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PURPOSE. To investigate the clinical and mitochondrial DNA (mtDNA) haplogroup background
of Indian Leber hereditary optic neuropathy (LHON) patients carrying the m.14484T>C
mutation.

METHODS. Detailed clinical investigation and complete mtDNA sequencing analysis was
carried out for eight Indian LHON families with the m.14484T>C mutation. Haplogroup was
constructed based on the evolutionarily important mtDNA variants.

RESULTS. In the present study, we characterized eight unrelated probands selected from 187
LHON cases. The overall penetrance of the disease was estimated to be 19.75% (16/81) in
eight pedigrees with the m.14484T>C mutation and showed substantially higher sex bias
(male:female ¼ 13:3). The mtDNA haplogrouping revealed that they belong to diverse
haplogroups; i.e., F1c1, M31a, U2a, M*, I1, M6, M3a1, and R30a. Interestingly, we did not find
an association of the m.14484T>C mutation with any specific haplogroup within the Indian
population. We also did not find any secondary mutation(s) in these pedigrees, which might
affect the clinical expression of LHON.

CONCLUSIONS. Contrary to earlier reports showing preferential association of the m.14484T>C
mutation with western Eurasian haplogroup J and increased clinical penetrance when present
in J1 subhaplogroup background, the present study shows that m.14484T>C arose
independently in a different mtDNA haplogroup and ethnic background in India, which
may influence the clinical expression of the disease.
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Mitochondrial DNA (mtDNA) mutations have been reported
to cause a large number of genetic disorders.1,2 During the

last two decades there has been major progress in identification
of disease-causing mtDNA mutations. Leber hereditary optic
neuropathy (LHON, OMIM 535000) is one of the first diseases
to be characterized primarily by the missense mutations in
mtDNA. LHON is a maternally inherited disorder clinically
characterized as a slow and progressive loss of central vision
due to degeneration of the optic nerve and retinal ganglion
cells in young adults, predominantly affecting males.3–5

Mutations in different subunits of mitochondrial complex I
genes (m.3460G>A in MT-ND1, m.11778G>A in MT-ND4, and
m.14484T>C in MT-ND6) have been reported in more than
95% of LHON cases across the world.6–8 A number of other
mutations have been reported in complex I genes in the
pedigrees negative for the three primary mutations.9 However,
the phenotypic expression of these primary mutations have
been found to vary in different families and even in different

populations, with only one-third of all individuals inheriting
these mutations developing visual failure or blindness. This
incomplete penetrance in different pedigrees suggests that
other factors, such as mtDNA haplogroup background, nuclear
genetic background, and environmental factors, may have an
important role in modulating the phenotypic expression and
severity of the disease.10–14 In addition to the primary
mutations, many other mtDNA sequence variants have been
reported along with the primary LHON mutations, suggesting
that these variants have possible synergistic roles in modulating
clinical expression.15–18

Various studies performed on LHON suggest that the
primary mutations m.11778G>A and m.14484T>C are strongly
associated with western Eurasian haplogroup J.18–21 These
observations also implicate the involvement of other J
haplogroup defining mutat ions (m.4216T>C and
m.13708G>A) in increasing the risk of disease expression.19

Further studies on pooled European LHON samples showed
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that the haplogroups J1, J2, and K increase the risk of vision
loss in LHON patients with m.14484T>C, m.11778G>A, and
m.3640G>A mutations, respectively, while haplogroup H has
been found to have a protective role for LHON patients with
the m.11778G>A mutation.10 These findings about LHON in
association with haplogroups have led to a substantial increase
in the number of studies to unravel the role of mtDNA
sequence variations in various disorders and phenotypes.
However, other than LHON, most of the reports showing
association between haplogroups and diseases remain provi-
sional. Most of the mtDNA haplogroup association studies have
given conflicting results in different populations because the
findings of one study have rarely been replicated by studies in
other populations.22

