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Abstract
BACKGROUND 
This study aimed to explore clinical and molecular factors that cause discordance 
for clinical expression of Leber’s hereditary optic neuropathy (LHON) in a pair of 
identical twins with the 14484 point mutation.

CASE SUMMARY 
Twin patients with the 14484 point mutation were studied for zygosity by using 
the Short Tandem Repeats Typing system. For the monozygotic twins, the 
radioactive restriction and densitometric analyses were used to quantitate the 
heteroplasmy level for the 14484 point mutation. The mitochondrial genome was 
analyzed to determine influential factors by mitochondrial deoxyribonucleic acid 
(DNA) sequencing, denaturing high-performance liquid chromatography and 
next generation sequencing. For the dizygotic twins, the nuclear DNA was 
analyzed. The twins with 14484 LHON were monozygotic with homoplasmy. No 
difference in the point mutation in mitochondrial DNA was found. No modifying 
genes that potentially influenced the disparity in phenotypic expression of LHON 
were detected in these twins.
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CONCLUSION 
This 11-year follow-up of monozygotic twins showed additional genetic modifications and 
epigenetic factors are possibly associated with discordance for LHON.

Key Words: Leber’s hereditary optic neuropathy; 14484 mutation; Twins; Clinical expression; Case report
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Core Tip: This is the first report of a pair of monozygotic twins homoplasmic for 14484T>C mutation 
discordant for Leber’s hereditary optic neuropathy during an 11-year follow-up. This interval between the 
discordant pair of twins is the longest reported to date.
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INTRODUCTION
Leber’s hereditary optic neuropathy (LHON) is the most common mitochondrial disease characterized 
by painless subacute asymmetrical bilateral optic neuropathy and impairment of central vision and 
predominantly presents in young adult males. Typical features are swelling and hyperemic optic disc, 
which ultimately becomes pale. The principal mechanism in LHON is mitochondrial dysfunction, which 
affects complex I subunit genes in the respiratory chain and causes selective degeneration of retinal 
ganglion cells. It eventually results in optic atrophy.

Three primary point mutations, including 11778G>A, 14484T>C and G3460G>A, contribute to 90% of 
clinical cases. The most prevalent 11778 mutation has the poorest visual outcome with a spontaneous 
partial recovery rate of 4%, while the best visual outcome is found in the 14484 point mutation, with a 
recovery rate of 37%-50%[1]. It has been long established that LHON causes a reduction of adenosine 
triphosphate synthesis at the optic nerve, leading to eventual vision loss. However, no scientific 
explanation has previously been provided for the variable clinical expression in certain families nor for 
the reason that explains why the disease is found predominantly in males as opposed to females.

However, scientists have proposed several hypotheses, such as the significance of other genetic 
factors (rs3749446 and rs1402000 in the PARL gene[2]) and/or epigenetic modifying factors (cyanide 
poisoning from cigarette smoking, alcohol, head injury, medically used drugs such as anti-retroviral 
drugs and anti-tuberculosis drugs, and environment toxins[3]). None of these have been determined to 
forecast the acute visual deterioration in affected patients, but it is possible that they can modify genes 
to elicit programmed cell death of retinal ganglion cells.

This study aimed to explore the molecular factors that cause the discordance for clinical expression of 
LHON in a pair of identical twins with the 14484 point mutation.

CASE PRESENTATION
Chief complaints
Twin A was a 33-year-old healthy man who displayed signs of bilateral acute painless visual loss for 6 
wk. Twin B has remained visually asymptomatic for 11 years (Figure 1).

History of present illness
There was no relevant ocular or medical history.

History of past illness
There was no relevant ocular or medical history.

Personal and family history
Twin A had a smoking history of one pack of cigarettes daily for 3 years and alcohol intake of one bottle 
daily for 5 years. Twin B had a smoking history of five cigarettes daily for 17 years and alcohol intake of 

https://www.wjgnet.com/2307-8960/full/v10/i20/6944.htm
https://dx.doi.org/10.12998/wjcc.v10.i20.6944


Chuenkongkaew WL et al. 14484 Leber’s hereditary optic neuropathy

WJCC https://www.wjgnet.com 6946 July 16, 2022 Volume 10 Issue 20

Figure 1 Pedigree of the family of the identical twins with 14484T>C Leber’s hereditary optic neuropathy. The proband, twin A, was affected by 
Leber’s hereditary optic neuropathy (arrow in generation III).

half a bottle daily for 12 years; he also had a head trauma when he was 24-years-old.

