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Abstract

Leber’s hereditary optic neuropathy (LHON) is the most common mitochondrial disease. Mitochondrial modifiers are
proposed to modify the phenotypic expression of primary LHON-associated mitochondrial DNA (mtDNA) mutations. In this
study, we demonstrated that the LHON susceptibility allele (m.14502T > C, p. 58I > V) in the ND6 gene modulated the pheno-
typic expression of primary LHON-associated m.11778G > A mutation. Twenty-two Han Chinese pedigrees carrying
m.14502T > C and m.11778G > A mutations exhibited significantly higher penetrance of optic neuropathy than those carrying
only m.11778G > A mutation. We performed functional assays using the cybrid cell models, generated by fusing mtDNA-less
p° cells with enucleated cells from LHON patients carrying both m.11778G > A and m.14502T > C mutations, only

m.14502T > C or m.11778G > A mutation and a control belonging to the same mtDNA haplogroup. These cybrids cell lines
bearing m.14502T > C mutation exhibited mild effects on mitochondrial functions compared with those carrying only
m.11778G > A mutation. However, more severe mitochondrial dysfunctions were observed in cell lines bearing both

TThe authors wish it to be known that, in their opinion, these authors contributed equally to this work.
Received: January 18, 2016. Revised: June 8, 2016. Accepted: June 21, 2016

© The Author 2016. Published by Oxford University Press.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

3613


http://www.oxfordjournals.org/

3614 | Human Molecular Genetics, 2016, Vol. 25, No. 16

m.14502T > C and m.11778G > A mutations than those carrying only m.11778G > A or m.14502T > C mutation. In particular,
the m.14502T > C mutation altered assemble of complex I, thereby aggravating the respiratory phenotypes associated with
m.11778G > A mutation, resulted in a more defective complex I. Furthermore, more reductions in the levels of mitochondrial
ATP and increasing production of reactive oxygen species were also observed in mutant cells bearing both m.14502T > C and
m.11778G > A mutation than those carrying only 11778G > A mutation. Our findings provided new insights into the patho-
physiology of LHON that were manifested by interaction between primary and secondary mtDNA mutations.

Introduction

Leber’s hereditary optic neuropathy (LHON) is the most com-
mon maternally inherited eye disease (1-4). LHON patients ex-
hibit severe visual impairment or even blindness by death of
retinal ganglion cells (3—4). Maternal transmission of LHON sug-
gested that mutations in mitochondrial DNA (mtDNA) are the
molecular bases of this disorder (5-7). More than 20 mtDNA mis-
sense mutations have been identified to contribute to LHON to
varying degrees (8). These mtDNA mutations included the pri-
mary mutations that by themselves can cause LHON and the
secondary mutations, which may interact with the primary mu-
tations to increase the probability of clinical expression (1,4). In
particular, ND1 m.3460G>A, ND4 m.11778G>A, and ND6
m.14484T > C, which involve genes encoding the subunits of re-
spiratory chain complex I, were the most prevalent primary mu-
tations (4,9,10). However, matrilineal relatives within and
among families carrying the same mtDNA mutation(s) exhibited
a wide range of penetrance and expressivity including severity,
age-of-onset and progression in visual impairment (4,11-14).
These suggest that the LHON-associated mtDNA mutation(s) is
the primary causative evident, but by itself is insufficient to pro-
duce a clinical phenotype. Therefore, additional genetic or envi-
ronmental determinants are necessary for the phenotypic
expression of LHON (4,15-18). In particular, the genetic evidence
suggest that the secondary mtDNA mutations such as
m.4216T > C, m.13708G > A, m.15257G > A and m.4435A > G mu-
tations may modulate the phenotypic manifestation of the
LHON-associated primary mtDNA mutations such as
m.11778G > A and m.14484T > C (4,15,19-22). However, the role
of these secondary mtDNA mutations in the LHON expression
remains poorly understood.

In this study, we investigated the pathophysiology of sec-
ondary ND6 m.14502T > C mutation in the LHON expression by
taking advantage of a large cohort of 1281 Chinese probands
with LHON (12,23,24,25). In this cohort, 438 individuals har-
boured the m.11778G > A (p.340R > H) mutation and 40 Chinese
probands carried the ND6 14502T >C (p.58I1>V) mutation
(23,24,26-28). Mutational screening of other known LHON-
associated mtDNA mutations showed that nine subjects carried
only the m.14502T > C mutation, while 31 probands harbored
the m.14502T > C and one additional mutation(s) (22 subjects
carrying m.11778G > A, 6 individuals harboring m.14484T >C, 1
subject having m.3640G>A and 2 probands bearing
m.3866T > C) (23,24,26-28). All nine probands carrying only
m.14502T > C mutation did not have a family history of LHON
(23,26). However, the average penetrances of LHON among 22
pedigrees harbouring both m.11778G > A and m.14502T > C mu-
tations were higher than those in families carrying only
m.14502T > C or m.11778G > A mutation (23,26-28). It was antici-
pated that m.14502T > C mutation may further deteriorate the
mitochondrial dysfunction associated with m.11778G > A muta-
tion, therefore increasing the penetrance and risk of LHON ex-
pression. To investigate the pathophysiological consequences
of m.14502T > C mutation, we used the cybrid cell models,

