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Abstract

We report here the characterization of a four-generation Han Chinese family with Leber’s hereditary
optic neuropathy (LHON). This Chinese family exhibited a variable severity and age-at-onset of
visual loss. Notably, the average age-at-onset of vision impairment changed from 26 years
(generation 111) to 14 years (generation 1V), with the average of 18 years in this family. In addition,
30% and 50% of matrilineal relatives in generation Il and IV of this family developed visual loss
with a variability of severity, ranging from blindness to normal vision. Sequence analysis of the
complete mitochondrial DNA in this pedigree revealed the presence of the homoplasmic ND4
G11778A mutation and 33 other variants, belonging to the Asian haplogroup D4. Of other variants,
the homoplasmic G11696A mutation in the ND4 gene is of special interest as it was implicated to
be associated with LHON in a large Dutch family and five Chinese pedigrees with extremely
penetrance of visual loss. In fact, the G11696A mutation caused the substitution of an isoleucine for
valine at amino acid position 313, located in a predicted transmembrane region of ND4. These imply
that the G11696A mutation may act in synergy with the primary LHON-associated G11778A
mutation in this Chinese pedigree.
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1. Introduction

Leber’s hereditary optic neuropathy (LHON) is a maternally inherited disorder leading to the
rapid, painless and bilateral loss of central vision (Newman 1993;Brown and Wallace
1994;Howell 1997;Man et al. 2002). Maternal transmission of visual loss in families with
LHON indicates that mutations in mitochondrial DNA (mtDNA) are the molecular basis for
this disorder. Sequence analysis of mtDNA in families with LHON led to the landmark
discovery of the ND4 G11778A mutation (Wallace et al. 1988). Up to data, approximately 35
LHON-associated mtDNA mutations have been identified in various ethnic populations
(Howell 2003;Servidei 2004;Brandon et al. 2005). Of these, the ND1 G3460A, ND4 G11778A
and ND6 T14484C mutations, in the genes encoding the subunits of respiratory chain complex
I, accounts for ~80%-95% of LHON pedigrees in different ethnic backgrounds (Brown et al
1995;Mackey et al. 1996;Mashima et al. 1998). Those LHON associated mtDNA mutations,
unlike other pathogenic mtDNA mutations such as MELAS associated tRNAU(UUR) A3243G
mutation (Goto et al.1990), occur nearly or completely homoplasmically. Matrilineal relatives
within families or among families despite sharing the identical LHON-associated mtDNA
mutation(s) such as G11778A mutation exhibited incomplete penetrance and variable
expressivity including severity, and age-at-onset in visual loss (Wallace et al. 1988;Brown et
al 1995;Mashima et al. 1998). Thus, other modifier factors including environmental factors,
nuclear modifier genes and mitochondrial haplotypes modulate the phenotypic manifestation
of visual loss associated with those primary mtDNA mutations (Howell 1996;1997;Man et al.
2002). In particular, the mitochondrial haplogroup J including the secondary LHON-associated
mtDNA mutations T4216C and G13708A (John and Berman et al. 1991) can influence the
phenotypic manifestation of the primary G11778A and T14484C mutations in a very large
cohort of families of European ancestry (Torroni et al. 1997,Brown et al. 2002;Howell et al.
2003).

With the aim of investigating the role of mitochondrial halpotypes in the phenotypic expression
of LHON, a systematic and extended mutational screening of mtDNA has been initiated in the
large clinical population of Ophthalmology Clinic at the Wenzhou Medical College, China
(Qian et al. 2005;Qu et al. 2005;Qu et al. 2006;Li et al. 2006). In particular, the tRNAMet
A4435G and tRNAT" A15951G mutations were implicated to play a potential modifier role
in increasing the penetrance and expressivity of the primary LHON-associated G11778A
mutation in two Han Chinese families (Qu et al. 2006;L.i et al. 2006). Furthermore, we showed
that five Chinese families with extremely low penetrances of LHON were associated with the
ND4 G11696A mutation (Zhou et al. 2006). In the present study, we performed the clinical,
genetic and molecular characterization of another Han Chinese family with maternally
transmitted LHON. Ten (7 males/3 females) of 30 matrilineal relatives in this four-generation
family exhibited the variable severity and age-at-onset in visual loss. Mutational analysis
demonstrated the coexistence of the G11778A and G11696A mutations in ND4 gene in this
Chinese family. To elucidate the role of mitochondrial haplotype in the phenotypic
manifestation of the G11778A mutation, we performed a PCR-amplification of fragments
spanning entire mtDNA and subsequent DNA sequence analysis in the matrilineal relatives of
this family.