Physical examination
Twin A’s initial visual acuity was counting fingers, and his color vision testing was abnormal in both 
eyes, with the absence of relative afferent pupillary defect. Both optic discs were pale with a cup-disc 
ratio of 0.5.

Laboratory examinations
Genetic testing: Venous blood samples were obtained from the twin patients with the 14484 point 
mutation to identify zygosity (whether they are monozygotic or dizygotic) by using the short tandem 
repeats (STR) typing system.

STR typing: This study applied the AmpFLSTR® IdentifilerTM Plus polymerase chain reaction (PCR) 
Amplification kit, which was an STR multiplex assay that amplified 15 loci and amelogenin in a single 
tube. Procedures for PCR amplification, sample preparation and electrophoresis for the AmpFLSTR® 

IdentifilerTM Plus kit, which is composed of 15 loci (D8S1179, D21S11, D7S820, CSF1PO, D3S1358, TH01, 
D13S317, D16S539, D2S1338, D19S433, vWA, TPOX, D18S51, FGA and D5S818) were carried out based 
on the most recent instruction manual. Briefly, 10 mL of the AmpFLSTR® IdentifilerTM Master Mix 
[mixing AmpFLSTR® PCR Reaction Mix, AmpliTaq GoldTM deoxyribonucleic acid (DNA) polymerase] 
and 5 mL AmpFLSTR® IdentifilerTM Primer were distributed. The final volume of 25 mL was made by 
adding template DNA (1 ng). The PCR cycle time was 11 min at 95 °C followed by 28 cycles of 94 °C for 
1 min, 59 °C for 1 min and 72 °C for 1 min, and a final extension at 60 °C for 60 min. The samples were 
held at 4 °C in the thermocycler (GeneAmp PCR System 9700; Perkin-Elmer Applied Biosystems). A 0.5 
mL aliquot of PCR product was dissolved in 24.5 mL of formamide. These preparations and the fifth 
dye-labeled (LIZ) Size Standard (GeneScan-500; Perkin-Elmer Applied Biosystems) for sizing fragments 
were analyzed by using an Applied Biosystems ABI PrismTM 3130xl genetic analyzer.

The electrokinetic injection of the sample was for 3 kV/10 s. The raw data were analyzed after they 
were collected by the resident software (GeneMapper Analysis Software, version 2.1) using LIZ DNA 
size standards (range: 75-450 base pairs), and electrophoresis was conducted according to the internal 
size standard fragment. Genotypes were decisively made by matching the sizes[3].

Mitochondrial (mt) DNA sequencing: The mtDNA was amplified at position 14191 to 14873 using 
oligonucleotide primers L14191: 5’-AAACAATGGTCAACCAGGAAC-3’ and H14873: 5’-GGATCAG-
GCAGGGGCCAAGGAGTG-3’. The PCR reaction mixture was set up consisting of 10Xbuffer, 25 
mmol/L MgCl2, 10 mmol/L deoxynucleotide triphosphates (dNTP), 20 pmol of each primer and 2.5 
units of Thermus aquaticus (Taq) DNA polymerase. The cycling conditions were as follows: 94 °C for 5 
min, 30 cycles of 94 °C for 1 min, 55 °C for 1 min and 72 °C for 1 min, and a final extension at 72 °C for 8 
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min. The PCR product was verified by agarose gel electrophoresis. The PCR product was purified by 
Exosap-IT® (USB Corporation).

The purification of PCR products for sequencing was obtained using BigDye® Terminator v3.1 Cycle 
Sequencing Kit (Applied Biosystems) and analyzed by 3730XL DNA Sequencer (Applied Biosystems).

Denaturing high-performance liquid chromatography (DHPLC) analysis to determine the optimum 
DHPLC temperature for detection of the mtDNA 14484T>C mutation: A mitochondrial PCR amp-
lification of 683 base pair (bp) spanning from base position 14191 to 14873 was subjected to genetic 
variation analysis using DHPLC. The optimum temperatures for discrimination of heteroduplexes from 
homoduplexes in partially denaturing mode of DHPLC was predicted by Navigatorä software 
(Transgenomic, Inc.). Three oven temperatures (55.5 °C, 56.5 °C and 57.0 °C) were tested to select the 
optimum temperature for specific detection of the mtDNA 14484T>C mutation. DHPLC analysis was 
carried out using the WAVEÒ Nucleic Acid Fragment Analysis System3500HT with DNASepÒ HT 
cartridge technology (Transgenomic Inc.).