which were generated by fusing mtDNA-less p° cells with enu-
cleated cells from LHON patients carrying both m. 11778G > A
and 14502T > C mutations, only m.14502T >C or m.11778G > A
mutation and a control subject belonging to the same mtDNA
haplogroup (29,30). The resultant cybrid lines, which contain
the identical nuclear background and same mtDNA hapogroup,
allow us to analyze directly biochemical phenotypes due to spe-
cific mtDNA mutations. Using Western blot and blue native
polyacrylamide gel electrophoresis (BN-PAGE) analyses, we ex-
amined if the m.11778G>A and m.14502T > C mutations ex-
erted effects on the stability of ND4 and ND6 subunits and
assembly of complex I. These cell lines were then analyzed with
the enzymatic activities of electron transport chain complexes,
oxygen consumption ratio (OCR), membrane potential, ATP pro-
duction and generation of reactive oxygen species (ROS).

Results

Clinical and genetic evaluation of 37 Chinese families
with LHON

As a part of genetic screen program, we have recruited 1281 Han
Chinese families with LHON across China (23-25). These
Chinese pedigrees with LHON for this study consisted of 9 fami-
lies carrying only m.14502T >C mutation, 6 families carrying
only m.11778G>A mutation and 22 families carrying both
m.14502T >C and m.11778G>A mutations. Ophthalmologic
evaluation showed that all affected subjects exhibited the vari-
able severity and age at onset of optic neuropathy. As shown in
Table 1, the penetrance of visual impairment of nine families
carrying only m.14502T > C mutation ranged from 3.9 to 16.7%,
with an average of 7.9%. The affected matrilineal relatives
among these families consisted of 4 males and 5 females. The
penetrance of visual impairment of six families carrying only
m.11778G > A mutation varied from 11.8 to 25%, with an average
of 18.3%. The ratio between affected males/females was 1.47/1.
Of 283 matrilineal relatives of 22 families carrying both
m.14502T > C and m.11778G > A mutations, 54 males and 43 fe-
males developed the LHON phenotype. The penetrance of visual
impairment of 22 families carrying both m.14502T >C and
m.11778G > A mutations ranged from 9.1 to 75%, with an aver-
age of 34.3%. Thus, the average penetrance of families carrying
both m.14502T >C and m.11778G > A mutations was signifi-
cantly higher than those families carrying only m.14502T > C or
m.11778G > A mutation.

Mitochondrial DNA analysis

In previous investigations, we performed the sequence analysis
of mtDNA in four Chinese pedigrees carrying both m.11778G > A
and m.14502T > C mutations and three Chinese families har-
bouring only m.14502T> C mutation (25,26). In this study, we
performed the entire mtDNA sequence analysis in additional 7
probands carrying only m.14502T >C mutation, 6 probands
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Table 1. Summary of clinical and molecular data for 37 Chinese families with LHON
Pedigree  Ratio Average Matrilineal =~ Penetrance® (%) m.14502T>C m.11778A>G  Additional mtDNA
(affected male/  age-at-onset  relatives mutation mutation mutations haplogroup
female) (years) (affected)
WZ421 0:1 15 15(1) 6.67 Yes No m.7419G>A M10a
Wz422 1:0 12 22(1) 4.55 Yes No M10a
Wz423 0:1 9 9(1) 111 Yes No M10a
WZ424 1:0 14 10(1) 10 Yes No M10a
Wz425 0:1 11 20(1) 5 Yes No M10a
WZ426 1:0 6 26(1) 3.85 Yes No m.4812G>A M10a
WZ427 0:1 7 14(1) 7.1 Yes No M10a
Wz402° 1:0 2 6(1) 16.7 Yes No m.6828C>T Fla
Wz403®  0:1 30 16(1) 6.3 Yes No m.8296A>C H2
WZ428 1:0 16 6(1) 16.7 Yes Yes M10a
WZ429 1:1 18 13(2) 15.4 Yes Yes M10a
WZ430 1:2 13 17(6) 353 Yes Yes M10
WZ431 2:0 20 9(2) 22.2 Yes Yes H2
WZ432 1:0 14 10(1) 10 Yes Yes M10a
WZ433 31 30 7(4) 57.1 Yes Yes m.14596A>G  M10a
m.14617A>G
m.10844A>G
WZ434 1:0 35 15(1) 6.7 Yes Yes M10a
WZ435 5:1 18 24(6) 25 Yes Yes M10a
WZz436 1:0 19 11(1) 9.1 Yes Yes H2
Wz437 31 20 9(4) 44.4 Yes Yes M10a
WZ438 2:1 15 10(3) 30 Yes Yes m.3866T>C/ M10a
m.644A>G
m.8821T>G
WZ439 1:0 32 4(1) 25 Yes Yes M10a
WZ440 1:3 20 10(4) 40 Yes Yes B4a
Wz441 31 18 8(4) 50 Yes Yes M10a
WZ442 1:2 22 4(3) 75 Yes Yes m.644A>G M10a
WZ443 4:5 24 16(9) 56.3 Yes Yes M10a
Wz444 4:6 15 15(10) 66.7 Yes Yes m.11204T>C M10a
WZ50¢ 0:4 17 12(4) 333 Yes Yes M10a
WZzZ4044 1:1 20 14(8) 57.1 Yes Yes m.3866T>C M10a
wz405¢ 31 23 34(12) 35.3 Yes Yes M10a
Wz406¢ 1:3 25 15(4) 26.7 Yes Yes m.7598G>A M7c2
m.9957T>C
wz407¢ 43 21 20(7) 35 Yes Yes M10a
WZ111 1:1 27 17(2) 11.8 No Yes D5a
Wz112 1:1 21 10(2) 20 No Yes D5b1
WZz113 0:3 16 12(3) 25 No Yes B5a
WZ114 3:0 17 20(3) 15 No Yes m.1095T>C M11
Wz115 4:0 20 19(4) 21.1 No Yes D5a’b
WZ116 1:1 21 12(2) 16.7 No Yes A

