
Leber hereditary optic neuropathy (LHON) is a mito-
chondrial disorder characterized by bilateral or, rarely, 
unilateral painless acute or subacute visual failure without a 
clear etiology. The incidence of LHON according to various 
authors varies from 1:50,000 to 1:31,000 [1,2]. The provi-
sional diagnosis of this disease is based on ophthalmologic 
examinations that reveal swelling of the optic nerve head 
and vascular changes such as peripapillary telangiectasia, 
microangiopathy, and vascular tortuosity [3]. The clinical 
manifestations of LHON and the age of onset are highly vari-
able. Both sexes can be affected, but the clinical symptoms 
of this disease most often appear in 20- to 30-year-old men 
[4]. Visual failure usually develops with visual blurring and 
impairment of the central visual field in one eye, and some 
months later, the same symptoms are found in the second eye. 
However, there have been rare cases of LHON in which the 
second eye remained unaffected for years [5]. This state can 
progress to atrophy of the optic nerve, causing blindness [6].

Approximately 90% of individuals affected by LHON 
have one of three point mutations in mitochondrial DNA 
(mtDNA): G3460A, G11778A, or T14484C [7]. Molecular 
analysis of individuals who do not harbor these mutations but 
exhibit clinical manifestations of LHON has revealed other 
point mutations in mtDNA. Currently, 69 non-synonymous 
polymorphisms in the MITOMAP database may contribute to 
this disease when the three strictly LHON-associated muta-
tions are not present.

To cause phenotypic pathology, the amount of mutant 
mtDNA should exceed a critical threshold level, which may 
differ for different positions in the mitochondrial genome [8]. 
It is thought that heteroplasmic LHON-associated mutations 
in mtDNA can cause significant effects if the proportion of 
the mutant variant exceeds 60% [6].

When a mitochondrial disease as complex as LHON is 
studied, it should be kept in mind that the penetrance, pheno-
typic expression, and prognosis of this disorder may depend 
on many factors, e.g., the mtDNA haplogroup-defining 
polymorphisms (selectively neutral), the mutation type (e.g., 
patients with the 14,484 mutation have a better prognosis 
and a greater chance of partial vision recovery than patients 
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with the 11,778 mutation), hormonal factors, environmental 
factors, and other factors. Moreover, the possible effects of 
the nuclear DNA background on the severity and penetrance 
of LHON have been widely discussed [2,9,10].

The epidemiological study of this rare mitochondrial 
disease is based on molecular analysis of the mitochondrial 
genome of patients suspected of having LHON based on 
ophthalmologic examinations. Only three common LHON-
associated mutations are usually analyzed, and the rare 
LHON-associated polymorphisms have been comparatively 
poorly studied [11].

It may be of critical importance to analyze all non-
synonymous polymorphisms in the mtDNA of patients with 
clinical manifestations of LHON in different populations 
to evaluate the role of these polymorphisms in the devel-
opment of this mitochondrial disorder. The primary aim 
of this study was to detect LHON-associated mutations in 
patients suspected of having LHON in a Latvian population. 
A secondary aim was to report all new non-synonymous 
polymorphisms in the mitochondrial genome found in the 
study population. Additionally, the heteroplasmy status of 
each non-synonymous polymorphism was determined, and 
the mitochondrial haplogroups of the study participants were 
identified because these factors may also contribute to the 
manifestation of LHON.

METHODS

Patients: Twelve patients, including patients in two fami-
lies, F1 and F2 (Figure 1), were enrolled in this study. In 
the first family, the mother and son were affected, and in 
the second family, visual failure was observed in only one 
family member (LHON-4) and not in her offspring (LHON-6 
and LHON-7). The current study was approved by the Ethics 
Committee and complied with the Declaration of Helsinki 
[12]; all participants provided written informed consent. Two 

samples (LHON-1 and LHON-2) were obtained in 2007, and 
other samples were obtained in 2011–2012. Information on 
the health state and family history of the studied participants 
was collected using health and hereditary questionnaires.

Ophthalmologic examination: The ophthalmologic examina-
tions were performed in the Ophthalmology Clinic of Pauls 
Stradins Clinical University Hospital, Riga. The following 
tests were used: visual acuity and visual field examinations, 
fundus photography, and optical coherence tomography 
(OCT). Other possible causes of visual failure were excluded, 
such as metabolic diseases (e.g., diabetes mellitus), toxicity 
(alcohol), trauma, and inflammation.