2. Materials and methods

2.1. Patients and subjects

As a part of genetic screening program for visual loss, one four-generation Han Chinese family
(WZz12) (Figure 1) was ascertained through the School of Ophthalmology and Optometry,
Wenzhou Medical College. Informed consent, blood samples, and clinical evaluations were
obtained from all participating family members, under protocols approved by the Cincinnati
Children's Hospital Medical Center institute review board and the Wenzhou Medical College
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ethics committee. Members of those pedigrees were interviewed at length to identify both
personal or family medical histories of visional impairments, and other clinical abnormalities.

2.2.0phthalmological examinations

The ophthalmologic examinations of proband and other members of this family were
conducted, including visual acuity, visual field examination (Humphrey Visual Field Analyzer
I1i, SITA Standard), visual evoked potentials (VEP) (Roland Consult RETI port gamma, flash
VEP), and fundus photography (Canon CR6-45NM fundus camera). The degree of visual loss
was defined according to the visual acuity as follows: normal >0.3, mild =0.3-0.1;
moderate<0.1-0.05; severe<0.05-0.02; and profound <0.02.

2.3.Mutational analysis of the mitochondrial genome

Genomic DNA was isolated from whole blood of participants using the Puregene DNA
Isolation Kits (Gentra Systems, Minneapolis, MN). The presence of the G3460A, and T14484C
mutations was examined as detailed elsewhere (Brown et al. 1995). The identification and
quantification of the G11778A mutation were performed as detailed elsewhere (Qu et al.
2005;2006). The entire mitochondrial genome of an affected patient 1VV-3 was PCR amplified
in 24 overlapping fragments using sets of the light (L) strand and the heavy (H) strand
oligonucleotide primers as described previously (Rieder et al. 1998). Each fragment was
purified and subsequently analyzed by direct sequencing in an ABI 3700 automated DNA
sequencer using the Big Dye Terminator Cycle sequencing reaction kit. These sequence results
were compared with the updated consensus Cambridge sequence (GenBank accession humber:
NC_001807) (Andrews et al., 1999). DNA and protein sequence alignments were carried out
using seqweb program GAP (GCG).

3. Results

3.1.Clinical presentation

The proband (1V-3) experienced painless and progressive deterioration of bilateral visual loss
at the age of 17. His visual loss occurred within 20 days, first in the right eye and then later in
the left eye. He came to the Ophthalmology Clinic of Wenzhou Medical College at the age of
33 years old. He saw a dark cloud in the center of vision and had problems appreciating colors
that all seemed a dark gray. Ophthalmological evaluation showed that his visual acuity was
0.06 and 0.1 at his right and left eyes, respectively. Visual field testing demonstrated large
centrocaecal scotomata in both of his eyes. Fundus examination showed that both his optic
disks were atrophic. The flash VEP showed bilaterally considered amplitudes of P100
decreased without delayed latencies. Therefore, he exhibited a typical clinical feature of
LHON. No other abnormality was found on radiological and neurological examination.
Furthermore, he had no other significant medical history.

As shown in Figure 1, this familial history is consistent with a maternal inheritance. Of 29
matrilineal relatives who are the offspring of subject 1-2, seven male and three female
matrilineal relatives exhibited the bilateral and symmetric visual loss as the sole clinical
symptom, whereas the members of this family had normal version. These affected matrilineal
relatives of this family exhibited onset/progressive, but not congenital, visual loss. As shown
in table 1, visual acuity examination showed a variable severity of visual loss in the maternal
kindred, ranging from profound visual loss (111-4, 111-9, I11-18, V-6, 1\VV-12), to severe visual
loss (1VV-9), to moderate visual loss (IV-3), to mild visual loss (VI-1, IV-5, IV-8), to completely
normal vision (five matrilineal relatives including 111-4’s dizygotic twins I11-3). Interestingly,
four matrilineal relatives (111-18, 1V-3, IV-5, 1V-6) had vision loss within one month, first in
the right eye and then later in the left eye, while six matrilineal relatives (111-4, 111-9,1V-1, V-8,
IV-9, 1V-12) suffered from a visual loss at same time. Strikingly, matrilineal relatives in the
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generation | and Il had normal vision, three of ten matrilineal relatives in the generation 111
suffered from vision impairment, and seven of 14 matrilineal relatives in generation IV
exhibited vision impairment. In addition, the age-at-onset of visual loss in this family varies
from 6 years to 45 years. Notable, the average-age-at-onset of vision impairment changed from
26 years (generation 111) to 14 years (generation V). There is no evidence that any member of
this family had any other known cause to account for visual loss. Comprehensive family
medical histories of these individuals showed no other clinical abnormalities, including
diabetes, muscular diseases, hearing impairment and neurological disorders.