“Penetrance = affected matrilineal relatives/total matrilineal relatives.
®Zhao et al. (2009) (ref.26).

“Qu et al.(2010) (ref.28).

dZhang et al.(2010)(ref.27).

harbouring only m.11778G > A mutation and 17 probands carry-
ing both m.14502T > C and m.11778G > A mutations. In addition
to the known m.14502T> C and m.11778G > A mutations, these
probands, as shown in Supplementary Material, Table S1, ex-
hibited distinct sets of mtDNA polymorphisms including 223
known and 2 novel variants. The mtDNAs from 31 Chinese fam-
ilies (9 carrying only m.14502T >C mutation, and 22 carrying
both m.14502T > C and m.11778G > A mutations) were distrib-
uted among M10a (25 families), H2 (3 pedigrees), M7c (1 family),
Fla (1 family) and B4a (1 family) haplogroups, respectively
(31,32). On the other hand, six families carrying only m.
11778G > A mutation belonged to the haplogroups D5, B5, M11
and A, respectively. The phylogenetic tree including 31 Chinese

pedigrees carrying the m.14502T > C mutation and six Chinese
families carrying the m.11778G>A mutation is shown in
Supplementary Material, Figure 1.

These mtDNA variants included 66 in the D-loop region, 10
in the 12S rRNA, 5 in the 16S rRNA, 593T > C and 644A > G muta-
tions in the tRNAFP® 5824G>A mutation in the tRNA®YS,
8296A > G mutation in the tRNAMS, 14693A > G mutation in the
tRNA®, 15900T > C, 15902A > G and 15924A > G in the tRNA™,
9bp deletion in the NC7 region, and 89 silent and 45 misense
mutations the genes encoding polypeptides (8). These variants
in RNAs and polypeptides were evaluated by phylogenetic anal-
ysis of these variants and sequences from 17 vertebrates
(Supplementary Material, Table S1). These variants were further
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evaluated for the presence of 100 control subjects and potential
structural and functional alterations. Of these, 14 variants ex-
hibited the following criteria: 1) absent in the 100 Chinese con-
trols and <1% in the 2704 mitochondrial genomes (33). (2)
evolutional conservation among 17 vertebrates (conservation
index >75% proposed by Wallace et al.) (34); (3) potential struc-
tural and functional alterations. As shown in Table 1, the known
LHON-associated ND1 3866T > C and ND4 11204T > C mutations
and tRNA™"® 644A > G mutation were co-segregated with both
m.11778G>A and m.14502T >C mutations in the pedigrees
WZ442, WZ444 and WZ404 with higher penetrance of LHON
(23,24,27,35). Two or three variants were present in pedigrees
carrying m.11778G > A and m.14502T > C mutations: pedigrees
WZ433 (m.14596A > G, m.14617A > G and m.10844A > G), WZ438
(m.3866T >C, m.644A>G and m.8821T >G) and WZ406 (m.
7598G > A and m.9957T > C). Furthermore, tRNA™S 8296A > G,
m.4812G > A, m.6828C > T, m.7419G > A, m.9053G > A, 8821T > G
variants were present in probands carrying only m.14502T > C
mutation. Moreover, 12S rRNA 1095T > C mutation coexisted
with m.11778G > A mutation in the pedigree WZ114. These sug-
gest that these mtDNA variants may play a role in the pheno-
typic manifestation of m.11778G>A and m.14502T >C
mutations.