Molecular analysis of the mitochondrial genome: Whole 
DNA was extracted from blood leukocytes using the stan-
dard phenol chloroform method [13]. A total of 72 point 
mutations in mtDNA that had been previously reported 
to be associated with LHON according to the MITOMAP 
database (last update in August 2012) were analyzed. The 
polymorphism phenotyping (PolyPhen) and Sorting Tolerant 
From Intolerant (SIFT) databases were used to evaluate the 
interspecies conservation of these mutations and the possible 
or probable damaging status of each mutation (PolyPhen, 
SIFT). This information was considered when the results 
were interpreted. Twenty-two mtDNA fragments were ampli-
fied using oligonucleotide primers as described previously 
[14-17] (Appendix 1). PCR was performed in a final volume 
of 12.5 µl. The master mix contained (per tube) 1.25 µl of 
10x Taq Buffer containing (NH4)2SO4 (Thermo Scientific, 
Vilnius, Lithuania), 1.25 µl of 25 mM MgCl2 (Thermo Scien-
tific), 0.125 µl of dNTPs (10 mM each; Thermo Scientific), 
0.5 µl of 10 µM forward primer (Metabion, Martinsried, 
Germany), 0.5 µl of 10 µM reverse primer (Metabion), 0.25 µl 
of Taq DNA Polymerase (5 U/µl; Thermo Scientific), and 
7.63 µl of nuclease-free water (Thermo Scientific). To each 
tube was added 1 µl of 20 ng/µl DNA. The conditions of the 

Figure 1. Two families (F1 and F2) 
involved in the current study.
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PCR were as follows: one cycle at 95 °C for 5 min; 30 cycles 
of 95 °C for 30 s, primer annealing for 30 s (temperatures are 
given in Appendix 1) and 72 °C for 30 s (for long fragments, 
13 and 15, the elongation time was 2 min); and a final elonga-
tion at 72 °C for 5 min. Each fragment was evaluated using an 
agarose gel stained with 10 mg/ml ethidium bromide and then 
was purified using the ExoI and FastAP enzymes (Thermo 
Scientific). The fragments were sequenced in both directions 
using the forward and reverse primers and a 3130×l Genetic 
Analyzer (Applied Biosystems, Carlsbad, CA) according to 
the manufacturer’s protocol. For PCR fragments 13 and 15, 
long reads were used, and the capillary length was changed 
from 50 cm to 80 cm.

Analysis of mitochondrial DNA haplogroups: The mtDNA 
haplogroups of the participants were determined by 
sequencing hypervariable segment I (HVS-I) and with poly-
merase chain reaction-restriction fragment length polymor-
phism (PCR-RFLP) analysis [15].

Detection of mtDNA heteroplasmy using the SURVEYOR 
assay: Because sequencing is not sufficiently sensitive to 
detect heteroplasmy (the limit of detection is approximately 
20% [18,19]), the SURVEYOR mismatch endonuclease 
assay was used. The limit of detection for heteroplasmy by 
this method is 3% [14]. The mismatch endonuclease is able 
to digest a DNA heteroduplex on the 3′-side of the mismatch 
site formed by heating and slow cooling if heteroplasmy is 
present in the studied mtDNA fragment. All PCR products 
were treated using the SURVEYOR mismatch endonuclease 
and analyzed with 4% polyacrylamide gel electrophoresis 

with staining with ethidium bromide. The SURVEYOR 
Mutation Detection Kit (Transgenomic, San Jose, CA) was 
used in this study. The reactions were performed according 
to the manufacturer’s protocols and Bannwarth’s method 
of detection of heteroplasmic mutations in a whole mtDNA 
using SURVEYOR mismatch endonuclease [14].

RESULTS

Five affected men, five affected women, and two unaffected 
women participated in the study. The average age of onset 
was 38.5 years. The results of the ophthalmologic examina-
tions and molecular analysis are summarized in Table 1 and 
Table 2, respectively.

Analysis of individual cases:

First family: Mother (LHON-1) and son (LHON-2)—
In the first family (F1), mother and son had significant visual 
impairment. The clinical manifestation was more severe in 
the son (LHON-2) than in his mother (LHON-1). A significant 
decrease in visual acuity and central scotoma occurred in 
LHON-2 at the age of 21 years, but 1 year later, an ophthal-
mological examination revealed a decrease in the size of 
the central scotoma. Both individuals harbored a primary 
LHON-associated homoplasmic mutation in the MT-ND4 
gene: G11778A (p.Arg340His).

Patient LHON-3—The family history was not available 
for this patient. At the age of 39 years, this patient experienced 
significant visual loss in both eyes (visual acuity, 0.01) and 

Table 1. CliniCal daTa and resulTs of ophThalmologiC examinaTion.

