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Abstract

Leber’s hereditary optic neuropathy (LHON) is a maternally inherited ocular disease which has been associated with three primary
mitochondrial DNA mutations: G3640A, G11778A, and T14484C. In this study, we clinically characterized a Chinese family with com-
plete penetrance of LHON. The patients in the family presented with variable clinical features. By direct DNA sequence analysis, we
identified both T14484C mutation and a nearby T to C variant at nucleotide 14502 of mitochondria DNA. The T14502C variant altered
I58 to V of the protein ND6, which was present in all patients of the family, but not in four unaffected family members and 200 normal
controls. The co-existence of both T14484C mutation and T14502C substitution in all patients from the same LHON family suggests that
T14502C may play a synergistic role with the primary mutation T14484C. The two variants together may account for the complete pen-
etrance and absence of marked gender bias and visual recovery in the Chinese LHON family although we cannot exclude the possibility
of simultaneous involvement of additional mitochondrial variant(s).
� 2008 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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1. Introduction

Leber’s hereditary optic neuropathy (LHON) is a rare,
maternally inherited neurodegenerative disease of young
adults, which leads to rapid, painless, bilateral loss of cen-
tral vision (Brown et al., 1995; Howell, 1997). LHON was
the first mitochondrial disease in which the mutations in
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mtDNA were identified (Went, 1999). The incidence of
LHON is approximately 1 in 50,000. The disease accounts
for about 3% of the blindness affecting young males (Jen-
son, 2000; Scheffler, 2001).

The sequence analysis of the mitochondrial genome of
families with LHON indicates that the majority of LHON
mutations occur in the NADH gene (ubiquinone oxidore-
ductase, ND) that encodes the complex I subunit of the
respiratory chain, making this respiratory complex specific
for development of LHON. Three primary mtDNA mis-
sense mutations, including G3640A, G11778A, and
T14484C that are located in the ND1, ND4, and ND6 sub-
unit genes, respectively, have been identified as being
responsible for LHON (Wallace et al., 1988; Brown
et al., 1995; Mackey et al., 1996; Mashima et al., 1998).
ch Society. All rights reserved.
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Approximately 95% of LHON cases were associated with
one of the three primary mutations (Man et al., 2004).
These primary mutations were not sufficient for develop-
ment of LHON and the secondary point mutations that
are relevant for the phenotypic expression of LHON
appear to have a synergistic, deleterious effect together with
the primary mutations.

Here, we report a Chinese family that presented with the
clinical features of LHON. We screened the proband in the
family for the presence of one of the three primary LHON
mutations. Direct DNA sequence analysis identified the
T14484C mutation as well as another nearby T to C vari-
ant at position 14502 of mtDNA. The T14502C variant
may interact with the primary mutation to cause severe
LHON in the family (Ozawa et al., 1991; Qian et al., 2005).
2. Materials and methods

2.1. Study participants

A four generation, Chinese family with clinically diag-
nosed LHON was enrolled in this study in Jiangxi province
of PR China (Fig. 1). The members of the family (II-3, III-
1–III-6, IV-3–IV-5, IV-1) who participated in the study
gave informed consent. The family members were evalu-
ated by the medical record, the history of eye symptoms
or visual disturbances, and detailed clinical exams includ-
ing best-corrected visual acuity (BCVA), far and near bin-
ocular visual acuity, color vision, visual fields tests, and
slit-lamp microscopic exams.
2.2. Mutational analysis

Genomic DNA was extracted from the peripheral blood
with DNA Isolation Kit for Mammalian Blood (Wizard
Genomic DNA Purification kit, Promega, USA) according
to the manufacturer’s instruction. The presence of the
G3460A, G11778A, and T14484C mutations was examined
by direct DNA sequence analysis. Briefly, DNA fragments
spanning these mtDNA mutations were amplified by PCR.
The corresponding positions on mtDNA for the mutations
Fig. 1. The pedigree structure of the Chinese family with Leber’s
hereditary optic neuropathy. The family showed a pattern of maternal
inheritance. Individuals with impaired vision are indicated by filled
squares (males) or circles (females) and normal individuals are shown with
empty symbols. The proband is indicated by an arrow.
are 3357–3644 for the G3460A mutation, 11,641–11,961
for the G11778A mutation, and 14,200–14,520 for the
T14484C mutation. PCR primers were 50-GGCATTCCTA
ATGCTTACCGA-30 and 50-TGATCAGAGGATTGAGT
AAA-30 for G3460A; 50-AGCCCTCGTACTAACAGCC
A-30 and 50-GGAGTATACGGCTGTGACTA-30 for G11
778A; 50-TCAACCAGTAACTACTACT-30 and 50-TT TG
GGGGAGGTTATATGG-30 for T14484C.