Generation of cell lines from three Chinese pedigrees
with LHON

To gain the functional evidence that the m.14502T > C mutation
plays a role in the phenotypic manifestation of m.11778G > A
mutation, we used three representative Chinese pedigrees with
LHON (WZ113 pedigree carrying only m.11778G > A mutation,
WZ403 pedigree bearing only m.14502T > C mutation, WZ440
pedigree harboring both m.11778G > A and m.14502T > C muta-
tions; and all three lacking functional significant variants) for
the biochemical characterization (Fig. 1). Immortalized lympho-
blastoid cell lines were derived from three probands (WZ113-1V-
3 carrying only m.11778G > A mutation, WZ403-1I-12 carrying
only m.14502T >C mutation, WZ440-III-6 carrying both
m.11778G > A and m.14502T > C mutations; all three between
30-40 years) belonging to the mtDNA haplogroups B4, BS, re-
spectively and one genetically unrelated control individual A20
belonging to the mtDNA haplogroup B5 (male, 35 years). These
lymphoblastoid cell line were enucleated, and subsequently
fused to a large excess of mtDNA-less human p°206 cells and
the cybrid clones were isolated by growing in selective DMEM
medium (27,36). The cybrids derived from each donor cell line
were analyzed for the presence and level of the m.11778G > A or
m.14502T > C mutation and mtDNA copy numbers. The results
confirmed the absence of the mtDNA mutations in the control
clones and their presence in homoplasmy in all cybrids derived
from the mutant cell lines (data not shown). Three cybrids de-
rived from each donor cell line with similar mtDNA copy num-
bers were used for the biochemical characterization described
below.

Reductions in levels of ND4 and ND6 proteins

To test the predicted effects of m.14502T > C, p.58] > V mutation
on ND6 and m.11778G > A, p.340R > H mutation on ND4, we ana-
lyzed the levels of ND4, ND6, and ND1 proteins by Western blot-
ting using total mitochondrial proteins in cell lines carrying
only m.11778G > A mutation, only m.14502T > C mutation, or
both m.14502T > C and m.11778G > A mutations and control cell

WZ403
I 1 2
i 1 2 3 4 5 6 7 8 9 |10 11m12 13 |14
1 2 3 4 5 6 T 8 9
m.14502T=C
WZ113 WZ440

II
III
v
1 2A3
m.11778G>A m.11778G>A+m.14502T>C

Figure 1. Three Chinese pedigrees with LHON. Vision-impaired individuals are
indicated by blackened symbols.

lines with VDAC (a nuclear gene encoding mitochondrial pro-
tein) as a loading control. As shown in Figure 2, the levels of
ND6 in mutant cell lines carrying only m.14502T >C,
m.11778G > A, or both m.14502T >C and m.11778G > A muta-
tions were 60.10, 60.27 and 42.83%, relative to the average con-
trol values. Furthermore, the levels of ND4 in mutant cell lines
carrying only m.14502T >C, m.11778G > A, both m.14502T >C
and m.11778G > A mutations were 83.7, 89 and 61.7%, relative to
the average control values, respectively. However, the levels of
ND1 in mutant cell lines were comparable to those in control
cell lines.

Defects in complex I assembly

To examine if m.14502T > C and m.11778G > A mutations affect
the complex I assembly, mitochondrial membrane proteins iso-
lated from mutant and control cell lines were separated by blue
native polyacrylamide gel electrophoresis. Complex I was then
detected with NDUFA13 antibody (a nuclear encoded complex I
subunit) and VDAC was used as loading control. As shown in
Figure 3, the m.14502T > C and m.11778G > A mutations altered
the assembly of intact complex I. In particular, the levels of
supercomplexes carrying the complex I in mutant cell lines car-
rying only m.11778G>A, only m.14502T>C, and both
m.14502T > C and m.11778G > A mutations were 63.1, 65.8 and
46.4%, relative to the average control values. These data sug-
gested that these cell lines carrying both m.14502T >C and
m.11778G > A mutations led to more unstable complex I than
those cell lines carrying the only single mutation.

Reduced activity of complex I

To investigate the effect of the m.14502T > C and m.11778G > A
mutations on oxidative phosphorylation, we measured the ac-
tivities of respiratory complexes in isolating mitochondria from
mutant and control cell lines. Complex I (NADH ubiquinone oxi-
doreductase) activity was determined by following the oxida-
tion of NADH with ubiquinone as the electron acceptor (37).
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Figure 2. Western blot analysis of mitochondrial proteins. (A) 5 ug of mitochondrial proteins from various cell lines were electrophoresed through a denaturing poly-
acrylamide gel, electroblotted and hybridized with three respiratory complex subunits in mutant and control cell lines with VDAC as a loading control. ND1, ND4, and
ND6, subunits 1, 4 and 6 of the reduced nicotinamide-adenine dinucleotide dehydrogenase. (B) Quantification of three complex I subunits. The levels of ND1, ND4, and
ND6 in mutant and control cell lines were determined as described elsewhere (38). 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.

Complex III (ubiquinone cytochrome c oxidoreductase) activity
was measured as the reduction of cytochrome c (III) using
D-ubiquinol-2 as the electron donor. Complex IV (cytochrome c
oxidase) activity was monitored by following the oxidation of
cytochrome c (II). As shown in Figure 4, the activity of complex I
in mutant cell lines carrying only m.14502T >C, only
m.11778G > A and both m.14502T >C and m.11778G > A muta-
tions were 72.8, 44.5 and 27.4%, relative to the average control
values, respectively. However, the activities of complex II, III
and IV in mutant cell lines were comparable to those of three
control cell lines.