Code of 
the sample Gender Family history of visual 

failure
Age of 
onset

Age of enrol-
ment into the 
genetic study

Visual acuity Visual fields

OD OS OD OS
LHON-1 F No 35 50 0.06 0.06 CS CS
LHON-2 M Yes (LHON-1; mother) 21 27 0.03 0.04 CS CS
LHON-3 M NA 39 43 0.01 0.01 CS CS
LHON-4 F No 40 55 0.05 0.06 CCS CCS
LHON-5 M No 53 54 0.05 0.75 CCS N
LHON-6 F Yes (LHON-4; mother) - 24 75 0.75 N N
LHON-7 F Yes (LHON-4; mother) - 32 1 1 N N
LHON-8 F No 30 49 0.1 0.1 CS CS
LHON-9 F No 51 53 0.4 0.4 CCS CCS
LHON-10 M No 58 58 0.1 0.05 CCS CCS
LHON-11 F No 41 45 0.3 0.4 CCS CCS
LHON-12 M No 26 36 0.2 0.5 CCS N

Abbreviations: CS – central scotoma; CCS – cecocentral scotoma; N – normal; NA – not available; OD – oculus dexter (right eye); OS 
– oculus sinister (left eye).
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atrophy of the optic nerve. Analysis of the mtDNA revealed 
one non-synonymous mutation, T6253C (p.Met117Thr), in 
the MT-COX I gene, which is not noted as associated with 
LHON in the MITOMAP database. To assess an interspecies 
conservation and the possible pathogenicity of the T6253C 
mutation, the PolyPhen and SIFT databases were used. These 
databases indicated that this mutation may be benign and 
tolerated, respectively.

Second family: Affected mother (LHON-4) and two unaffected 
daughters (LHON-6 and LHON-7): In this family (F2), only 
the mother (LHON-4) exhibited clinical features of LHON, 
which appeared at the age of 40 years. The rare LHON-asso-
ciated mutation A13637G was found in the MT-ND5 gene of 
this patient. Then the two daughters (LHON-6 and LHON-7) 
of this patient were examined ophthalmologically to assess 
the state of their vision. At the examination, they were 24 
and 32 years old, respectively. In addition, fragment number 
14 of each daughter was sequenced to determine if there was 
a mutation at position 13,637. The same mutation was found 
in both daughters even though they were phenotypically 
healthy at the time of the study. In the PolyPhen database, 
the A13637G mutation is listed as benign, and in the SIFT 
database, it is listed as “predict tolerated.”

Patient LHON-5: This male patient, who was 53 years old, 
had progressive visual impairment; over a period of 1 month, 
his visual acuity decreased from 0.3 to 0.05 in his right eye 
and from 1.0 to 0.75 in his left eye. The ophthalmological 
examination revealed edema, atrophy of the optic nerve, and 
cecocentral scotoma only in the right eye. Sequencing of the 
MT-ND5 gene revealed the presence of a secondary LHON-
associated point mutation, A13637G, the same as that found 
in LHON-4.

Patients LHON-8, LHON-9, LHON-10, and LHON-11: These 
unrelated patients were suspected of having LHON due to 

significant visual impairment with an unclear etiology, but 
the molecular analysis of mtDNA did not confirm this diag-
nosis, as no LHON-associated mutations were found.

Patient LHON-12: The sex and age of onset of this study 
participant were characteristic of LHON. The patient was 
male and experienced significant visual impairment at the 
age of 26 years. This patient’s decrease in visual acuity was 
not as severe as that for the patients discussed above. Visual 
field impairment (cecocentral scotoma) occurred only in the 
right eye. Molecular analysis of the mtDNA did not reveal any 
LHON-associated mutations.

Analysis of the mtDNA haplogroups of the studied patients: 
The majority of the participants belonged to haplogroup H 
or U, which are abundant mtDNA genotypes in the Latvian 
population [20] (Table 2).

Analysis of mtDNA heteroplasmy: As described previously, 
all non-synonymous point mutations in the mtDNA found 
in the current study were present only in the homoplasmic 
state. The homoplasmic state of these polymorphisms was 
suggested by the analysis of the sequencing chromatograms 
and was confirmed using the SURVEYOR mismatch endo-
nuclease assay (Figure 2).

DISCUSSION

The results of studies on the prevalence of LHON and reports 
of individual cases of this disease are available for some 
European and Asian populations [21,22]. The current study 
provides additional information about the distribution of 
LHON-associated mutations in a Latvian population.