To induce the heteroduplex formation suitable for DHPLC analysis, the putatively homoplasmic 
mutant (14484C) PCR products from each of the identical twins were separately mixed in equal amounts 
with the homoplasmic wild-type (14484T) PCR products and subjected to denaturation at 95 °C for 5 
min, then slowly cooled down to 25 °C over a period of 70 min. Approximately 5 mL of both wild-type 
and mutant PCR products were injected into the DHPLC system followed by elution with a linear 
acetonitrile gradient (62.3% to 72.3%) in 0.1 M-triethyl ammonium acetate buffer at pondus hydrogenii 
7.0 at the three different temperatures. The eluted DNA was inspected at 260 nm. The extraction of 
samples was detected as a peak of ultraviolet (UV) absorbance at 260 nm by plotting a graph of 
absorbance vs time.

The oven temperature at which the chromatographic peak pattern of the 50% mutant plus wild-type 
mixture was most prominently changed from the 100% wild-type PCR product was chosen (i.e. 55.5 °C) 
for further analysis.

Determination of the percentages of the putatively homoplasmic mutant (14484C) in each identical 
twin: The putatively homoplasmic mutant (14484C) PCR products from each of the identical twins were 
separately mixed with the homoplasmic wild-type (14484T) PCR products in equal amounts (1:1) to 
obtain a 50% mixture exactly. Subsequently, the 50% mixture of each twin was used as a precursor to 
prepare a serial dilution of 20%, 10%, 5%, 2.5%, 1.25%, 0.625% and 0.313%. Each dilution (eight total) 
from both twins was analyzed by DHPLC at 55.5 °C compared to the homoplasmic wild-type (100% of 
14484T) after the induction of heteroduplex formation as mentioned above.

Next generation sequencing (NGS): An amplification of mtDNA was performed using two channels; 
one was the increase in mtDNA at 550-9838 using the oligonucleotide primers 5’-AACCAAAC-
CCCAAAGACACC-3’ and 5’-GCCAATAATGACGTGAAGTCC-3’, and the other mtDNA amplification 
was performed at 9592-645 using the oligonucleotide primers 5’-TCCCACTCCTAAACACATCC-3’ and 
5’-TTTATGGGGTGATGTGAGCC-3’, which were 9289 bp and 7626 bp in length, respectively. The PCR 
reaction consisted of 10Xbuffer, 25 mmol/L MgCl2, 10 mmol/L dNTP, 20 pmol of each primer and 2.5 
units of Taq. The cycling conditions were as follows: 98 °C for 2 min, 30 cycles of 98 °C for 10 s, 59 °C for 
5 s and 72 °C for 2.15 min, and a final extension at 72 °C for 2 min. Subsequently, an examination of the 
size and number of desired DNA produces was performed by separating the DNA on an agarose gel 
using electrophoresis and later purified by QIAquick gel extraction kit (Qiagen). After the purification, 
mtDNA library sequences were constructed and sequenced using GS junior: 454 Sequencing System 
(Roche).

Imaging examinations
A reduction of macular thickness was demonstrated on spectral domain optical coherence. Magnetic 
resonance imaging of the brain revealed mildly increased signal intensity on T2-weighted and fluid-
attenuated inversion-recovery images at both optic nerves.

MULTIDISCIPLINARY EXPERT CONSULTATION
STR
The first step was identification of twin zygosity by the STR typing system. The twin patients were 
monozygotic twins from the identical 16 unlinked portions on the chromosome. The study was 
compared with their relatives’ STR products (Tables 1 and 2, and Figure 2). Since the twins were 
monozygotic, we assumed that their nuclear DNA was identical.

