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Abstract: 
Background: Leber hereditary optic neuropathy (LHON) is a maternally inherited form of retinal ganglion cell 
degeneration leading to optic atrophy in young adults. It is caused by three primary point mutations including 
G11778A, G3460A, and T14484C in the mitochondrial genome (mtDNA). These three mutations account for the 
majority of LHON cases and they affect genes that encode for different subunits of mitochondrial complex I. Human 
mitochondrial DNA (mtDNA) is double-stranded closed circular molecule present 1000-10000 copies per cell. 
Objectives: In order to identify polymorphic sites, genetic background and also to find out any possible association 
between LHON primary mutations and mtDNA haplogroups (hg), the complete non-coding region of mitochondrial 
DNA from 30 unrelated LHON patients harboring one of the primary mutations was sequenced. Methods: Alignment 
were made with the Revised Cambridge Reference Sequence (rCRS) and any differences recorded as single base 
substitution (SBS), numerical changes in C-tract (PCT), insertions and deletions.  
Results: Our results showed that majority of our patients belonged to hg J, T and HV rather than hgs U3, U4, U5 and 
W, which found only in two patients. (6%)  
As compared to insertions and deletions, nucleotide substitutions make up the majority of the mutations. (94.5%) We 
have predominantly found transitions (79.2%) and a significantly lower frequency of transvertions (15.3%) whereas 
insertions (5.5%) as well as deletions (0%) are rather rare. Ten polymorphisms were newly identified in this study not 
published in the mitomap database. Also PCT changes were present in all of our samples. 
Conclusions: The analysis presented here for the first time provides evidence that there is association between 
G3460A with hg W. 
 
Key word: MtDNA; LHON; Haplogroup; D-loop 
 
Introduction 
Mitochondria contain the respiratory chain enzyme complexes that carry out oxidative 
phosphorylation and produce the main part of cellular energy in the form of ATP. They contain 
their own DNA. Mitochondrial DNA (mtDNA) encodes essential subunits of the respiratory chain 
and is thus critical for maintaining cellular energy production. Human mitochondrial DNA 
(mtDNA) is a double-stranded closed circular molecule present in 1,000–10,000 copies per cell [1]. 
The complete nucleotide sequence of the 16,569 bp human mitochondrial DNA was determined 
in1981 [2]. 
The mutation rate for mtDNA is ~10 times higher than that of nuclear genomic DNA [3]. The 
Displacment loop(D-loop),which is 1124 bp in size(Positions 16024-576),is located between the 
tRNA genes for proline (tRNAPro) and phenylalanine (tRNAPhe) and is a non-coding region, and 
acts as a promotor for both the heavy and light strands of the mtDNA, and contains essential 
transcription and replication elements. Despite its functional importance, this region is believed to 
be the most rapidly evolving part of the molecule [4]. The D-loop region is a hot spot for mtDNA 
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alterations, and it contains two hypervariable regions (HVS-I at positions 16024-16383 and HVS-II 
at positions 57-372). [2, 5] Nucleotide substitutions accumulate in the mitochondrial genome with a 
rate considerably higher than for single- copy nuclear DNA [6]. This is most probably due to the 
lower efficiency of DNA repair as well as higher frequency of DNA replication errors in 
mitochondrial DNA [7] Consequently, mtDNA and in particular the non-coding region, is highly 
polymorphic.The alterations consist of two major categories: (a) numerical changes in 
Homopolymeric C Tract (PCT), (b) Single Base Substitutions(SBS), Insertions and Deletions. 
Within the hypervariable region II a region of microsatelite-like sequence can be found (position 
208-315).These short tandem repeats, particularly a C-mono-nucleotide track interrupted by a single 
thymidine at position 310,has been shown to exhibit length polymorphism among individuals, as 
well as variation within an individual, which accompany the process of aging [8]. 
Leber hereditary optic neuropathy (LHON) is a mitochondrial genetic disease that causes blindness 
and occurs sub acutely in young adult men [9] with an estimated prevalence of 1 in 30.000 [10]. It 
clinically defined by bilateral optic neuropathy and loss of central vision due to the focal 
neurodegeneration of the retinal ganglion cell layer. Over 95% of cases are principally due to one of 
three primary transitions at nucleotide G11778A; G3460A and T14484C [11, 12, 13,14] all of 
which involves genes that encode complex I subunits of the mitochondrial respiratory chain. 
However, about 49.2% of male and 13.7% of female LHON carriers will develop optic neuropathy 
[15]. This marked incomplete penetrance and gender bias clearly indicates that additional genetic 
and/or environmental factors are required for phenotypic expression of the pathogenic mtDNA 
mutations in LHON.  
MtDNA exhibit a few interesting features which make it a suitable tool for phylogenic studies. The 
mitochondrial genome is exclusively maternally inherited, does exhibit high mutation and mutation 
fixation rates [2]. Besides being useful for phylogenic studies, there is growing evidence that certain 
mtDNA clusters are associated with distinct disorders [16, 17, 18, 19, 20, 21]. There has already 
been considerable interest in the possible role of mtDNA background on the phenotype expression 
of mitochondrial genetic disorders [22]. Several reports showed a relationship between diseases and 
mitochondrial haplogroups [23, 24]. Hofman et al. concluded that certain European mtDNA 
haplogroups determine a genetic susceptibility to various disorders [25]. Isashiki et al. investigated 
for association between mtDNA haplotype with G11778A LHON primary mutation. They found no 
definite ancestral haplotype of D-loop sequence in their examined LHON population, but they 
showed that mtDNA D-loop haplotype characterized by the presence of T16362C or C16290T, 
lacking G16129A and G16390A, may be a risk for older age at onset in Japanese LHON patients 
with the G11778A mutation [26].                                  
To investigate the association of mtDNA haplotypes with LHON mutations and further our 
knowledge about alterations in HVS-I and HVS-II in these patients, the nucleotide sequence in 
the D-loop region was determined in an Iranian population of LHON patients harboring the 
G11788A, G3460A and 14484C mutations. Taking the D-Loop background into account may 
help understand unknown molecular mechanism of phenotypic modifiers for LHON and also 
the difference of haplotypes between patients. 
 