Prevalence of Leber hereditary optic neuropathy in Euro-
pean populations: As described previously, there is the 
great probability of identifying of one of the most common 
with LHON-associated mutations (G11778A, G3460A, or 

Figure 2. Detection of mito-
chondrial deoxyribonucleic acid 
heteroplasmy using SURVEYOR 
mismatch endonuclease on 4% 
polyacrylamide gel. Abbrevia-
tions: Lanes A, D, F, H, J, undi-
gested PCR products; lanes B, E, 
G, I, K, digested PCR products 
with SURVEYOR mismatch 

endonuclease (Transgenomic); lane C, size marker (100 bp Ladder plus, Thermo Scientific). Lane A, a negative control for heteroplasmy 
(homoplasmic sample); lane B, a positive control for heteroplasmy (heteroplasmic sample). Stars indicate the location of cleavage fragments. 
Lanes D, E: LHON-1, 15 amplified fragment; lanes F, G: LHON-2, 15 amplified fragment; lanes H, I: LHON-3, 4 amplified fragment; lanes 
J, K: LHON-4, 14 amplified fragment.
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T14484C) among individuals suspected of having LHON. In 
the current study, the members of one family (two affected 
members) with distinct clinical features of LHON harbored 
the G11778A mutation. None of the studied individuals 
possessed the G3460A or T14484C mutation. However, 
the low prevalence of this disease in European populations 
should be considered. The absence of other primary LHON-
associated mutations among the studied participants may be 
due to the small number of patients enrolled in the current 
study. Furthermore, the current project started recently and 
represents data collected over a comparatively short period 
of time. These data may be insufficient for evaluating the 
prevalence of such a rare disease. However, the project is 
ongoing, and all collected data may be used to develop a 
LHON registry in Latvia. In Finland, which is geographically 
close to Latvia, 36 families with LHON were identified over 
a period of 34 years. The most common LHON-associated 
mutation was G11778A (19 families with LHON). The 
A3460G and C14484T mutations in the mtDNA were found 
less frequently (four families and one family, respectively). 
In the remaining 12 families with clinical manifestations of 
LHON, none of the three primary LHON-associated muta-
tions were found [1]. Sixteen families with LHON were 
identified in an epidemiological study performed in northeast 
England. One of the three primary LHON-associated muta-
tions was found in each family by sequencing of the entire 
mtDNA. The most common LHON-associated mutation in 
this study was G11778A (60%), as observed in the Finnish 
population. The G3460A mutation was found in 33% of 
families with LHON, and the T14484C mutation was found 
in 7% [23]. Another epidemiological study was performed in 
the Netherlands, and among the 63 analyzed Dutch families 
suspected of having LHON, 56 carried one of the primary 
LHON-associated mutations. In 33 cases, it was the G11778A 
mutation, in 11 cases, it was G3460A, and in 12 cases, it was 
T14484C. Seven patients did not harbor any primary LHON-
associated mutations [24].

Haplogroup association with LHON: In some studies of 
European populations, an association between LHON and 
haplogroup J has been found [1,15]. Moreover, in some cases, 
the clinical manifestations and penetrance of LHON have 
been found to be milder in families belonging to haplogroup 
H than among families belonging to haplogroup J [1,25]. 
Additionally, one clinical study showed that rare LHON-
associated point mutations may be deleterious or, conversely, 
beneficial in the context of different mitochondrial 
haplogroup backgrounds [26]. It is important to consider the 
distribution of the mitochondrial haplogroups in the region 
under study to evaluate the mitochondrial genetic background 
and its possible inf luence on the penetrance of LHON. 

Haplogroup J is more common in the Italian population than 
in the Latvian population (14.3% versus 6.4%, respectively) 
[20,27]. Haplogroup J is found in the Finnish population at 
the same proportion as in the Latvian population (6.3% and 
6.4%, respectively) [20,28]. Although haplogroup J is not 
common in these populations, it could be overrepresented 
among individuals with LHON due to the possible influ-
ence on the clinical manifestation of this disease. Based on 
phylogenetic analysis, in regions where haplogroup J is not 
common, there is an association between LHON and other 
definitive geographic region-specific haplogroups, e.g., M7b 
for the Chinese population [29]. This result may indicate that 
various combinations of selectively neutral polymorphisms in 
mtDNA may be associated with the penetrance of this disease. 
However, the more abundant haplogroups in the region under 
study should also be considered because of the possibility of 
masking the association of LHON with comparatively rare 
haplogroups, especially if the sample size is not large enough. 
For example, haplogroups H and U are more frequent in the 
Latvian population, and therefore, there is a high probability 
that individuals with LHON in this region may belong to 
these haplogroups instead of haplogroup J, which is rare 
[20]. Published data on the association of LHON with specific 
haplogroups are more abundant for the three common LHON-
associated mutations, especially for G11778A [15]. Currently, 
there are insufficient data on the effect of the mitochondrial 
haplogroup background on the severity and age of onset of 
LHON in patients harboring the only rare LHON-associated 
mutation in European populations. In the current study, the 
majority of affected individuals belonged to haplogroups H 
and U, and none of subjects belonged to haplogroup J; there-
fore, it is not possible to compare the penetrance and severity 
of LHON between the two mtDNA phylogenetic branches: 
haplogroup H and haplogroup J.