3.2.Mitochondrial DNA analysis

The maternal transmission of visual dysfunction in this family suggested the mitochondrial
involvement and led us to analyze their mtDNA. First, we examined three commonly known
LHON-associated mtDNA mutations (G3460A, G11778A and T14484C) by PCR
amplification and subsequent restriction enzyme digestion analysis of PCR fragments derived
from four matrilineal relatives (proband IV-3, his mother I11-2, his twin brother V-4, affected
male I11-4) and two unrelated Chinese controls. The results revealed the presence of G11778A
mutation, but the absence of the G3460A and T14484C mutations in those subjects. The further
molecular analysis showed that the G11778A mutation was present in homoplasmy in these
matrilineal relatives but not in other members of this Chinese family (data how shown).

To investigate the role of mitochondrial haplotypes in the phenotypic manifestation of the
G11778A mutation, the DNA fragments spanning the entire mtDNA of an affected patient
V-3 were PCR amplified. Each fragment was purified and subsequently analyzed by direct
sequencing. The comparison of the resultant sequences with the updated Cambridge consensus
sequence (Andrews et al., 1999) identified a number of nucleotide changes as shown in Table
2. All of those nucleotide changes were verified in 3 additional matrilineal relatives of this
family (his mother 111-2, his twin brother 1V-4, affected male 111-4) by sequence analysis and
appeared to be homoplasmy. Sequence analysis confirmed the presence of the G11778A
mutation in matrilineal relatives of this family.

Of other nucleotide changes, the G-to-A transition at position 11696 (G11696A) in ND4,
caused the substitution of an isoleucine for valine at amino acid position 313, as shown in
Figure 2, has been found in those subjects. Indeed, this mutation has been associated with
LHON and hereditary spastic dystonia in a large Dutch family (De Dries et al. 1996). Further
sequence analysis confirmed the presence of the homplasmic G11696A mutation in matrilineal
relatives of these families but not other members of these families. Furthermore, eight
polymorphisms in the D-loop region, 2 variants in the 12S rRNA gene, 2 variants in the 16S
rRNA gene and 20 variants in protein encoding genes were previously identified in the control
population (Brandon et al. 2005). As shown in Table 2, seven amino acid substitutions caused
by corresponding mtDNA variants occurred in different polypeptides in this matrilineal
relative. These variants in rRNAs and polypeptides were further evaluated by phylogenetic
analysis of these variants and sequences from other organisms including mouse (Bibb et al.
1981), bovine (Gadaleta et al. 1989) and Xenopus laevis (Roe et al. 1985). However, none of
variants in the polypeptides were highly evolutionarily conserved and implicated to have
significantly functional consequence.

4.Discussion

In the present study, we have performed the clinical, genetic, and molecular characterization
of a Han Chinese family with Leber’s hereditary optic neuropathy. The visual loss as a sole
clinical phenotype was only present in the maternal lineage of this four-generation pedigree,
suggesting that the mtDNA mutation(s) is the molecular basis for this disorder. Molecular
analysis led to identification of the homoplasmic ND4 G11778A mutation in matrilineal

Mitochondrion. Author manuscript; available in PMC 2008 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Quetal.