Studies on the m.14484T>C mutation in a European
population showed that more than 75% of LHON patients
belonged to haplogroup J,18 while another study showed low
penetrance of LHON when present in non–J haplogroup
background.17 Subsequently, a study by Hudson et al.10 in a
European population showed increased penetrance of the
disease when present in a J haplogroup background, specifi-
cally in the J1 subhaplogroup. Another study with French
Canadian LHON patients revealed that the m.14484T>C
mutation is predominantly associated with the LHON pheno-
type.23,24 However, studies on Asian families with this
mutation did not show a similar pattern of association with
any specific haplogroup.25,26 Until now there was only one
study from India, which reported three individuals with the
m.14484T>C mutation; however, the haplogroup of these
individuals was not established.27 Hence, we have character-
ized 8 out of 187 suspected Indian LHON families carrying the
primary m.14484T>C mutation to study the clinical, genetic,
and phylogenetic background of m.14484T>C positive indi-
viduals in the Indian population.

MATERIALS AND METHODS

Patients and Subjects

We screened a total of 187 individuals with LHON for
pathogenic mutations and found eight families carrying the
primary mutation m.14484T>C. These cases were collected
over a period of 7 years at the Sankara Nethralaya Eye Hospital,
Chennai, India; National Institute of Mental Health and Neuro
Sciences (NIMHANS), Bengaluru, India; and Nizam’s Institute
of Medical Sciences (NIMS), Hyderabad, India. Clinical
examinations were conducted in all patients and assessed
presentation of primary features including acute, gradual, and
progressive loss of central vision; color vision defect; and
centrocecal scotomas. All patients also underwent complete
ophthalmic examination, including evaluation by Snellen chart,
visual acuity measurement, slit lamp biomicroscopy, indirect
ophthalmology, and Humphrey perimetry analysis. Visual field
testing was performed in all patients with good fixation.

The degree of visual impairment was defined according to
the visual acuity as follows: normal > 0.3, mild ¼ 0.3 to 0.1;
moderate < 0.1 to 0.05 and severe < 0.05 to 0.02. Informed
written consent was obtained prior to sample collection from
all individuals who participated in this study. The study
adhered to the tenets of the Declaration of Helsinki and was
approved by Institutional Ethical Committees (IECs) of all the
participating institutions.

Genetic Analysis

Genomic DNA was extracted from peripheral blood samples
using a standard protocol.28 Overlapping DNA fragments to

cover the entire mtDNA were amplified using 24 sets of
primers.29,30 The overlapping amplicons were directly se-
quenced (both forward and reverse, separately) using the
BigDye Terminator cycle sequencing kit (Applied Biosystems,
Foster City, CA). Extended products were precipitated with
ethanol and 5 M sodium acetate (5:1) and then dissolved in Hi-
Di formamide and analyzed in ABI 3730 DNA Analyzer (Applied
Biosystems). All 48 sequences (24 forward and 24 reverse)
were edited using Sequence Analysis and assembled with the
rev i sed C ambr idge Re fe ren ce Se qu e nce ( rCRS ;
NC_012920)31,32 using AutoAssembler software (Applied
Biosystems). Quantification of the m.14484T>C mutation
was done by PCR restriction fragment length polymorphism
analysis (RFLP) as described earlier.33 The mtDNA sequence of
eight patients included in this study has been submitted to
GenBank with the following accession numbers: P18
(JX462682), P24 (JX462688), P26 (JX462690), P33
(JX462697), P35 (JX462699), P41 (JX462705), P48
(JX462712), and P51 (JX46271).

Data Analysis

All mismatched nucleotides along with their position were
noted and searched in human mitochondrial genome databases
such as Mitomap (http://www.mitomap.org), mtDB (http://
www.genpat.uu.se/mtDB), and HmtDB (http://www.hmtdb.
uniba.it:8080/hmdb) for their significance. The data obtained
were also compared with 300 ethnically matched control
samples from endogamous Indian populations. Haplogroup
was constructed based on the available literature (www.
phylotree.org; mtDNA tree Build 15 [September 30, 2012]). All
data analyses were carried out using MEGA 5 software (www.
megasoftware.net) to evaluate the conservation of amino acids
in mitochondria-encoded protein subunits and nucleotide
conservation in genes encoding MT-tRNA and MT-rRNA.