Materials and Methods: 
 
To answer the question as to whether the primary LHON point mutations were preferentially 
associated with a distinct haplotype defined by D-Loop variations (Haplogroup) and further our 
knowledge about alterations in HVS-I and HVS-II in LHON patients, we sequenced two 
hypervariable D-Loop regions from 30 representative Iranian LHON patients with G11788A, 
G3460A and T14484C mutations. 14 patients out of 30 were previously diagnosed in our lab 
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and had one of the above mutations [27]. The remaining 16 patients had been newly referred to 
our Institute and diagnosed to have G11778A, G3460A and T14484C mutations. All the 
patients were defined clinically, as having LHON on the basis of painless, sub acute bilateral 
optic neuropathy and had one of the above primary mutations. Peripheral blood samples were 
obtained and DNA was extracted according to standard techniques. All of the patients were 
informed on the aims of the study and gave their informed consents to the genetic analysis. 
Peripheral blood samples were obtained and DNA was purified after lyses of white blood cells 
by use of DNA extraction kit. (Diatom DNA Extraction Kit, Genefanavaran). The mtDNA 
G11788A, G3460A and T14484C mutations were confirmed in each individual by PCR-RFLP 
methods as described previously [28, 29, 30, 31]. 
PCR amplification was carried out in a final volume of 50 �l containing 200-300 ng total DNA, 
10 pmol each primers, 2.5 mM MgCl2, 200 �M of each dNTP and 2 Units Taq DNA 
polymerase. (Roche)Primers were as follows: primer pair 1; ONPF 38 (1-20 nt) 5’- GAT CAC 
AGG TCT ATC ACC CT-3’, ONPR 79 (780-761 nt) 5’- GAG CTG CAT TGC GTG CT-3’. 
Primers pair 2; ONPF206 (15340-15360 nt) 5’- ATC CTT GCA CGA AAC GGG ATC -3’, 
ONPR 77 (110-91 nt) 5’- GCT CGG GCT CCA GCG CTC CG-3’. These primers amplified a 
780 bp and 1366 bp respectively encompassing two hypervariable segment in the D-Loop of the 
mtDNA to fetch the  359 bp sequence (16024-16383 nt) and 315 bp sequence (57-372 nt) for 
HVS I and HVS II. PCR (an initial incubation at 94 C for 5 min, following by 35 cycles at 94 C 
for 1 min, at 60 C for 1 min and 72 C for 35 S, the final extension step at 72 C for 5 min) was 
performed in a Techne PCR System. The nucleotide sequence of the amplicon was directly 
determined by automated sequencing 3700 ABI machine, using primer ONPF 38 and ONPR 77 
(Gene Fanavaran, Macrogene Seoul, Korea). 
The obtained mtDNA sequences were aligned with a multiple sequence alignment interface 
CLUSTAL_X with comparison to rCRS. (http:/www.gen. emory.edu/mitomap/mitoseq.html) 
mtDNA Hgs. Haplotypes were assigned to hgs according to the West Eurasian mtDNA 
genealogy [32]. Hg assignment proceeded by using the following algorithm (all numbering is 
according to ref.2) minus 16,000 in the control region for brevity): 069T 126C 223C assigned to 
hg J ; 126C 223C 294T assigned to T; 129A 223T 391A assigned to I ; 223T 292T assigned to 
W; 189C 223T 278T assigned to X; 223C 224C 311C assigned to K; 223C 249C and either 
189C or 327T assigned to U1; 129C 223C assigned to U2 : 223C 343G assigned to U3; 223C 
356C assigned to U4; 223C 270T assigned to U5; 172C 219G 223C assigned to U6; 223C 318T 
assigned to U7; 223C 298C assigned to V; 067T 223C assigned to HV1; 126C 223C 362C 
assigned to preHV; 145A 176G 223T assigned to N1b; 223T 278T 390A assigned to L2; and 
187T 189C 223T 278T 311C assigned to L1. 
 