Respiration defects

To evaluate if m.14502T > C and m.11778G > A mutations alter
cellular bioenergetics, we examined the oxygen consumption
rates (OCR) of mutant and control cell lines. As shown in Figure 5,
the basal OCR in the mutant cell lines carrying only
m.14502T > C, only m.11778G>A or both m.14502T >C and
m.11778G > A mutations was 81.5, 57.2 and 34.3%, relative to the
mean value measured in the control cell lines, respectively. To
investigate which of the enzyme complexes of the respiratory
chain was affected in the mutant cell lines, OCR was measured
after the sequential additions of oligomycin (to inhibit the ATP
synthase), FCCP (to allow for maximum electron flux through the
ETC), rotenone (to inhibit complex I) and antimycin (to inhibit
complex III). The difference between the basal OCR and the

drug-insensitive OCR yielded the amount of ATP-linked OCR, pro-
ton leak OCR, maximal OCR, reserve capacity and non-
mitochondrial OCR. As shown in Figure 5, we found the ATP-
linked OCR, proton leak OCR, maximal OCR, reserve capacity and
non-mitochondrial OCR in mutant cell lines carrying both
m.14502T > C and m.11778G > A mutations were 18.8, 23.3, 27.6,
19.3 and 79.1%, those cell lines carrying only m.14502T > C were
85, 57.3, 66.35, 29.7 and 98.5%, cell lines carrying only
m.11778G > A mutations were 70, 20.4, 44.8, 18.4 and 72.4%, rela-
tive to the mean value measured in the control cell lines,
respectively.

Reductions in mitochondrial ATP production

The capacity of oxidative phosphorylation in mutant and wild
type cell lines was examined by measuring the levels of cellular
and mitochondrial ATP using a luciferin/luciferase assay. Cells
were incubated in the media in the presence of glucose, and 2-
deoxy-D-glucose with pyruvate (38,39). The levels of ATP pro-
duction in mutant cells in the presence of glucose (total ATP
production) were comparable to those measured in the control
cell lines (data now shown). As shown in Figure 6, in the pres-
ence of pyruvate and 2-deoxy-D-glucose to inhibit the glycolysis
(mitochondrial ATP production), the levels of ATP production in
the mutant cell lines harbouring only m.14502T >C, only
m.11778G > A, both m.14502T > C and m.11778G > A mutations
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Figure 3. Analysis of complex I assembly. (A). Respiratory complex assembly and in-gel activity assay. Whole cells were solubilized with n-dodecyl-$-D-maltoside
(DDM) and then subjected to BN-PAGE/immunoblot analysis. Blots were hybridized with anti-NDUFA13 antibody and VDAC as internal control. SC: supercomplex con-
taining complex I. (B). Quantification of supercomplex containing complex I. The levels of supercomplex containing complex I in mutant and control cell lines were de-
termined as described elsewhere (51). The calculations were based on three independent determinations in each cell line. Graph details and symbols are explained in

the legend of Figure 2.
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Figure 4. Enzymatic activities of respiratory chain complexes. The activities of
respiratory complexes were investigated by enzymatic assay on complexes I, II,
111, and IV 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 Figure 2.

were 78.5, 55 and 39.3% of average value of three cybrid control
cell lines, respectively.

Decrease in mitochondrial membrane potential

The mitochondrial membrane potential (A,) changes were
measured in mutant and control cell lines using a fluorescence

probe JC-10 assay system. The ratios of fluorescence intensities
Ex/Em =490/590 and 490/530nm (FLsgo/FLs30) Were recorded to
delineate the A, level of each sample. The relative ratios of
FLsoo/FLs3o geometric mean between mutant and control cell
lines were calculated to represent the level of A, As shown in
Figure 7A, the levels of the A, in the mutant cell lines carrying
only m.14502T > C, only m.11778G > A or both m.14502T > C and
m.11778G > A mutations were 80.8, 68.2 and 46.4%, as compared
with the mean value measured in the control cell lines. In con-
trast, as shown in Figure 7B, the levels of A, in mutant cells in
the presence of FCCP were comparable to those measured in the
control cell lines.

The increase of ROS production

The levels of the ROS generation in the cells derived from con-
trol and mutant cell lines were measured with flow cytometry
under normal and H,0, stimulation (40). Geometric mean inten-
sity was recorded to measure the rate of ROS of each sample.
The ratio of geometric mean intensity between unstimulated
and stimulated with H,0, in each cell line was calculated to de-
lineate the reaction upon increasing levels of ROS under oxida-
tive stress. As shown in Figure 8, the levels of ROS generation in
the mutant cell lines carrying only m.14502T >C, only
m.11778G > A mutation, both m.11778G > A and m.14502T > C
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tions for each cell line were shown, the horizontal dashed lines represent the average value for each group. Graph details and symbols are explained in the legend to

Figure 2.

mutations were 105.5, 113.5 and 147.9% of three control cell
lines.