RESULTS

Clinical Evaluation

All eight LHON pedigrees included in this study were selected
from 187 families after confirming the m.14484T>C mutation
in the MT-ND6 gene. Detailed clinical analysis of these families
did not reveal any other abnormalities, such as neurological
disorders, hearing impairment, muscular diseases, or exercise
intolerance, which are frequently associated with mitochon-
drial dysfunctions. The most common clinical presentation in
the patients was bilateral loss of vision along with scotomas in
the visual field (central and cecocentral) and optic disc atrophy
(Fig. 1). All eight pedigrees consisted of 16 affected members
(13 males and 3 females), their mean age of onset was 23.25 6

FIGURE 1. (A) Right and (B) left eye of a 20-year-old man with the
m.14484T>C mutation in the MT-ND6 gene, presenting with bilateral
vision loss. The right eye almost appears normal, but the left eye shows
mild peripapillary nerve fiber layer (ppNFL) elevation and micro-
telengiectasia of vessels. He had bilateral centrocecal field defects.
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4.02 years, and they showed variable penetrance of the disease
(Fig. 2). The ratio of affected male versus female was 13:3,
which is higher than the earlier studies reported with the
m.14484T>C mutation. Three pedigrees (P33, P41, and P48)
had only one affected male in each, while the penetrance was
higher in P18 and P35 with more than one male member
affected by vision loss. Both male and female affected members
were seen in three pedigrees (P24, P26, and P51). Among
these pedigrees, the highest clinical presentation was observed
in P24 with three males and one female being affected. Total
penetrance was 16 out of 81 individuals (19.75%) showing
clinical phenotype of LHON and vision loss.

Genetic Analysis

Complete mtDNA was sequenced for all probands from each
family and confirmed the presence of the m.14484T>C
mutation, which was found in homoplasmic state in all the
probands and their maternal relatives who were subjected to
the analysis. The mtDNA haplogroup was constructed based
on the complete mtDNA sequences of eight probands who
carried the m.14484T>C mutation, and revealed eight different
haplogroups, namely F1c1, M31a, U2a, M*, I1, M6, M3a1, and
R30a (Fig. 3).

The occurrence of the m.14484T>C mutation in a different
haplogroup background in the present study is in complete
contrast to European pedigrees, which showed strong
association of haplogroup J with the m.14484T>C mutation.8

The effect of haplogroup on clinical expression is mostly
explained by the private nonsynonymous variations observed
in haplotypes, which influences the effect of primary
mutations and may result in variable clinical expression.10,11

We observed 22 nonsynonymous variants and four mutations
in MT-tRNA genes of the probands analyzed (Table). The
variants observed are in pedigrees P18 (m.9053G>A,
m.10398A>G, m.10609T>C, m.12406G>A, m.13759G>A,
m.13928G>C) and one MT-tRNA mutation m.10454T>C; P24
(m.8701A>G, m.10084T>C, and m.15258A>G); P26
( m . 3 3 1 6 G>A , m . 7 8 5 9 G>A , m . 1 3 7 0 8 G>A ) ; P 3 3
(m.11447G>A, m.13879T>C) ; P35 (m.9194A>G,
m.9966G>A, m.13780A>G) and one tRNA glycine mutation
m.10034T>C; P41 (m.5301A>G) and one tRNA methionine
mutation m.4418T>C; P48 (m.12842T>C); and P51
(m.4232T>C, m.5442T>C, m.8584G>A). Among these vari-
ants, three MT-tRNA variants (m.10454T>C in tRNA arginine,
m.4418T>C in tRNA methionine, and m.15931A>T in tRNA
threonine) were found to be conserved across species. In the
protein-coding region, m.4232T>C in MT-ND1 (I309T) in
pedigree P51, m.9966G>A in MT-COIII (V254I) and
m.9194G>A in MT-ATP6 (H223A) in pedigree P35, and
m.15258A>G in MT-CYB (D171G) in pedigree P24 were found
to be conserved across the species (Table).