Page 5

relatives of this Chinese family. Clinical and genetic evaluations revealed the variable severity
and age-at-onset in visual loss in these matrilineal relatives. Notably, there was a typical
anticipation of vision loss in this Chinese pedigree. In this family, the average age-at-onset of
vision impairment changed from 26 years (generation I11) to 14 years (generation 1V), while
30% and 50% of matrilineal relatives in generation I11 and IV experienced vision loss,
respectively. The average age-at-onset for visual loss in matrilineal relatives of this family, as
shown in Table 3, is comparable with those in other families carrying the G11778A mutation
(Harding et al. 1995;Newman et al. 1991;Qu et al. 2005;Qian et al. 2005;Qu et al. 2006;Li et
al. 2006). Furthermore, the ratio between affected male and female matrilineal relatives is 3.5:1
in this Chinese family in the present study, while the ratios were 1:1, 1.2:1, 2:1, 3:0, 3:1 and
6:0 in other six Chinese families (Qu et al. 2005;Qian et al. 2005;Qu et al. 2006;L.i et al.
2006). However, this ratio was 4.5:1 and 3.7:1 from two large cohorts of Caucasian pedigrees
carrying the G11778A mutation, respectively (Newman et al. 1991;Harding et al. 1995). In
addition, 33% of matrilineal relatives in this Chinese family developed visual loss, in contrast
with the fact that only 16, 33, 36, 36 57 and 60% of matrilineal relatives developed visual loss
in other six Chinese families (Qu et al. 2005;Qian et al. 2005;Qu et al. 2006;L.i et al. 2006).
However, ~50% males and ~10% females in Caucasians carrying one of LOHN associated
G3460A, G11778A and T14484C mutations indeed developed the optic neuropathy
(Nikoskekainen 1994; Brown and Wallace 1994).

The discrepancy of penetrance, severity and age-at-onset of visual loss between this Chinese
family and other pedigrees likely reflect the different modifier factors including nuclear
modifier genes, other environmental factors and mitochondrial haplotypes. The phenotypic
variability of members including a wide range of severity and age-at-onset of visual loss in
this Chinese pedigree suggests the possible involvement of nuclear modifier gene(s) in the
development of the visual loss as described in the other families (Man et al. 2002;Qu et al.
2005;Harding et al. 1995). Furthermore, it is possible that environmental factors may also
modulate the phenotypic variability of visual loss in matrilineal relatives of this family. In fact,
mitochondrial haplotypes have been shown to influence the penetrance and expressivity of
visional loss associated with primary LHON-associated mtDNA mutations. In particular,
G7444A mutation in the CO1 and tRNASE'(UCN) genes was implicated to influence the
penetrance and phenotypic expression of visual loss associated with the primary LHON-
associated mtDNA mutations (Brown et al. 1995) and hearing loss associated with the mtDNA
A1555G mutation (Yuan et al. 2005). Most recently, we showed that the tRNAMet A4435G
and tRNAT" A15951G mutations have a potential modifier role in increasing the penetrance
and expressivity of the primary LHON-associated G11778A mutation in Chinese families (Qu
et al. 2006;L.i et al. 2006). In this Chinese family, there were other 33 variants including the
G11696A mutation in the mtDNA belonging to the Eastern Asian haplogroup D4 (Tanaka et
al. 2004). As shown in Table 3, the mtDNAs of other six Chinese families carrying the
G11778A mutation belong to the Eastern Asian haplogoups B5, D5, F1, D4, D4 and M10 (Qu
etal. 2005;2006;Qian et al. 2005;L.i et al. 2006), respectively. Of five LHON Chinese pedigrees
carrying the G11696A mutation, four Chinese mtDNAs belong to the haplogroup D4, while
other mtDNA belongs to the haplogroup D5b. Thus, the high occurrence of the haplogoups
D4 in Chinese clinical populations implies that the haplogoup D4 carrying the G11696A
mutation may increase the phenotypic expression of LHON.

In fact, the V3131 (G11696A) mutation in ND4 is located in a predicted transmembrane region,
28 amino acids amino terminal to the R340H LHON mutation (Fearnley and Walker 1992).
This LHON-associated mtDNA mutation was first identified in a large Dutch family (De Vries
et al. 1996) and subsequently in five Chinese pedigrees (Zhou et al. 2006). In fact, the
occurrence of the G11696A mutation in these several genetically unrelated pedigrees affected
by visual loss strongly indicates that this mutation is involved in the pathogenesis of this
disorder. However, the extremely low penetrance of visual loss, and the mild biochemical
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defect (De Vries et al. 1996) and the presence of one/167 Chinese controls indicted that the
G11686A mutation is itself not sufficient to produce the clinical phenotype (Zhou et al.
2006). Thus, the G11696A mutation may act in synergy with the primary LHON-associated
G11778A mutation in this Chinese family.
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Leber’s hereditary optic neuropathy
PCR

Polymerase Chain Reaction
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Figure 1. The Han Chinese pedigree with Leber’s hereditary optic neuropathy
The family is originated from the Zhejiang Province in the Eastern China. Vision impaired
individuals are indicated by filled symbols.
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Figure 2. Identification of the G11696A mutation in the ND4 gene
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Partial sequences chromatograms of ND4 gene from four matrilineal relatives and one Chinese
control. An arrow indicates the location of the base changes at position 11696.
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Summary of clinical data for some members in the Chinese pedigree