In epidemiology studies of LHON in European popu-
lations, there were many sporadic cases of this disease and 
families without primary LHON-associated mutations; these 
patients harbored other non-synonymous polymorphisms in 
the mitochondrial genome [1,24]. Many of these newly identi-
fied polymorphisms are included in the MITOMAP database 
as predictably associated with the development of LHON. The 
majority of these polymorphisms are localized in MT-ND 
genes (49 (71%) out of 69 mutations), which encode the 
subunits of NADH dehydrogenase, which is part of OXPHOS 
(oxidative phosphorylation) respiratory chain complex I.

The previously reported rare LHON-associated muta-
tion in the MT-ND5 gene A13637G was found in two unre-
lated individuals with LHON in the current study. These 
individuals belonged to the mitochondrial haplogroup U5b, 
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which is listed as associated with this polymorphism in the 
PhyloTree database. According to the PhyloTree database, the 
A13637G polymorphism is also associated with two Asian 
haplogroups: M1a3 and N1c. This association may indicate 
that this polymorphism arose in different populations due to 
independent mutational events [30]. In addition, the A13637G 
polymorphism was found in one Chinese family that harbored 
the primary LHON-associated mutation G3460A. This family 
belonged to the haplogroup M10a1, which has not been shown 
to be associated with the A13637G polymorphism according 
to the PhyloTree database [31].

In the study of LHON in a Chinese population, the non-
synonymous polymorphism T6253C was also observed [29]. 
This same polymorphism was found in patient LHON-3 in 
the current study. According to the MITOMAP database, 
this point mutation was previously reported to be associated 
only with prostate cancer [32,33]. According to the PhyloTree 
database, the T6253C polymorphism is also associated with 
various mitochondrial haplogroups: L1c2, M13’46’61, D5b1, 
and H15.

The PolyPhen and SIFT databases, which are widely 
used to predict probable deleterious effects of non-synon-
ymous polymorphisms, did not confirm the pathogenicity 
of the A13637G and T6253C mutations. In light of all this 
information, these non-synonymous polymorphisms in the 
mtDNA may not be sufficient for the development of LHON. 
However, we could not exclude the possibility that these poly-
morphisms may be possible risk factors for LHON that could 
contribute to the clinical manifestation of this disease under 
certain conditions (e.g., stress, trauma) or when accompanied 
by other risk factors (e.g., a definitive nuclear background, 
excessive alcohol consumption). Further investigations and 
additional reports on the association between the molecular 
and clinical characteristics are necessary to evaluate the 
significance of these mutations in the development of this 
complex mitochondrial disease.

Conclusions: In a Latvian population, one family affected 
with LHON with a primary LHON-associated mutation, 
G11778A, was identified. Additionally, the A13637G muta-
tion was identified in the mtDNA of two affected unrelated 
participants in this study, and the T6253C mutation was found 
in one patient. The analysis of the A13637G and T6253C 
mutation using the SIFT, PolyPhen data analysis software, 
and PhyloTree databases revealed that these polymorphisms 
are not conserved among species and are widely distributed 
among different mitochondrial haplogroups. Further investi-
gations and additional reports are necessary to confirm the 
roles of these polymorphisms in the manifestation of LHON.

APPENDIX 1. PRIMER PAIRS USED FOR 
AMPLIFICATION AND SEQUENCING ANALYSIS 
IN THE CURRENT STUDY.

To access the data, click or select the words “Appendix 1.”

ACKNOWLEDGMENTS

The research was supported by grants from the Latvian 
Council of Science National Programs no. 09.1284 and 
10.0010.01, and ERDF Project No. 2010/0311/2DP/2.1.1.1.0/10/
APIA/VIAA/069. We acknowledge Ligija Ignatovica and 
Janis Kimsis for technical assistance and the administrators 
of the Genome Database of the Latvian Population, Latvian 
Biomedical Research and Study Centre.

REFERENCES
1. Puomila A, Hämäläinen P, Kivioja S, Savontaus ML, 

Koivumäki S, Huoponen K, Nikoskelainen E. Epidemi-
ology and penetrance of Leber hereditary optic neuropathy 
in Finland.  Eur J Hum Genet  2007; 15:1079-89. [PMID: 
17406640].

2. Spruijt L, Kolbach DN, de Coo RF, Plomp AS, Bauer NJ, 
Smeets HJ, de Die-Smulders CE. Influence of mutation type 
on clinical expression of Leber hereditary optic neuropathy.  
Am J Ophthalmol  2006; 141:676-82. [PMID: 16564802].

3. Koilkonda RD, Guy J. Leber’s Hereditary Optic Neuropathy-
Gene Therapy: From Benchtop to Bedside.  J Ophthalmol  
2011; 2011:179412-16. [PMID: 21253496].