DISCUSSION

The mtDNA mutations m.3460G>A, m.11778G>A, and
m.14484T>C have been known as the primary causes for
LHON. However, the frequency of m.14484T>C has always
been reported to be less than that of m.11778G>A in different
populations,8,15,22,34 the only exception being Canadian
population in which m.14484T>C was reported to be the
major cause for LHON.23,24 Other important characteristics of
the m.14484T>C mutation is its preferential association with
western Eurasian haplogroup J19,21 and increased clinical
penetrance when present in the J1 subhaplogroup back-
ground.10

In the present study, we found 8 out of 187 LHON
individuals carried the m.14484T>C mutation, and we
performed clinical, genetic, and molecular characterization of
these families. We sequenced the complete mtDNA of the
probands to study the matrilineal genetic structure and to look
for the potential role of specific haplotype’s association with
LHON. Painless loss of central vision was the common clinical
feature shared by all the individuals. Since all pedigrees were
homoplasmic for the m.14484T>C mutation, heteroplasmy
cannot be the reason for variable expression of the disease.
Frequency of m.14484T>C in the present study was 4.2%,
which is similar to another study (3.33%) from India,27

suggesting a much lower percentage of m.14484T>C among
Indian LHON individuals compared with European10,22 and
Chinese populations, in which the frequency was approxi-
mately 10.0%.25 However, considering the population size and
heterogeneity, more studies are required to determine the
exact frequency of this mutation in the Indian population.

Dissection of matrilineal genetic structure of patients
revealed that four out of the eight patients belonged to the
major haplogroup M (M31a, M*, M3a1, and M6); the remaining
four haplogroups were I1, F1c1, R30a, and U2a (Fig. 3).
Presence of m.14484T>C in such a diverse haplogroup
background indicated independent occurrence of this muta-
tion in different ethnic populations in India. Interestingly, we
found one family (P18) belonged to the F1c1 haplogroup,
having two out of the eight affected individuals (25%). Its
penetrance was in contrast to earlier reports from China and

FIGURE 2. Pedigrees of Indian LHON families with the m.14484T>C
mutation in the MT-ND6 gene. The affected individuals are marked
with filled symbols, and the arrow indicates the probands for whom
the complete mtDNA was sequenced.
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Thailand, which implied a protective role of this haplogroup
due to its very low occurrence.11,25,35 This haplogroup was
defined by several nonsynonymous motifs (Table) including
tRNA arginine mutation m.10454T>C, which has been
reported to influence hearing impairment when co-occurring
with the m.1555A>G mutation36 and might explain the
increased penetrance in this family, in contrast to earlier
reports.

Pedigrees P26, P35, and P51 belonged to haplogroups U2a,
I1, and R30a, respectively. It is compelling to think that the
clinical penetrance in these families should be affected by
nonsynonymous mutations present in the mtDNA background.
All three pedigrees have several nonsynonymous motifs
(Table). Pedigree P26 possessed three variants (m.3316G>A-
MT-ND1; m.7850G>A- MT-COII; and m.13708G>A- MT-ND5),
of which m.3316G>A and m.13708G>A have been found to

FIGURE 3. Phylogenetic tree constructed based on the variation in complete mtDNA sequences of eight pedigrees with the m.14484T>C mutation.
The synonymous and nonsynonymous coding-region variants are denoted by ‘‘s’’ and ‘‘ns,’’ respectively. Variations in the transfer RNA and the
ribosomal RNA genes are denoted by ‘‘t’’ and ‘‘r,’’ respectively. The insertions and deletions are denoted by ‘‘ins’’ and ‘‘del,’’ respectively, and
underlined mutations are recurrent.
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be associated with LHON.19,37 In pedigree P35, three variants
were seen (m.9194A>G- MT-ATP6; m.9966G>A- MT-COII; and
m.13780A>G- MT-ND5), of which m.9194A>G has been found
to be highly conserved and might influence the expression of
the m.14484T>C mutation in this pedigree. However, the role
of other nonsynonymous variants cannot be completely
ignored. Pedigree P51 was found to have three variants in
the protein-coding genes (m.4232T>C- MT-ND1; m.5442T>C-
MT-ND2; m.8584G>A-MT-ATP6) and one mutation
(m.15931A>T) in tRNA threonine, which might modify the
effect of m.14484T>C. Among the families falling in the macro
haplogroup M, only pedigree P24 (M31a haplogroup) pos-
sessed the highest clinical penetrance out of eight pedigrees
(34%). Three nonsynonymous variants (m.8701A>G- MT-ATP6;
m.10084T>C- MT-ND3; and m.15258A>G- MT-CYB) have been
observed in this pedigree. Of these m.8701A>G has been
reported to alter mitochondrial matrix Ph and intracellular
calcium dynamics.38 Additional MT-CYB motifs on the J
haplogroup is reported to be one of the main reasons for their
association and increased clinical expression,10 and hence it is
plausible that the additional variant m.15258A>G, which
changes highly conserved aspartic acid to glycine in cyto-
chrome b, might influence the severity of disease expression in
this pedigree.