The PCR products were purified using the Promega
QIAquick Gel Extraction Kit (Qiagen Inc., Valencia,
CA), and sequenced with both forward and reverse prim-
ers. DNA sequence analysis was performed using the Big-
Dye Terminator Cycle Sequencing v3.1 kit and an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems)
(Wang et al., 2005).
3. Result

We characterized a four-generation Chinese family with
LHON at Peking University Eye Center, China. Ten family
members, including six affected individuals who were diag-
nosed as having LHON and four unaffected individuals,
participated in this study. The proband (III-6) presented
with painless, progressive deterioration of bilateral visual
impairment at the age of 18. He saw a dark cloud with
the central vision. His visual acuity was 0.1 in the right
and left eyes. Fundus examinations showed that both of
his optic disks were abnormal: vascular tortuosity of the
central retinal vessels, a circumpapillary telangiectatic
microangiopathy, and no reflex on fovea centralis
(Fig. 2). The flash VEP showed bilaterally decreased ampli-
tudes with delayed latencies. Visual field testing revealed a
physiologic blind spot which was enlarged with several par-
acentral scotomas as well as cecocentral scotoma with
superior hemisphere visual field defects (Fig. 3A). Visual
Fig. 2. Fundus photograph of the proband.



Fig. 3. Clinical characterization of patients with visual field analysis (Octopus 101). (A) proband III-6. (B) III-2. (C) II-3. (D) IV-1. For the identification
number of each patient, see Fig. 1.
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field analysis also revealed defects in other patients in the
family, a tubular visual field in patient III-2 (Fig. 3B)
and patient II-3 (Fig. 3C), and cecocentral scotoma with
superior hemisphere visual field defects and several nasal
peripheral scotomasin in patient IV-1 (Fig. 3D). In the
family, all matrilineal relatives exhibited typical clinical
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feature of LHON. They showed early onset but not con-
genital, visual impairment. Visual acuity examinations
showed variable severity of visual impairment in the mater-
nal kindred, ranging from severe visual impairment (II-2)
to mild visual impairment (IV-2) (Table 1).

To identify the causative mutation in the family, we
examined three primary, previously-known LHON-associ-
ated mtDNA mutations (G3460A, G11778A, and T144
84C). All six affected individuals carried the homoplastic
T14484C mutation which results in substitution of the
methionine residue by a valine residue. They also carried
a T to C variants at position 14502 in the ND6, which is
also a homoplastic change causing substitution of 58Ile
by Val (Fig. 4). Both changes were not found in the normal
members of the family and 200 normal controls. The align-
ment of amino acid residues in human, bovine, mouse, and
Table 1
Visual acuity for patients in the Chinese family with LHON

ID of family
member

Current age Age of onset Current visual acuity

OD OS

II-1 62 18 0.04 0.06
II-2 58 17 0.04 0.04
II-3 56 16 0.08 0.06
III-2 39 17 0.12 0.12
III-3 37 17 0.1 0.12
III-4 35 17 0.1 0.1
III-5 32 16 0.08 0.08
III-6 30 18 0.1 0.1
IV-2 21 18 0.12 0.15

OD, left eye; OS, right eye.

Fig. 4. Identification of the primary T14484C mutation and a nearby
T14502C variant in the affected individuals in the Chinese family. Partial
sequences of the ND6 gene (non-coding strand) from the proband and a
normal member are shown. The primary mutation T14484C and a
secondary T to C nucleotide change at np 14502 are indicated by arrows.
Xenopus laevis showed that the 58 Ile reside is highly con-
served in evolution (Qian et al., 2005).