Discussion

The secondary LHON-associated mtDNA mutations were pro-
posed to increase the susceptibility to LHON-associated mtDNA
mutations such as m.11778G>A mutation (4,7,13,20,22,41).
Using genetic and molecular approaches, in combination with
functional assays, we demonstrated that the LHON susceptibil-
ity allele (m.14502T > C, p.581> V) in the ND6 gene modulates for
the phenotypic expression of the primary m.11778G > A muta-
tion. The m.14502T > C mutation resulted in the substitution of
a conserved isoleucine for valine (p.58Ile >Val) at amino acid
position 58 in ND6, which is an essential subunit of complex I

(37). The occurrence of m.14502T > C mutation in some geneti-
cally unrelated pedigrees affected by LHON and differing con-
siderably in their mtDNA haplotypes (M10, B4, B5, H2, M7)
suggested that this mutation is involved in the pathogenesis of
the disorder (23,26-28,42-44). In fact, the average penetrance of
optic neuropathy in all nine Chinese families carrying only
m.14502T > C mutation were much lower than those in these
pedigrees bearing only m.11778G > A mutation (4,14,22,45,46).
Strikingly, the average penetrance of visual impairment of 22
Chinese families carrying both m.14502T > C and m.11778G > A
mutations exhibited significantly higher than average pene-
trance of optic neuropathy in those families (European and
Asian origins) carrying only m.11778G>A mutation
(4,11,14,24,46). However, nuclear modifier genes or other
mtDNA mutations such as m.3866T > C may also contribute to
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Figure 6. Measurement of cellular and mitochondrial ATP levels. Mutant and
control cell lines were incubated with 10 mM glucose or 5 mM 2-deoxy-d-glucose
plus 5mM pyruvate to determine ATP generation under mitochondrial ATP syn-
thesis. Average rates of ATP level per cell line in mitochondria are show. Six to
seven determinations were made for each cell line. Graph details and symbols
are explained in the legend to Figure 2.

the phenotypic manifestation of LHON-associated mtDNA mu-
tations in some of these families (17,22,47). Furthermore, the
other Chinese families bearing m.14502T > C mutation with the
m.3640G > A, m.3635G > A, m.3866T > C or m.14484T > C muta-
tion had relatively higher penetrance of optic neuropathy, as
compared with those families carrying only one of primary
mtDNA mutations (13,23,28,36,42-44,48). These observations
strongly suggested that the m.14502T > C mutation may in-
crease the expression of optic neuropathy in these families car-
rying the primary mtDNA mutations, as in the cases of
m.4216T > C and m.13708G > A mutations in European families
(16,21) and m.4435A > G and m.15951A > G mutations in other
Chinese pedigrees (22,47).

It was anticipated that the m.14502T > C mutation altered
the structure and function of NADH dehydrogenase (complex I),
thereby worsening mitochondrial dysfunction associated with
m.11778G > A mutation. In the present investigation, functional
significance of m.14502T > C mutation was evaluated by using
cybrid cell lines derived mutant and control subjects belonging
to very similar mtDNA haplotypes B4 and BS. Cybrids cell lines
bearing only m.14502T > C mutation exhibited only mild effect
on mitochondrial function as in the cases of other LHON-associ-
ated mtDNA mutations (17,35,49,50). However, more severe mi-
tochondrial dysfunctions were observed in cybrids cell lines
bearing both m.14502T > C and m.11778G > A mutations than
those carrying only m.11778G > A or m.14502T >C mutation.
The primary defects of m.11778G > A and m.14502T > C muta-
tions altered the structure and function of NADH dehydroge-
nase (complex I). The instability of mutated ND6 and ND4 was
evidenced by the reduced levels of ND6 and ND4 observed in
cell lines carrying only m.14502T > C or m.11778G > A and both
m.14502T >C and m.11778G > A mutations. The defects in as-
sembly of complex I caused by the mutated ND6 and ND4 were
consistent within the previous observations that the primary
mtDNA mutation(s) affected the assemble of OXPHOS com-
plexes (20,51). Notably, the cell lines carrying both m.14502T > C
and m.11778G > A mutations exhibited more unstable complex I
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Figure 7. Mitochondrial membrane potential analysis. The mitochondrial mem-
brane potential (A¥,,) was measured in mutant and control cell lines using a
fluorescence probe JC-10 assay system. The ratio of fluorescence intensities Ex/
Em =490/590nm and 490/530nm (FLsgo/FLs30) Were recorded to delineate the
AY¥p, level of each sample. The relative ratios of FLsgo/FLs3o geometric mean be-
tween mutant and control cell lines were calculated to reflect the level of A,
Relative ratio of JC-10 fluorescence intensities at Ex/Em =490/530 nm and 490/
590nm in absence (A) and presence (B) of 10uM of carbonyl cyanide 3-chlorophe-
nylhydrazone (FCCP). The average of 3-5 determinations for each cell line is
shown. Graph details and symbols are explained in the legend to Figure 2.