4. Kirches E. LHON: Mitochondrial Mutations and More.  Curr 
Genomics  2011; 12:44-54. [PMID: 21886454].

5. Barboni P, Savini G, Valention ML, La Morgia C, Bellusci 
C, De Negri AM, Sadun F, Carta A, Carbonelli M, Sadun 
AA, Carelli V. Leber’s Hereditary Optic Neuropathy with 
Childhood Onset.  IOVS  2006; 47:5303-9. [PMID: 17122117].

6. Yu-Wai-Man P, Griffiths PG, Hudson G, Chinnery PF. Inher-
ited mitochondrial optic neuropathies.  J Med Genet  2009; 
46:145-58. [PMID: 19001017].

7. Yu-Wai-Man P, Chinnery PF. Leber Hereditary Optic 
Neuropathy. In: Pagon RA, Bird TD, Dolan CR, Stephens K, 
Adam MP, editors. GeneReviews™ [Internet]. Seattle (WA): 
University of Washington, Seattle; 1993.

8. Chinnery PF. Mitochondrial Disorders Overview. In: Pagon 
RA, Bird TD, Dolan CR, Stephens K, Adam MP, editors. 
GeneReviews™ [Internet]. Seattle (WA): University of Wash-
ington, Seattle; 1993.

9. Chinnery PF, Howell N, Andrews RM, Turnbull DM. Mito-
chondrial DNA analysis: polymorphisms and pathogenecity.  
J Med Genet  1999; 36:505-10. [PMID: 10424809].

10. Yu-Wai-Man P, Griffiths PG, Chinnery PF. Mitochondrial 
optic neuropathies – Disease mechanisms and therapeutic 
strategies.  Prog Retin Eye Res  2011; 30:81-114. [PMID: 
21112411].

http://www.molvis.org/molvis/v19/2343
http://www.phyllotree.org
http://www.phyllotree.org
http://www.phyllotree.org
http://sift.jcvi.org/
http://genetics.bwh.harvard.edu/pph2/
http://www.phyllotree.org
http://www.molvis.org/molvis/v19/appendices/mv-v19-2343-app-1.pdf
http://www.ncbi.nlm.nih.gov/pubmed/17406640
http://www.ncbi.nlm.nih.gov/pubmed/17406640
http://www.ncbi.nlm.nih.gov/pubmed/16564802
http://www.ncbi.nlm.nih.gov/pubmed/21253496
http://www.ncbi.nlm.nih.gov/pubmed/21886454
http://www.ncbi.nlm.nih.gov/pubmed/17122117
http://www.ncbi.nlm.nih.gov/pubmed/19001017
http://www.ncbi.nlm.nih.gov/pubmed/10424809
http://www.ncbi.nlm.nih.gov/pubmed/21112411
http://www.ncbi.nlm.nih.gov/pubmed/21112411


Molecular Vision 2013; 19:2343-2351 <http://www.molvis.org/molvis/v19/2343> © 2013 Molecular Vision 

2350

11. Taylor RW, Jobling MS, Turnbull DM, Chinnery PF. Frequency 
of rare mitochondrial DNA mutations in patients with 
suspected Leber’s hereditary optic neuropathy.  J Med Genet  
2003; 40:e85-[PMID: 12843334].

12. World Medical Association declaration of Helsinki. Recom-
mendations guiding physicians in biomedical research 
involving human subjects.  JAMA  1997; 277:925-6. [PMID: 
9062334].

13. Sambrook J, Fritsch EF, Maniatus T. Molecular cloning: a 
laboratory manual. 2nd ed. Cold Spring Harbour (NY): Cold 
Spring Harbour Press; 1989.

14. Bannwarth S, Procaccio V, Paquis-Flucklinger V. Surveyor 
Nuclease: a new strategy for a rapid identification of hetero-
plasmic mitochondrial DNA mutations in patients with respi-
ratory chain defects.  Hum Mutat  2005; 25:575-82. [PMID: 
15880407].

15. Torroni A, Petrozzi M, D’Urbano L, Sellitto D, Zeviani M, 
Carrara F, Carducci C, Leuzzi V, Carelli V, Barboni P, De 
Negri A, Scozzari R. 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; 60:1107-21. [PMID: 
9150158].

16. Maca-Meyer N, González AM, Larruga JM, Flores C, Cabrera 
VM. Major genomic mitochondrial lineages delineate early 
human expansions.  BMC Genet  2001; 2:1-13. [PMID: 
11178107].

17. Ramos A, Santos C, Alvarez L, Nogués R, Aluja MP. Human 
mitochondrial DNA complete amplification and sequencing: 
a new validated primer set that prevents nuclear DNA 
sequences of mitochondrial origin co-amplification.  Elec-
trophoresis  2009; 30:1587-93. [PMID: 19350543].