Results:  
The nucleotide sequence of 780bp for HVS-II and 1366bp for HVS-I were determined in 30 
LHON patients harboring one of the mtDNA primary mutations including G11788A, G3460A 
and T14484C.  
Sequence comparison with rCRS led to identification of 72 mtDNA types within D-loop with 
48 polymorphic positions in HVS-I and 20 in HVS-II. Of these 72 mitotypes, 37 were observed 
only in one individual. All samples contained apparent mutations differing in the sequence 
shown in the above reference. Most of the mutations were single base substitutions and most of 
them were transitions (79.2%) rather than transversions (15.3%) or insertions (5.5%). Sequence 
comparison showed also one A to G transition at position np263 in all of patients, one T to C 
transition at position np16519 in 23 individuals (76.6%) and one A to G transition at position np 
73 also in 23 patients (76.6%). Transversed types were found in 7 individuals (23.3%) at np 
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16069, 14(46.6%) at np 16126, 8(26.6%) at np 16296, 7(23.3%) at np297, 10(33.3%) at np295, 
10(33.3%) at np489, 10(33.3%) at np 16362, 8(26.6%) at np 16261, 8(26.6%) at np152, 9(30%) 
at np 16294 and 9(30%) at np 462 whereas 13 different mitotypes were shared by 2,3 or 4 
individuals. 
10 polymorphisms (T480C, C16174A, C16176A, A16219T, C16242A, C16250A, T16243A, 
A16258C, C16270G and A16326T) were newly identified in this study population, not recorded 
in the human genome database. (Mitomap). Alterations in the D-loop region are summarized in 
Table 1. 
PCT changes were present in all of our samples (100%).Comparison of the mito-s microsatellite 
marker in LHON patients with published Cambridge Sequence revealed that mutations were 
exclusively found in a microsatellite based on a poly-cytidine sequence(position303-315 of the 
Cambridge notation, interrupted by a single T. In contrast to the published Cambridge reference 
sequence, the 3’-c-repeat of the poly-cytidine microsatellite of all our samples contained six 
cytosines and not five as the database suggests (hence C7T6).This discrepancy was considered a 
mistake in the database.12 patients(48%) had C8T6,3 individuals(12%) had a C9TC6 and  10 
patients revealed a C7TC6 sequence.  
To investigate for mtDNA D-loop haplogroups, sequences of the HVS-I and HVS-II were 
assigned for Haplogroups (See material and methods) in 30 LHON patients. Our results showed 
that 6 individuals out of 30 (20%) belong to hg J, 8 patients (26.6%) to hg T and Pre HV 
simultaneously, 2 individuals (6%) to hg W, 2(6%) to hg K and U4,2(6%) to hg U3 and two 
individuals(6%) to hg U5. 
Our result also revealed that 4 patients with G11778A mutation associated with haplogroup J 
and 8 patients with G11778A mutation associated with haplogroup T and HV simultaneously. 
Also two patients belonged to hg U3. The remaining patients with this mutation did not show 
any correlation with any of haplogroups defined by ref. (31). Two of our G3460A patients 
showed association with hg W and two others with hg U5. We did found association between 
T14484C and hg J in two patients out of five. Also two T14484 C patients had an association to 
hg K and U4. (Table 2)  
 
