga-
tion were from Proteintech Group (anti-VDAC1/2 [10866-1-
AP], ND1 [19703-1-AP], NDUFA3 [17257-1-AP], NDUFB1
[16902-1-AP], NDUFBS [14794-1-AP], NDUFB11 [16720-1-
AP], SOD1 [10269-1-AP], SOD2 [24127-1-AP], and GAPDH
[60004-1-Ig]), Abcam Biotechnology (ND4 [ab219822], ND5
[ab138136], catalase [ab52477], cytochrome c¢ [ab133504],
P62 [ab56416]), ABclonal Technology (NDUFA8 [A12118],
NDUFA13 [A5412], NDUFB4 [A13820], NDUFB5 [A8327],
NDUFS2 [A12858]), Cell Signaling Technology (PARP [9542],
caspase 3 [14420], caspase 9[9508], and LC3I/II [12741]), and
the secondary antibodies were from Beyotime Biotechnology
(peroxidase AffiniPure goat anti-rabbit IgG [A0208] and goat
anti-mouse IgG [A0216]). The protein signals were detected
using the ECL system (Millipore). Quantification of density in
each band was performed as detailed previously (22, 46).

BN gel electrophoresis

BN gel electrophoresis and in-gel activity assay were per-
formed by using mitochondrial proteins, as detailed elsewhere
(27, 38, 39).

Enzymatic assays

The enzymatic activities of complexes [, I, III, and IV in iso-
lated mitochondria were assessed by using Synergy H1 (Biotek,
Winooski, VT), as detailed previously (40-42, 78).

Measurements of oxygen consumption

The rates of oxygen consumption in cybrid cell lines were
measured with a Seahorse Bioscience XF-96 extracellular flux
analyzer (Seahorse Bioscience), as described elsewhere (43).
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ATP measurements

The cellular and mitochondrial ATP levels were analyzed by
the Cell Titer-Glo luminescent cell viability assay kit (Promega)
according to the modified procedures of the manufacturer (44).

Assessment of mitochondrial membrane potential

Basal level of mitochondrial membrane potential was exam-
ined with JC-10 assay kit-flow cytometry (Abcam) according to
the manufacturer's general recommendations, with some mod-
ifications, as detailed elsewhere (45, 46).

ROS measurements

The MitoSOX red mitochondrial superoxide indicator
(Thermo Fisher) was used for ROS measurements by following
the manufacturer's instructions, as detailed previously (48, 49).

Annexin V/PI apoptosis assay by flow cytometry

For discrimination of apoptotic and nonapoptotic cells by
Annexin V/PI staining, cells were harvested and stained with
Annexin V and 1 pl of propidium iodide (PI) (V13242, Ther-
moFisher Scientific) according to the manufacturer’s instruc-
tions. Each sample was detected by NovoCyte (ACEA Bioscien-
ces) and analyzed using NovoExpress software (79).

Analysis of autophagy

The fluorescence-based cytometry to analyze the level of
mitophagy was performed using the CYTO-ID® autophagy
detection kit (Enzo) as detailed elsewhere (80, 81).

Statistical analysis

All statistical analyses were performed using the unpaired,
two-tailed Student’s ¢ test contained in the GraphPad Prism 5
program (GraphPad Software) and Microsoft Excel (version
2016). A p value of <0.05 was considered statistically significant.

Data availability

Representative experiments are shown in the figures and
supporting information. Supplemental data include two tables
and one figure. For any additional information, please contact
the corresponding author.
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