The main interesting observation in this study was the
existence of the pathogenic mutation m.14484T>C in different

haplogroup backgrounds. This is in fact not surprising to us
because we have demonstrated that India is not inhabited by a
single large population, but rather by a large number of small
populations that have been maintaining strict endogamy
marriage practices over tens of thousands of years.39–41

Moreover, the finding that four out of eight patients with
haplogroup M can be explained by the existence of high
frequency of M haplogroup in India.40 We have also
demonstrated that the genetic etiology of various diseases is
unique to Indian populations.28,42 Hence, it would be
interesting to see the effect of Indian haplogroups on the
LHON-causing m.14484T>C mutation.

This is the first detailed report about the m.14484T>C
mutation and its haplogroup association in the Indian
population. The distinct set of sequence variations observed
in these Indian pedigrees points toward m.14484T>C arising
independently in different mitochondrial haplogroup back-
grounds in the Indian population. Further, our study explains
that there is no association of any specific haplogroup with the
m.14484T>C mutation. This is in complete contrast to
European pedigrees, which show a strong association of
haplogroup J. However, considering the small sample size,
more LOHN samples with m.14484T>C mutations need to be
analyzed to support our findings. We observed differential
penetrance of LHON against different Indian haplogroup
backgrounds, thus indicating their possible influence on the

TABLE. Private Nonsynonymous and MT-tRNA Variants in Indian LHON Families With m.14484T>C Mutation