18. Pliss L, Brakmanis A, Ranka R, Elferts D, Krumina A, 
Baumanis V. The link between mitochondrial DNA hyper-
variable segment I heteroplasmy and ageing among geneti-
cally unrelated Latvians.  Exp Gerontol  2011; 46:560-8. 
[PMID: 21377516].

19. Tully LA, Parsons TJ, Steighner RJ, Holland MM, Marino 
MA, Prenger VL. A Sensitive Denaturing Gradient-Gel 
Electrophoresis Assay Reveals a High Frequency of Hetero-
plasmy in Hypervariable Region 1 of the Human mtDNA 
Control Region.  Am J Hum Genet  2000; 67:432-43. [PMID: 
10873789].

20. Pliss L, Tambets K, Loogväli EL, Pronina N, Lazdins M, 
Krumina A, Baumanis V. Villems. Mitochondrial DNA 
portrait of Latvians: towards the understanding of the genetic 
structure of Baltic-speaking populations.  Ann Hum Genet  
2006; 70:439-58. [PMID: 16759178].

21. Mascialino B, Leinonen M, Meier T. Meta-analysis of the 
prevalence of Leber hereditary optic neuropathy mtDNA 
mutations in Europe.  Eur J Ophthalmol  2012; 22:461-65. 
[PMID: 21928272].

22. Jia X, Li S, Xiao X, Guo X, Zhang Q. Molecular epidemiology 
of mtDNA mutations in 903 Chinese families suspected with 

Leber hereditary optic neuropathy.  J Hum Genet  2006; 
51:851-6. [PMID: 16972023].

23. Man PY, Griffiths PG, Brown DT, Howell N, Turnbull DM, 
Chinnery PF. The epidemiology of Leber hereditary optic 
neuropathy in the North East of England.  Am J Hum Genet  
2003; 72:333-9. [PMID: 12518276].

24. Howell N, Oostra RJ, Bolhuis PA, Spruijt L, Clarke LA, 
Mackey DA, Preston G, Herrnstadt C. Sequence analysis 
of the mitochondrial genomes from Dutch pedigrees with 
Leber hereditary optic neuropathy.  Am J Hum Genet  2003; 
72:1460-9. [PMID: 12736867].

25. Hudson G, Carelli V, Spruijt L, Gerards M, Mowbray C, Achilli 
A, Pyle A, Elson J, Howell N, La Morgia C, Valentino ML, 
Huoponen K, Savontaus ML, Nikoskelainen E, Sadun AA, 
Salomao SR, Belfort R Jr, Griffiths P, Man PY, de Coo RF, 
Horvath R, Zeviani M, Smeets HJ, Torroni A, Chinnery PF. 
Clinical expression of Leber hereditary optic neuropathy is 
affected by the mitochondrial DNA-haplogroup background.  
Am J Hum Genet  2007; 81:228-33. [PMID: 17668373].

26. Ji F, Sharpley MS, Derbeneva O, Alves LS, Qian P, Wang 
Y, Chalkia D, Lvova M, Xu J, Yao W, Simon M, Platt J, 
Xu S, Angelin A, Davila A, Huang T, Wang PH, Chuang 
LM, Moore LG, Qian G, Wallace DC. Mitochondrial 
DNA variant associated with Leber hereditary optic neurop-
athy and high-altitude Tibetans.  Proc Natl Acad Sci USA  
2012; 109:7391-6. [PMID: 22517755].

27. Carelli V, Achilli A, Valentino ML, Rengo C, Semino O, Pala 
M, Olivieri A, Mattiazzi M, Pallotti F, Carrara F, Zeviani 
M, Leuzzi V, Carducci C, Valle G, Simionati B, Mendieta L, 
Salomao S, Belfort R Jr, Sadun AA, Torroni A. Haplogroup 
effects and recombination of mitochondrial DNA: novel 
clues from the analysis of Leber hereditary optic neuropathy 
pedigrees.  Am J Hum Genet  2006; 78:564-74. [PMID: 
16532388].

28. Meinilä M, Finnilä S, Majamaa K. Evidence for mtDNA 
admixture between the Finns and the Saami.  Hum Hered  
2001; 52:160-70. [PMID: 11588400].

29. Zhang AM, Jia X, Bi R, Salas A, Li S, Xiao X, Wang P, 
Guo X, Kong QP, Zhang Q, Yao YG. Mitochondrial DNA 
haplogroup background affects LHON, but not suspected 
LHON, in Chinese patients.  PLoS ONE  2011; 6:e27750-
[PMID: 22110754].