than those bearing only m.14502T > C or m.11778G > A muta-
tion. The defects in the assembly of complex I were apparently
responsible for the respiratory phenotypes. As a result, the
m.14502T > C mutation worsens the respiratory phenotypes as-
sociated with m.11778G > A mutation. In this study, ~27 and
55% decrease in the activity of complex I were observed in these
mutant cell lines carrying only m.14502T >C or m.11778G > A
mutation, respectively. By contrast, 73% decreases of complex I
activity was observed in cell lines harbouring both
m.11778G > A and m.14502T > C mutations. Furthermore, the
m.14502T > C mutation further deteriorated the reduced rates in
the basal OCR, or ATP-linked OCR, reserve capacity and maximal
OCR in mutant cell lines carrying only m.11778G > A mutation.
The respiratory deficiency then affected the efficiency of mi-
tochondrial ATP synthesis. In this investigation, ~21.5 and 45%
decrease in mitochondrial ATP production were observed in
these mutant cell lines carrying only m.14502T>C or
m.11778G > A mutation, respectively. However, 60.6% reduction
of mitochondrial ATP production in mutant cell lines harbour-
ing both m.11778G>A and m.14502T >C mutations were
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Figure 8. Ratio of geometric mean intensity between levels of the ROS genera-
tion in the vital cells with or without H,0, stimulation. The rates of production
in ROS from mutant and control cell lines were analyzed by BD-LSR II flow cy-
tometer system with or without H,0, stimulation. The relative ratio of intensity
(stimulated versus unstimulated with H,0,) was calculated. The average of
three determinations for each cell line is shown. Graph details and symbols are
explained in the legend to Figure 2.
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comparable with those in lymphoblastoid cell lines bearing
both m.11778G > A and homozygous YARS2 p.191Gly > Val mu-
tations (17) and lymphoblastoid cell lines derived from a large
Chinese pedigree with high penetrance of LHON (39). As a result,
retinal ganglion cells harbouring both m.11778G>A and
m.14502T > C mutations may be particularly sensitive to in-
creased ATP demand. Furthermore, the deficient activities of re-
spiratory chain complexes often alter mitochondrial membrane
potentials, which is a key indicator of cellular viability (52).
Indeed, mitochondrial membrane potentials reflect the pump-
ing of hydrogen ions across the inner membrane during the pro-
cess of electron transport and oxidative phosphorylation (53). In
this study, 54, 32 and 19% reductions in mitochondrial mem-
brane potential was observed in mutant cell lines bearing both
m.11778G > A and m.14502T > C mutations, only m.11778G > A
or m.14502T > C mutation. The defects in mitochondrial mem-
brane potential may be due to significantly decreased efficiency
of respiratory chain-mediated proto extrusion for the matrix
(38,54,55). The impairment of both oxidative phosphorylation
and mitochondrial membrane potential would elevate the pro-
duction of reactive oxygen species (ROS) in mutant cells carry-
ing mtDNA mutations. Here, a relative mild reduction of ROS
production in the cybrid cell lines carrying only m.14502T > C or
m.11778G > A mutation was consistent with the previous obser-
vation in cybrid cell lines harbouring only m.11778G > A muta-
tion (56,57). However, a 48% increase of ROS production in cells
harbouring both m.11778G > A and m.14502T > C mutations was
comparable to 47% increase of ROS production in cells carrying
both m.11778G > A and homozygous YARS2 p.191Gly > Val mu-
tations (17). However, 2.5 fold more cellular hydroperoxide were
detected in neuronal NT2 cells carrying the m.11778G > A muta-
tion (58). This discrepancy is likely due to differentiation-
specific effects. The overproduction of ROS can establish a
vicious cycle of oxidative stress in the mitochondria, thereby
damaging mitochondrial and cellular proteins, lipids and nu-
clear acids (59). The retinal ganglion cells may be preferentially
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involved because they are somehow exquisitely sensitive to
subtle imbalance in cellular redox state or increased level of
free radicals (4,58,60). This would lead to dysfunction or apopto-
sis of retinal ganglion cells carrying both m.11778G>A and
m.14502T > C mutations, thereby producing a phenotype of op-
tic neuropathy (4,60).

In summary, our results provide the strongest evidence that
the m.14502T > C mutation modulates the phenotypic manifes-
tation of LHON-associated m.11778G>A mutation. The
m.14502T > C mutation can further deteriorate the defects in
the structure and function of complex I, associated with the pri-
mary m.11778G > A mutation. The resultant biochemical defects
worsen the mitochondrial dysfunction associated with
m.11778G > A mutation, thereby leading to the higher pene-
trance and occurrence of optic neuropathy in these Chinese
families carrying both m.14502T > C and 11778G > A mutations.
Thus, our findings may provide new insights into the patho-
physiology of LHON that were manifested by interaction be-
tween primary and secondary mtDNA mutations.