Subjects Haplogroup Ethnicity

Nucleotide

Position rCRS

Base

Change Gene Position

Amino

Acid

Change Conservation Reported

P18 F1c1 West Bengal 9053 G A MT-ATPase6 176 Ser>Asn No Yes

10454 T C MT-tRNA Arg — — Yes Yes

10398 A G MT-ND3 114 Thr>Ala No Yes

10609 T C MT-ND4L 47 Met>Thr No Yes

12406 G A MT-ND5 24 Val>Ile No Yes

13759 G A MT-ND5 475 Ala>Thr No Yes

13928 G C MT-ND5 531 Ser>Thr No Yes

P24 M31a West Bengal 8701 A G MT-ATPase6 59 Thr>Ala No Yes

10084 T C MT-ND3 9 Ile>Thr No Yes

15258 A G MT-Cytb 171 Asp>Gly Yes Yes

P26 U2a Madhya Pradesh 3316 G A MT-ND1 4 Ala>Thr No Yes

7859 G A MT-COII 92 Asp>Asn No Yes

13708 G A MT-ND5 458 Ala>Thr No Yes

P33 M* Tamil Nadu 11447 G A MT-ND4 230 Val>Met No Yes

13879 T C MT-ND5 515 Ser>Pro No Yes

P35 I1 Bihar 9194 A G MT-ATPase6 223 His>Arg Yes Yes

9966 G A MT-COIII 254 Val>Ile Yes Yes

10034 T C MT-tRNA Gly — — No Yes

13780 A G MT-ND5 482 Ile>Val No Yes

P41 M6 Tamil Nadu 4418 T C MT-tRNA Met — — Yes Yes

5301 A G MT-ND2 278 Ile>Val No Yes

P48 M3a1 Uttar Pradesh 12842 T C MT-ND5 169 Ile>Thr No Yes

P51 R30a Andhra Pradesh 4232 T C MT-ND1 309 Ile>Thr Yes Yes

5442 T C MT-ND2 325 Phe>Leu No Yes

8584 G A MT-ATPase6 20 Ala>Thr No Yes

15931 A T MT-tRNA Thr — — Yes No

The conservation analysis was performed by comparing human mtDNA sequence with 21 different species (rCRS NC_012920, Mus musculus
NC_005089, Rattus norvegicus NC_001665, Bos taurus NC_006853, Danio rerio NC_002333, Macaca mulatta NC_005943, Canis lupus familiaris
NC_002008, Felis catus NC_001700, Equus caballus NC_001640, Cavia porcellus NC_000884, Pan troglodytes NC_001643, Sus scrofa NC_000845,
Oryctolagus cuniculus NC_001913, Capra hircus NC_005044, Camelus dromedarius NC_009849, Panthera tigris NC_010642, Elephas maximus
NC_005129, Cervus elaphus NC_007704, Canis lupus NC_008092, Giraffa camelopardalis NC_012100, Bufo gargarizans NC_008410, Delphinus
capensis NC_012061).
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clinical expression of disease. However, further studies on
more patients are required for new insights about the
m.14484T>C mutation and its haplogroup association with
LHON in the Indian population.

Acknowledgments

NAK acknowledges the Department of Biotechnology (DBT),
Government of India for her Senior Research Fellowship (SRF). KT
was supported by the Department of Biotechnology (DBT),
Government of India; and the Council of Scientific and Industrial
Research (CSIR) (BioAge-BSC0208), Government of India.

The authors alone are responsible for the content and writing of
the paper.

Disclosure: N.A. Khan, None; P. Govindaraj, None; N. Soumit-
tra, None; S. Srilekha, None; S. Ambika, None; A. Vanniarajan,
None; A.K. Meena, None; M.S. Uppin, None; C. Sundaram,
None; A.B. Taly, None; P.S. Bindu, None; N. Gayathri, None; K.
Thangaraj, None

References

1. Schapira AH. Mitochondrial disease. Lancet. 2006;368:70–82.

2. Taylor RW, Turnbull DM. Mitochondrial DNA mutations in
human disease. Nat Rev Genet. 2005;6:389–402.

3. Bi R, Zhang AM, Yao YG. Leber’s hereditary optic neuropathy.
Ophthalmology. 2011;118:1489–1489.e1481.

4. Brown MD, Voljavec AS, Lott MT, MacDonald I, Wallace DC.
Leber’s hereditary optic neuropathy: a model for mitochon-
drial neurodegenerative diseases. FASEB J. 1992;6:2791–2799.

5. Man PY, Turnbull DM, Chinnery PF. Leber hereditary optic
neuropathy. J Med Genet. 2002;39:162–169.

6. Carelli V, Rugolo M, Sgarbi G, et al. Bioenergetics shapes
cellular death pathways in Leber’s hereditary optic neuropa-
thy: a model of mitochondrial neurodegeneration. Biochim

Biophys Acta. 2004;1658:172–179.

7. Harding AE, Sweeney MG, Govan GG, Riordan-Eva P. Pedigree
analysis in Leber hereditary optic neuropathy families with a
pathogenic mtDNA mutation. Am J Hum Genet. 1995;57:77–
86.

8. Howell N, Oostra RJ, Bolhuis PA, et al. Sequence analysis of the
mitochondrial genomes from Dutch pedigrees with Leber
hereditary optic neuropathy. Am J Hum Genet. 2003;72:1460–
1469.

9. Chinnery PF, Brown DT, Andrews RM, et al. The mitochondrial
ND6 gene is a hot spot for mutations that cause Leber’s
hereditary optic neuropathy. Brain. 2001;124:209–218.

10. Hudson G, Carelli V, Spruijt L, et al. Clinical expression of
Leber hereditary optic neuropathy is affected by the mito-
chondrial DNA-haplogroup background. Am J Hum Genet.
2007;81:228–233.

11. Ji Y, Zhang AM, Jia X, et al. Mitochondrial DNA haplogroups
M7b102 and M8a affect clinical expression of leber hereditary
optic neuropathy in Chinese families with the m.11778G–>a
mutation. Am J Hum Genet. 2008;83:760–768.