30. Achilli A, Iommarini L, Olivieri A, Pala M, Hooshiar Kashani 
B, Reynier P, La Morgia C, Valentino ML, Liguori R, Pizza 
F, Barboni P, Sadun F, De Negri AM, Zeviani M, Dollfus H, 
Moulignier A, Ducos G, Orssaud C, Bonneau D, Procaccio 
V, Leo-Kottler B, Fauser S, Wissinger B, Amati-Bonneau 
P, Torroni A, Carelli V. Rare primary mitochondrial DNA 
mutations and probable synergistic variants in Leber’s 
hereditary optic neuropathy.  PLoS ONE  2012; 7:e42242-
[PMID: 22879922].

31. Tong Y, Sun Y, Zhou X, Zhao F, Mao Y, Wei QP, Yang L, 
Qu J, Guan MX. Very low penetrance of Leber’s hereditary 
optic neuropathy in five Han Chinese families carrying the 
ND1 G3460A mutation.  Mol Genet Metab  2010; 99:417-24. 
[PMID: 20053576].

http://www.molvis.org/molvis/v19/2343
http://www.ncbi.nlm.nih.gov/pubmed/12843334
http://www.ncbi.nlm.nih.gov/pubmed/9062334
http://www.ncbi.nlm.nih.gov/pubmed/9062334
http://www.ncbi.nlm.nih.gov/pubmed/15880407
http://www.ncbi.nlm.nih.gov/pubmed/15880407
http://www.ncbi.nlm.nih.gov/pubmed/9150158
http://www.ncbi.nlm.nih.gov/pubmed/9150158
http://www.ncbi.nlm.nih.gov/pubmed/11178107
http://www.ncbi.nlm.nih.gov/pubmed/11178107
http://www.ncbi.nlm.nih.gov/pubmed/19350543
http://www.ncbi.nlm.nih.gov/pubmed/21377516
http://www.ncbi.nlm.nih.gov/pubmed/10873789
http://www.ncbi.nlm.nih.gov/pubmed/10873789
http://www.ncbi.nlm.nih.gov/pubmed/16759178
http://www.ncbi.nlm.nih.gov/pubmed/21928272
http://www.ncbi.nlm.nih.gov/pubmed/16972023
http://www.ncbi.nlm.nih.gov/pubmed/12518276
http://www.ncbi.nlm.nih.gov/pubmed/12736867
http://www.ncbi.nlm.nih.gov/pubmed/17668373
http://www.ncbi.nlm.nih.gov/pubmed/22517755
http://www.ncbi.nlm.nih.gov/pubmed/16532388
http://www.ncbi.nlm.nih.gov/pubmed/16532388
http://www.ncbi.nlm.nih.gov/pubmed/11588400
http://www.ncbi.nlm.nih.gov/pubmed/22110754
http://www.ncbi.nlm.nih.gov/pubmed/22879922
http://www.ncbi.nlm.nih.gov/pubmed/20053576


Molecular Vision 2013; 19:2343-2351 <http://www.molvis.org/molvis/v19/2343> © 2013 Molecular Vision 

2351

32. Brandon M, Baldi P, Wallace DC. Mitochondrial mutations in 
cancer.  Oncogene  2006; 25:4647-62. [PMID: 16892079].

33. Petros JA, Baumann AK, Ruiz-Pesini E, Amin MB, Sun CQ, 
Hall J, Lim S, Issa MM, Flanders WD, Hosseini SH, Marshall 
FF, Wallace DC. MtDNA mutations increase tumorigenicity 

in prostate cancer.  Proc Natl Acad Sci USA  2005; 102:719-
24. [PMID: 15647368].

34. Andrews RM, Kubacka I, Chinnery PF, Lightowlers RN, 
Turnbull DM, Howell N. Reanalysis and revision of the 
Cambridge reference sequence for human mitochondrial 
DNA.  Nat Genet  1999; 23:147-[PMID: 10508508].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China. 
The print version of this article was created on 21 November 2013. This reflects all typographical corrections and errata to the 
article through that date. Details of any changes may be found in the online version of the article.

http://www.molvis.org/molvis/v19/2343
http://www.ncbi.nlm.nih.gov/pubmed/16892079
http://www.ncbi.nlm.nih.gov/pubmed/15647368
http://www.ncbi.nlm.nih.gov/pubmed/10508508

	Reference r34
	Reference r33
	Reference r32
	Reference r31
	Reference r30
	Reference r29
	Reference r28
	Reference r27
	Reference r26
	Reference r25
	Reference r24
	Reference r23
	Reference r22
	Reference r21
	Reference r20
	Reference r19
	Reference r18
	Reference r17
	Reference r16
	Reference r15
	Reference r14
	Reference r13
	Reference r12
	Reference r11
	Reference r10
	Reference r9
	Reference r8
	Reference r7
	Reference r6
	Reference r5
	Reference r4
	Reference r3
	Reference r2
	Reference r1
	Table t1
	Table t2