Materials and Methods

Families and subjects

These Chinese pedigrees with LHON for this study consisted of
9 families carrying only m.14502T > C mutation, 6 families car-
rying only m.11778G > A mutation and 22 families carrying
m.14502T > C and m.11778G > A mutations. A total of 100 con-
trol DNA samples lacking the m.11778G > A and m.14502T >C
mutations were obtained from adult Han Chinese from the
same area. The ophthalmic examinations and other clinical
evaluations of probands, other members of these families and
100 control subjects were conducted as detailed elsewhere
(13,14,23). Informed consent, blood samples, and clinical evalu-
ations were obtained from all participants and families, under
protocols approved by Ethic Committees of Zhejiang University
and Wenzhou Medical University and the Institutional Review
Board of Cincinnati Children’s Hospital.

Mitochondrial DNA analysis

The entire mitochondrial genomes of 7 probands carrying only
m.14502T >C mutation, 6 probands harbouring only
m.11778G>A mutation and 17 probands carrying both
m.14502T > C and m.11778G > A mutations were analyzed as de-
scribed elsewhere (61). The resulting sequence data were com-
pared with the updated consensus Cambridge sequence
(GenBank accession number: NC_012920) (62). The entire
mtDNA sequences of 37 pedigrees and 1 control subject were as-
signed to the mitochondrial haplogroups using the nomencla-
ture as described previously (31,32). An analysis for the
presence and levels of m.11778G > A and m.14502T > C muta-
tions in mutant and control cell lines were carried out as de-
scribed previously (22,26). The quantification of mtDNA copy
numbers from different cell lines was performed as detailed
elsewhere (63).

Cell lines and culture conditions

Lymphoblastoid cell lines derived from three probands (WZ113-
IV-3 carrying only m.11778G > A mutation, WZ403-II-12 carrying
only m.14502T >C mutation, WZ440-III-6 carrying both
m.11778G > A and m.14502T > C mutations) and one control in-
dividual A20 were immortalized by transformation with the
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Epstein-Barr virus, as described previously (64). Lymphoblastoid
cell lines were grown in RPMI 1640 medium (Invitrogen), supple-
mented with 10% fetal bovine serum. The 143B.TK™ cell line was
grown in DMEM (containing 4.5 mg of glucose and 0.11 mg pyru-
vate per ml), supplemented with 100 ug of BrdU per ml and 5%
FBS. The mtDNA-less p°206 cell line, derived from 143B.TK™
(29,36) was grown under the same conditions as the parental
line, except for the addition of 50 pg of wuridine/ml
Transformation by cytoplasts of mtDNA less p°206 cells was
performed by using four immortalized lymphoblastoid cell
lines, as detailed elsewhere (36,63). All cybrid cell lines were
maintained in the same medium as the 143B.TK" cell line.

Western blot analysis

Mitochondria were isolated from cell lines according to proce-
dures previously described (65). Western blotting analysis was
performed by using total mitochondrial proteins, as detailed
previously (38,55). The antibodies used for this investigation
were from Abcam [anti VDAC (ab14734), ND1 (ab74257), Santa
Cruz Biotechnology [ND4 (sc-20499-R) and ND6 (sc-20667)].
Peroxidase Affini Pure goat anti-mouse IgG and goat anti-rabbit
IgG (Jackson) were used as a secondary antibody and protein
signals were detected using the ECL system (CWBIO).
Quantification of density in each band was performed as de-
tailed previously (34).

Blue native gel electrophoresis

Blue native gel electrophoresis were carried out using mito-
chondrial proteins isolated from mutant and control cell lines,
as detailed elsewhere (51,66). The antibodies used for this inves-
tigation were from Sigma-Aldrich [anti-NDUFA13 (SAB1101649)
and Abcam [anti-VDAC (ab14734). Peroxidase Affini Pure goat
anti-mouse IgG and goat anti-rabbit IgG (Cell Signalling) were
used as a secondary antibody. Protein signals were detected us-
ing Super Signal West Pico Chemiluminescent Substrate
(Thermo Scientific, Waltham, USA) or 5-bromo-4-chloro-3-
indolyl-phosphate/nitro blue tetrazolium (BCIP/NBT) substrate
(Promega, Madison, USA). Quantification of density in each
band was performed as detailed previously (51,66).

Enzymatic assays

The enzymatic activities of complex I, II, IIl and IV were assayed
as detailed elsewhere (30,55,67).

Measurements of oxygen consumption

The rates of oxygen consumption in cybrid cell lines were mea-
sured with a Seahorse Bioscience XF-96 extracellular flux ana-
lyzer (Seahorse Bioscience), as detailed previously (38,68).

ATP measurements

The Cell Titer-Glo® Luminescent Cell Viability Assay kit
(Promega) was used for the measurement of cellular and mito-
chondrial ATP levels, according to the modified manufacturer’s
instructions (38,55).

Assessment of mitochondrial membrane potential

Mitochondrial membrane potential was assessed with JC-10
Assay Kit-Microplate (Abcam) following general manufacturer’s
recommendations with some modifications, as detailed else-
where (38).

ROS measurements

ROS measurements were performed as detailed previously
(38-39).

Computer analysis

Statistical analysis was carried out using the unpaired, two-
tailed Student’s t-test contained in the Microsoft-Excel program
or Macintosh (version 2007). Differences were considered signif-
icantata P <0.05.

Supplementary Material

Supplementary Material is available at HMG online.
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