12. Kaewsutthi S, Phasukkijwatana N, Joyjinda Y, et al. Mitochon-
drial haplogroup background may influence Southeast Asian
G11778A Leber hereditary optic neuropathy. Invest Ophthal-

mol Vis Sci. 2011;52:4742–4748.

13. Kirkman MA, Yu-Wai-Man P, Korsten A, et al. Gene-environ-
ment interactions in Leber hereditary optic neuropathy. Brain.
2009;132:2317–2326.

14. Hudson G, Keers S, Yu Wai Man P, et al. Identification of an X-
chromosomal locus and haplotype modulating the phenotype
of a mitochondrial DNA disorder. Am J Hum Genet. 2005;77:
1086–1091.

15. Brown MD, Starikovskaya E, Derbeneva O, et al. The role of
mtDNA background in disease expression: a new primary
LHON mutation associated with Western Eurasian haplogroup
J. Hum Genet. 2002;110:130–138.

16. Cai W, Fu Q, Zhou X, Qu J, Tong Y, Guan MX. Mitochondrial
variants may influence the phenotypic manifestation of
Leber’s hereditary optic neuropathy-associated ND4
G11778A mutation. J Genet Genomics. 2008;35:649–655.

17. Howell N, Herrnstadt C, Shults C, Mackey DA. Low penetrance
of the 14484 LHON mutation when it arises in a non-
haplogroup J mtDNA background. Am J Med Genet A. 2003;
119A:147–151.

18. Brown MD, Sun F, Wallace DC. Clustering of Caucasian Leber
hereditary optic neuropathy patients containing the 11778 or
14484 mutations on an mtDNA lineage. Am J Hum Genet.
1997;60:381–387.

19. Torroni A, Petrozzi M, D’Urbano L, et al. Haplotype and
phylogenetic analyses suggest that one European-specific
mtDNA background plays a role in the expression of Leber
hereditary optic neuropathy by increasing the penetrance of
the primary mutations 11778 and 14484. Am J Hum Genet.
1997;60:1107–1121.

20. Hofmann S, Jaksch M, Bezold R, et al. Population genetics and
disease susceptibility: characterization of central European
haplogroups by mtDNA gene mutations, correlation with D
loop variants and association with disease. Hum Mol Genet.
1997;6:1835–1846.

21. Lamminen T, Huoponen K, Sistonen P, et al. mtDNA haplotype
analysis in Finnish families with leber hereditary optic
neuroretinopathy. Eur J Hum Genet. 1997;5:271–279.

22. Carelli V, Achilli A, Valentino ML, et al. Haplogroup effects and
recombination of mitochondrial DNA: novel clues from the
analysis of Leber hereditary optic neuropathy pedigrees. Am J

Hum Genet. 2006;78:564–574.

23. Macmillan C, Johns TA, Fu K, Shoubridge EA. Predominance of
the T14484C mutation in French-Canadian families with Leber
hereditary optic neuropathy is due to a founder effect. Am J

Hum Genet. 2000;66:332–335.

24. Laberge AM, Jomphe M, Houde L, et al. A ‘‘Fille du Roy’’
introduced the T14484C Leber hereditary optic neuropathy
mutation in French Canadians. Am J Hum Genet. 2005;77:
313–317.

25. Yu D, Jia X, Zhang AM, et al. Mitochondrial DNA sequence
variation and haplogroup distribution in Chinese patients with
LHON and m.14484T>C. PLoS One. 2010;5:e13426.

26. Nishioka T, Tasaki M, Soemantri A, et al. Leber’s hereditary
optic neuropathy with 14484 mutation in Central Java,
Indonesia. J Hum Genet. 2003;48:385–389.

27. Sundaresan P, Kumar SM, Thompson S, Fingert JH. Reduced
frequency of known mutations in a cohort of LHON patients
from India. Ophthalmic Genet. 2010;31:196–199.

28. Thangaraj K, Joshi MB, Reddy AG, Gupta NJ, Chakravarty B,
Singh L. CAG repeat expansion in the androgen receptor gene
is not associated with male infertility in Indian populations. J

Androl. 2002;23:815–818.