Table |

Page 11

Patient sex Age of Age of Visual acuity right Visual acuity left Level of visual
test (yrs) onset impairment
(yrs)
-7 F 70 - 0.4 0.6 normal
111-2 F 65 - 0.7 0.9 normal
111-4 F 62 45 <0.01 <0.01 profound
-7 M 55 - 0.8 0.6 normal
111-9 F 54 27 <0.01 <0.01 profound
111-10 M 50 - 1.0 1.0 normal
11-12 F 37 - 1.0 1.0 normal
111-14 F 50 - 0.8 0.9 normal
111-15 M 41 - 0.9 12 normal
1-17 F 38 - 1.0 1.2 normal
111-18 M 35 15 <0.01 <0.01 profound
V-1 M 40 18 0.5 0.1 mild
V-2 M 38 - 1.2 1.2 normal
V-3 M 33 17 0.06 0.1 moderate
V-4 M 33 - 0.8 1.0 normal
V-5 M 43 8 0.1 0.1 mild
V-6 M 40 20 0.01 0.01 profound
V-7 F 36 - 0.9 1.0 normal
V-8 F 33 10 0.12 0.2 mild
V-9 M 29 17 0.03 0.05 severe
1V-10 F 26 - 0.8 0.7 normal
1V-11 M 11 - 1.0 1.0 normal
1V-12 M 28 6 <0.01 <0.01 profound
1V-13 F 26 - 1.0 1.0 normal
1V-14 M 11 - 0.8 1 normal
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mtDNA variants in the Chinese family with LHON

Table Il

Page 12

Gene position Replacement Conservation (H/B/M/X)2 Previously reportedb
D-Loop 73 Ato G Yes
195 TtoC Yes
263 AtoG Yes
310 TtoCTC Yes
489 T-to-C Yes
16223 CtoT Yes
16232 CtoT Yes
16362 TtoC Yes
12S rRNA 750 Ato G AIAIAI- Yes
1438 Ato G A/AIAIG Yes
16S rRNA 2706 AtoG AIGIAIA Yes
3010 Gto A GIGIAIA Yes
ND2 4769 Ato G Yes
4883 CtoT Yes
5178 C to A (Leu to Met) L/T/miT Yes
Co1 7028 toT Yes
A8 8414 C to T(Leu to Phe) L/FIM/W Yes
A6 8701 Ato G (Thrto Ala) T/SILIQ Yes
8860 Ato G (Thr to Ala) TIAIAIT Yes
COo3 9540 TtoC Yes
ND3 10398 A'to G (Thr to Ala) TITITIA Yes
10400 CtoT Yes
ND4 10873 TtoC Yes
11696 Gto A (Valtolle) VITITIM Yes
11719 Gto A Yes
11778 G to A (Arg to His) R/R/RIR Yes
11944 TtoC Yes
12026 Ato G (lle to Val) 1/1/M/L Yes
ND5 13443 TtoC Yes
ND6 14668 CtoT Yes
Cytb 15043 GtoA Yes
15301 Gto A Yes
15326 Ato G (Thrto Ala) TIM/IN Yes
15529 CtoA Yes

aConservation of amino acid for polypepides or nucleotide for RNAs in human (H), bovine (B), mouse (M), and Xenopus laevis (X);

bSee the online mitochondrial genome database http://www.mitomap.org.
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Table llI
Summary of clinical and molecular data for seven Chinese families carrying the G11778A mutation
Pedigreg) Ratio (affected male Average] Numbers Penetrance (%o)| Secondary mtDNA mutation mtDNA haplogroup
female) age of of a
onset matrilineal
(vr) relatives
Wz12 3.5:1 18 30 33 G11696A D4
wz1P 6:0 22 38 16 B5
Wz2C 3:1 14 14 57 A4435G D5
Wz3d 2:1 19 10 60 Al15591G D4
Wwz48 3:0 17 9 33 F1
WZ5 1:1 20 14 36 D4b2b
WZ6 1.2:1 18 31 36 M10a

a . . - .
Affected matrilineal relatives/total matrilineal relatives;

k)Qu et al. (2005)
€Qu et al (2006)

dLi et al (2006)

®Qian et al (2005)
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