The second step was aimed at the study of the differentiation of the mtDNA of the twins by mtDNA 
sequencing, DHPLC and NGS.
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Table 1 The comparative of 16 short tandem repeats portions in the twin

DNA (STRs) Twin A Twin B

D8S1179 10, 11 10, 11

D21S11 30, 32.2 30, 32.2

D7S820 11, 12 11, 12

CSF1PO 10, 12 10, 12

D3S1358 17, 17 17, 17

TH01 9, 10 9, 10

D13S317 10, 11 10, 11

D16S539 9, 10 9, 10

D2S1338 23, 23 23, 23

D19S433 13, 13.2 13, 13.2

vWA 14,18 14, 18

TPOX 8, 8 8, 8

D18S51 11, 16 11, 16

Amelogenin X, Y X, Y

D5S818 11, 13 11, 13

FGA 23, 25.2 23, 25.2

DNA: Deoxyribonucleic acid; STRs: Short tandem repeats; vWA: Human von Willebrand factor gene; TPOX: Human thyroid peroxidase gene; FGA: 
Human alpha fibrinogen gene.

mtDNA sequencing
We analyzed the blood DNA of the twins by using the standard protocols to determine the degree of 
mutations. The result showed a point mutation at 14484T>C, but no differentiation was identified with 
respect to other point mutations on the mtDNA at 3115–3728, 11728–11942 and 14191–14873.

DHPLC
The oven temperature at 55.5 °C was found to be the optimum DHPLC temperature for detection of the 
mtDNA14484T>C mutation because the chromatographic peak pattern of the 50% mutant plus wild-
type mixture (50% heteroplasmy) was prominently changed from the 100% wild-type (homoplasmy) 
PCR product. This DHPLC condition was thus used to detect the 14484T>C mutation in different 
heteroplasmic percentages from both twins for comparison to each other. The least heteroplasmic 
percentage of which the DHPLC peak pattern of the twin still showed a different profile compared to 
the 100% wild-type was 2.5% in both cases. It has been frequently reported that the sensitivity of 
DHPLC analysis for mutation detection is around 1%-5%[4-6]. Therefore, it can be inferred from the 
results that the starting template of the mutant (14484C) from both twins was 100% homoplasmy. This 
means that there is no difference between the heteroplasmic/homoplasmic status of the mtDNA 
mutation, 14484T>C, in these identical twin patients.

NGS
From the study, the twins had 39 portions of mutated points that were different from the wild-type, as 
shown in Table 3. However, the twins had similar mutations at every location in the mitochondria.

FINAL DIAGNOSIS
The monozygotic twins were homoplasmic for 14484T>C mutation discordant for LHON and were 
followed up over an 11-year period.
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Table 2 The comparisons of 16 short tandem repeats portions for twins and their relatives in the family

DNA (STRs) Twin A, B Mother Father 1st Brother 2nd Sister 5th brother

D8S1179 10, 11 11, 13 10, 14 10, 11 10, 13 10, 11

D21S11 30, 32.2 30, 32.2 30, 30 30, 32.2 30, 32.2 30, 30

D7S820 11, 12 8, 12 8, 11 8, 8 8, 8 8, 12

CSF1PO 10, 12 10, 10 11, 12 10, 11 10, 11 10, 12

D3S1358 17, 17 16, 17 16, 17 16, 17 16, 16 16, 17

TH01 9, 10 7, 9 7, 10 7, 7 9, 10 7, 10

D13S317 10, 11 10, 10 9, 11 9, 10 10, 11 10, 11

D16S539 9, 10 9, 12 10, 12 12, 12 9, 12 12, 12

D2S1338 23, 23 19, 23 21, 23 23, 23 21, 23 19, 23

D19S433 13, 13.2 13, 14.2 13.2, 14.2 13, 13.2 13, 14.2 14.2, 14.2

vWA 14, 18 16, 18 14, 17 14, 18 14, 18 16, 17

TPOX 8, 8 8, 9 8, 8 8, 8 8, 9 8, 8

D18S51 11, 16 16, 16 11, 13 13, 16 11, 16 11, 16

Amelogenin X, Y X, X X, Y X, Y X, X X, Y

D5S818 11, 13 11, 11 12, 13 11, 12 11, 12 11, 13

FGA 23, 25.2 22, 23 22, 25.2 23, 25.2 22, 23 23, 25.2

DNA: Deoxyribonucleic acid; STRs: Short tandem repeats; vWA: Human von Willebrand factor gene; TPOX: Human thyroid peroxidase gene; FGA: 
Human alpha fibrinogen gene.