29. Rieder MJ, Taylor SL, Tobe VO, Nickerson DA. Automating the
identification of DNA variations using quality-based fluores-
cence re-sequencing: analysis of the human mitochondrial
genome. Nucleic Acids Res. 1998;26:967–973.

30. Vanniarajan A, Rajshekher GP, Joshi MB, Reddy AG, Singh L,
Thangaraj K. Novel mitochondrial mutation in the ND4 gene
associated with Leigh syndrome. Acta Neurol Scand. 2006;
114:350–353.

31. Anderson S, Bankier AT, Barrell BG, et al. Sequence and
organization of the human mitochondrial genome. Nature.
1981;290:457–465.

32. Andrews RM, Kubacka I, Chinnery PF, Lightowlers RN,
Turnbull DM, Howell N. Reanalysis and revision of the

Haplogroup Heterogeneity of LHON Patients IOVS j June 2013 j Vol. 54 j No. 6 j 4004

Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/journals/iovs/933468/ on 05/16/2017



Cambridge reference sequence for human mitochondrial
DNA. Nat Genet. 1999;23:147.

33. Qu J, Zhou X, Zhao F, et al. Low penetrance of Leber’s
hereditary optic neuropathy in ten Han Chinese families
carrying the ND6 T11484C mutation. Biochim Biophys Acta.
2010;1800:305–312.

34. Bi R, Zhang AM, Yu D, Chen D, Yao YG. Screening the three
LHON primary mutations in the general Chinese population
by using an optimized multiplex allele-specific PCR. Clin Chim

Acta. 2010;411:1671–1674.

35. Tharaphan P, Chuenkongkaew WL, Luangtrakool K, et al.
Mitochondrial DNA haplogroup distribution in pedigrees of
Southeast Asian G11778A Leber hereditary optic neuropathy. J

Neuroophthalmol. 2006;26:264–267.

36. Young WY, Zhao L, Qian Y, et al. Variants in mitochondrial
tRNAGlu, tRNAArg, and tRNAThr may influence the pheno-
typic manifestation of deafness-associated 12S rRNA A1555G
mutation in three Han Chinese families with hearing loss. Am J

Med Genet A. 2006;140:2188–2197.

37. Sudoyo H, Suryadi H, Lertrit P, Pramoonjago P, Lyrawati D,
Marzuki S. Asian-specific mtDNA backgrounds associated with
the primary G11778A mutation of Leber’s hereditary optic
neuropathy. J Hum Genet. 2002;47:594–604.

38. Kazuno AA, Munakata K, Nagai T, et al. Identification of
mitochondrial DNA polymorphisms that alter mitochondrial
matrix pH and intracellular calcium dynamics. PLoS Genet.
2006;2:e128.

39. Reich D, Thangaraj K, Patterson N, Price AL, Singh L.
Reconstructing Indian population history. Nature. 2009;461:
489–494.

40. Thangaraj K, Chaubey G, Singh VK, et al. In situ origin of deep
rooting lineages of mitochondrial Macrohaplogroup ‘M’ in
India. BMC Genomics. 2006;7:151.

41. Thangaraj K, Chaubey G, Kivisild T, et al. Maternal footprints
of Southeast Asians in North India. Hum Hered. 2008;66:1–9.

42. Dhandapany PS, Sadayappan S, Xue Y, et al. A common
MYBPC3 (cardiac myosin binding protein C) variant associated
with cardiomyopathies in South Asia. Nat Genet. 2009;41:
187–191.

Haplogroup Heterogeneity of LHON Patients IOVS j June 2013 j Vol. 54 j No. 6 j 4005

Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/journals/iovs/933468/ on 05/16/2017


	f01
	f02
	f03
	t01
	b01
	b02
	b03
	b04
	b05
	b06
	b07
	b08
	b09
	b10
	b11
	b12
	b13
	b14
	b15
	b16
	b17
	b18
	b19
	b20
	b21
	b22
	b23
	b24
	b25
	b26
	b27
	b28
	b29
	b30
	b31
	b32
	b33
	b34
	b35
	b36
	b37
	b38
	b39
	b40
	b41
	b42


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