Discussion 
One of the genetic factors suspected of modulating LHON is the haplogroup. Mitochondrial 
DNA variants are grouped in a way reflecting the evolutionary history of mtDNA 
differentiation. They are called haplogroups, and mtDNA types belonging to the same 
haplogroup are characterized by several common polymorphisms. Haplogroups H, I, J, K, T, U, 
W, V, X cover most of the European mtDNAs. Analysing haplogroups of patients with LHON 
mutations, a higher frequency of haplogroup J was observed for mutations G11778A and 
T14484C in several studies [22, 33]. It was proposed that polymorphisms characteristic for 
haplogroup in fact influence the respiratory chain activity and cooperate in disease formation. 
We investigated 30 patients with LHON for any possible association of mtDNA D-loop 
haplogroups with LHON primary point mutations. Our results showed that 5 patients (20%) are 
associated with D-loop haplogroup J and 5 individual (20%) belonged to haplogroup T and HV. 
This to our knowledge is the first study showed an association between LHON primary point 
mutations and hg T and HV. These two hgs are common between European mtDNA [32, 34]. 
Our previous report showed a similarity in the pattern of LHON primary point mutations 
between Iranian families with LHON and those of Russia, European and north America origin, 
but did not support an association between mtDNA haplogroups J and M with LHON primary 
point mutations [27]. 
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This study support association of LHON primary mutations with D-loop hg J since about 20% 
of our patients belonged to this lineage. Among the patients with 11778A mutation, 8 persons 
(44.4%) belonged to hg T and HV, 4 patients (22.2%) had a hg J lineage in their mtDNA and 
two patients belonged to hg U3(11.1%). Also two patients with 14484C mutation belonged to 
hg J (40%). Lower penetrance was observed in carriers of T14484C mutation not belonging to 
hg J [35]. One possibility is that this phenomenon can be caused by a founder effect whereby 
the G11778A and T 14484C mutations arose early in the evolution of hg J, leading its over 
expression on that mitochondrial lineage. There is some evidence in support of this hypothesis 
in the Dutch population. [36], but this cannot provide a complete explanation because all three 
primary point mutations have arisen multiple times at different mitochondrial background [22]. 
Mroczek Tonska et al. analysed hgs for 8 patients with G11778A mutation and none of them 
belonged to hg J. They found only one patient belonged to hg J with a T14484C mutation. [37] 
Both the G11778A and T14484C LHON mutations have been shown to be associated with 
mtDNA haplogroup J background much more frequently than could be expected by chance [20, 
22, 38, 39]. Brown et al. showed that hg J background has an important role in the clinical 
manifestation of certain LHON mutations; particularly the 10663C and 14484C base changes 
[33]. Based on published datasets, there seems to be little doubt that these two mutations are 
over-expressed in hg J, but actually what combination of polymorphisms within this hg 
increases the risk of LHON expression? There are insufficient data available to answer this 
question. To explain the difference between data present here and that in our previous study [27] 
about association of LHON G11778A and T14484C mutations to hg J, it should be noticed that 
in the first study we considered the mtDNA coding region West Euroasian hgs nomenclature 
according to Torroni et al [34] and Macaulay et al.[32]. In the present study, we considered the 
system for assigning the D-loop according to Macaulay et al [32]. Most studies of mtDNA 
variation have been conducted by use of one of two methods that assay different portions of 
mtDNA: Direct sequencing of control region (CR) and digestion of the entire molecule by 
means of standard set of restriction enzymes. Richards et al. produced a phylogenic network of 
sequences from the HVS-I of CR and identified six major mtDNA hg among Europeans [41] 
but Torroni et al. [34] applied the RFLP method and identified nine major European hgs. 
Hofman et al. [25] reported coding region and CR sequences from German subjects and 
Maculauy et al [32] used combined RFLP and HVS-I sequences to determine the West 
Euroasian phylogeny. Isashiki et al. [26] investigated the association of mtDNA haplotype with 
LHON phenotype by sequencing only the hypervariable segment of D-loop.  
In this study, in some cases as our results showed, the presence of substitutions defining 
subclades within the major hgs, allowed sequences to be assigned even when probable reversion 
had occurred at an hg motif site. Also, it should be considered that two out of four patients 
affected with G11778A and two patients with T14484C who belonged to haplogroup J were not 
included in our previous study [27] and were the new cases studied in the present investigation. 
To test the patients not assigned to any D-loop hg according to ref.32, combination of D-loop 
sequences and RFLP should be applied to determine more exactly genetic background of our 
LHON patients. Our results showed that 22.2% of our 11778A patients belonged to hg J. We 
found that there is no association between hg J and G3460A mtDNA mutation, but an 
association among 3460A and hg W (28.5%) and hg U5 (28.5%) has been proved. Man et al 
(2004) also carried out a meta-analysis of 297 published LHON pedigrees and confirmed the 
strength of the association between one specific mtDNA lineage, haplogroup J, and two of the 
primary LHON mutations: G11778A and T14484C and confirmed the absence of an association 
with the G3460A mutation [40]. To our knowledge this is the first study found correlations 
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between 3460A and 14459A with a specific mtDNA lineage. Previous studies found no 
association between these two mutations with any specific lineage [20, 22]. 
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Table 1: Instabilities and Variations of mitochondrial D-loop in 30 Iranian patients with LHON 
 