4. Discussion

The mitochondrial ND6 gene has been considered to be
a hot spot for mutations that cause LHON as the 525-bp
long ND6 gene harbors at least nine mutations, including
the common mutation at np 14484C (Chinnery et al.,
2001; De Vries et al., 1996; Fauser et al., 2002; Gropman
et al., 2004; Howell et al., 1998, 2003; Valentino et al.,
2002; Wissinger et al., 1997). Protein modeling studies indi-
cate that all of these pathogenic mutations lie within close
proximity to one another in a hydrophobic cleft or pocket,
and may affect proton translocation or quinine redox catal-
ysis directly (Cardol et al., 2002). It is known from analysis
of a frame-shift mutation that the ND6 subunit is essential
for the assembly of the membrane arm of complex I and
maintenance of its structure (Bai and Attardi, 1998).
Recent biochemical studies showed that the T14484C
mutation increased the sensitivity of complex I to binding
of inhibitors at the ubiquinone site (Carelli et al., 1999).
These findings support the speculation that the pathogenic
ND6 mutations may cause the defective assembly of the
membrane arm and loss of function of entire complex I.

The families carrying T14484C always exhibits marked
gender bias, high visual recovery and incomplete pene-
trance if the age-at-onset is before 20 (Man et al., 2002).
The patients in the Chinese family under this study showed
variably severe clinical features of LHON. Unlike previous
reports that the ratios between affected male and female
matrilineal relatives were high, which would be up to
7.7:1 (Man et al., 2002), the ratio in this Chinese family
was only 1.4:1, which was close to the ratio of WZ6 family
which also carried T14502C substitution coexisting with
the primary mutation G11778A in the study by Qian
et al. (2005). In our family, the age-at-onset for the pro-
band was 18, and the average age-at-onset was 17 (Table
1). There is evidence that patients with the T14484C muta-
tion are more likely to show improvement if visual loss
occurs before the age of 20, while the patients in our study
showed no functional recovery. The penetrance of the
vision loss was complete in the family. By contrast, in sev-
eral recent reports, the penetrance of the vision loss in three
Chinese pedigrees carrying the T14484C mutation was 27–
60% (Sun et al., 2006), 16–60% in six Chinese pedigrees car-
rying the G11778A mutation, and 35.5% in WZ6 family
(Qian et al., 2005; Qu et al., 2005, 2006). The T14484C
mutation was also identified in the European and Asian
populations, and some mutation carriers did not show
any symptoms of Leber’s hereditary optic neuropathy
(Achilli et al., Palanichamy et al.). The comparison sug-
gests that the T14484C mutation by itself is not sufficient
to produce the observed phenotype expressivity consisting
of the absence of marked gender bias and visual recovery
and the presence of complete penetrance. Functional stud-
ies for the mitochondrial defects in lymphoblasts and
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transmitochondrial cybrids with the three most common
LHON mutations 3460A, 11778A and 14484C revealed
that the 14484C mutation was associated with a much
milder biochemical defect than the two other mutations
(Brown et al., 2000).

Many modifier factors may contribute to different levels
of severity of the phenotype, gender bias, the visual recov-
ery rate and variable penetrance rate. These factors include
the secondary mutation, mitochondrial haplotypes, nuclear
backgrounds, and other environmental factors (Puomila
et al., 2007). In our study, the nearby nucleotide change
T14502C may play a synergistic effect with primary
T14484C mutation. The T to C variant at np 14502 was
present in all affected subjects in the family, but not in
the normal subjects and 200 normal controls. On the other
hand, the T14502C variant is a potential polymorphism as
the 58Ile is not conserved and the Val residue at 58 is found
in 16 of 61 mammalian species (Didelphis virginiana, Hippo-

potamus amphibious, Nycticebus coucang, Tachyglossus

aculeatus, Vombatus ursinus, Dugong dugon, Ochotona col-

laris, Pongo pygmaeus, Echinops telfairi, Ornithorhynchus

anatinus, Isoodon macrourus, Orycteropus afer, Thryonomys
swinderianus, Trichosurus vulpecula, Loxodonta Africana,
and Macaca sylvanus) (http://mtsnp.tmig.or.jp/mtsnp/
search_mtSNP_e.html). Although WZ6 family habouring
T14502C substitution also showed low penetrance, that is
more likely that the variant was relatively far from the
G11778A mutation that decreased its synergy. Thus, we
speculate that the T14502C variant may play the synergis-
tically role with the primary T14484C mutation, leading to
the complete penetrance of LHON in this family. One lim-
itation of the current study is that the entire mitochondrial
genome from the patients was not sequenced. Thus, we
cannot exclude the possibility that other variant(s) in other
mitochondrial genes may also modify the phenotype con-
ferred by the primary T14484C mutation.
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