Map Locus 

Shorthand 
Map 

Position(np) Description 
Variation 
Position Variation 

MTHV2 HVS-II 57-372 Hypervariable 
Sequence-2 

68 
73 
83 

C-ins 
A to G 
C-ins 

MTOHR OH 110-441 H-Strand 
Origin 

114 
150 
152 
189 
194 
195 
198 
204 
207 

C to T 
C to T 
T to C 
A to G 
C to T 
T to C 
C to T 
T to c 
G to A 

MTCSB1 CSB1 213-235 Conserved 
Sequence 
Block 1 

215 A to G 

MTTFX TFX 233-260 mtTF1 
binding site 

263 
271 

A to G 
C to T 

MTTFY TFY 276-303 MtDNA 
binding site 

295 
297 

C to T 
A to G 

MTCSB2 CSB2 299-315 Conserved 
Sequence 
Block 2 

- -b

MTHRR HPR 317-321 Replication 
Primer 

- -b

MTCSB3 CSB3 346-363 Conserved 
Sequence 
Block 3 

1 -b

MTMT4H Mt4H 371-379 mt4-H-Strand 
Control 
Element 

- -b

MTMT3H Mt3H 384-391 mt3-H-strand 
Control 
Element 

- -b

MTLSP PL 392-445 L-Strand 
Promotor 

- -b

MTTFL -- 418-445 Mt TF1 
binding site 

462 
480 
489 
497 

C to T 
T to Ca

T to C 
C to T 
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MTTFH -- 523-550 MtTF1 
binding site 

- -b

MTHSP1 PH1 545-567 Major H-
Strand 

Promotor 

- -b

MTHV1 HVS-I 16024-16383 Hyper 
Variable 

Sequence 1 

16069 
16071 

 
 

C to T 
C to T 

 

MT7sDNA 7s DNA 16106-16191 7s DNA 16126 
16145 

 

T to C 
G to A 

MTTAS TAS 16157-16172 Termination 
Associated 
sequence 

16167 
16174 
16176 
16189 
16192 
16193 

C to T 
C to Aa

C to Aa

T to C 
C to T 
C to T 

 
MTMT5 mt5 16194-16208 Control 

Element 
16215 
16219 
16222 
16223 
16224 
16231 
16237 
16242 
16243 
16245 
16249 
16250 
16256 
16258 
16261 
16269 
16270 
16274 
16286 
16290 
16292 
16293 
16294 
16296 
16311 
16325 
16326 
16343 
16355 

A to G 
A to Ta

C to T 
C to T 
T to C 
T to C 
T-ins 

C to Aa

T to Aa

T-ins 
T to C 

C to T/Aa

C to T 
A to Ca

C to T 
A to G 
C to Ga

G to A 
C to T 
C to T 
C to T 
A to T 
C to T 
C to T 
T to C 
T to C 
A to Ta

A to T/G 
C to T 
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16356 
16357 
16362 
16390 
16398 
16399 

 

T to C 
T to C 
T to C 
G to A 
G to A 
A to G 

MTMT3L mt3L 16499-16506 L-Strand 
Control 
Element 

16519 
16526 

T to C 
G to A 

 
Notes: A: Variations not found previously, B: Relatively stable and no variation of 

base,”ins”:insertion 
 
 
 

 
Table 2: Haplogroup distribution in LHON patients with primary mutations 

 
Group N Hg J Hg T & 

HV 
Hg W Hg K & 

U4 
Hg U1 Hg U3 Hg U5 

G11778A 18 4(22.2%) 8(44.4%) --- --- --- 2(11.1%) --- 
G3460A 7 --- --- 2(28.5%) --- --- --- 2(28.5%)
T14484C 5 2(40%) --- --- 2(40%) --- --- --- 
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