OUTCOME AND FOLLOW-UP
This study closed with the 11-year follow-up reported here.

DISCUSSION
This is the first report of a pair of monozygotic twins homoplasmic for 14484T>C mutation discordant 
for LHON followed up over an 11-year period. This interval between the discordant pair of twins is the 
longest reported to date. The Combined DNA Index System 16 STR profile confirmed the monozygosity 
of the twins. By using mtDNA sequencing, DHPLC and NGS, the study found that the twins have no 
differences in mutations and are homoplasmic at 14484T>C.

Previously, there were reports of eight sets of monozygotic and dizygotic twins having 11778 or 14484 
mutations, which showed a highly variable clinical expression (Table 4). In 1987, Nikoskelainen et al[7,8] 
described a pair of nondiscordant 11778 LHON twins with different disease onset. In 1993, Johns et al[2] 
reported monozygotic twins harboring homoplasmic 11778 LHON with an onset that was 9 years apart. 
In 1991, Newman et al[9] disclosed two pairs of discordant monozygotic brothers and a dizygotic 
brother and sister for 11778 LHON, with one affected male from each pair. Harding et al[10] described 
three concordant 11778 and 14484 pairs of dizygous male twins. In 1997, Biousse et al[11] reported 
discordant monozygotic twins with heteroplasmic de novo 14484 mutation, indicating that only one twin 
had visual loss at the age of 17.

Incomplete penetrance is observed in approximately 50% of male individuals and 10% of female 
individuals harboring the pathogenic mutations and phenotypic expression[12]. The presence of the 
primary mutation is a necessary condition but not sufficient for LHON manifestation. Anatomical, 
hormonal or physiological factors may be contributing factors for male preponderance.

Mitochondrial and nuclear DNA factors have not yet been demonstrated to have an influence on the 
phenotypic discordance of monozygotic twins. Moreover, an identical genome would be expected for 
monozygotic twins who are products of a single fertilized egg that subsequently splits into two zygotes 
during the zygote stage. The process to separate two cells in the zygote stage is unclear and needs 
further explanation[13]. Nevertheless, evidence has been found that indicates it is likely an epigenetic 
mechanism that affects the process of separation. External environmental factors may influence the 
phenotype variability.
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Table 3 Shows the different mutated point of the twin from wild type

Twin A Twin B
Reference bases

Variation bases Total variation percent Variation bases Total variation percent

73 A G 100 G 97.6

150 C T 100 T 98.6

263 A G 100 G 98

489 T C 100 C 100

750 A G 100 G 98.8

752 C T 100 T 100

1107 T C 100 C 99.5

2706 A G 100 G 100

3590 - C 34 C 31.2

4769 A G 99.4 G 100

4883 C T 91.1 T 80.8

5178 C A 100 A 100

5301 A G 100 G 100

6779 A G 99.7 G 100

7028 C T 100 T 99.6

8701 A G 100 G 100

8860 A G 100 G 100

9033 A G 100 G 100

9180 A G 99.7 G 100

9540 T C 100 C 100

9554 G A 100 A 100

10397 AA GG 96.3 GG 98.8

10400 C T 100 T 100

10873 T C 100 C 100

11719 G A 98.4 A 98

11944 T C 100 C 98.7

12026 A G 100 G 99.4

12705 C T 100 T 100

14484 T C 100 C 100

14766 C T 97.8 T 98.4

14783 T C 100 C 68.3

15043 G A 100 A 98.5

15301 G A 100 A 100

15326 A G 100 G 100

15604 C T 38.6 T 32

16092 T C 99 C 99.4

16164 A G 100 G 100

16223 C T 100 T 99.3

16362 T C 98.9 C 100
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Figure 2 Point mutation at 14484T>C of twin A and twin B compared with the wild-type.

Kirkman et al[14] reported no link between cigarette smoking and LHON. In contrast, asymptomatic 
relatives with heavy smoking were prone to clinical expression. The twin brothers had a similar history 
of cigarette smoking and alcohol consumption, but only the unaffected twin had head injury. We could 
not identify a strong association between smoking and the disparity in phenotypic expression of LHON 
in the twins in this study.

The X-linked gene and mtDNA haplogroup presumably contributes to genetically determining the 
expression for LHON. It is possible that the mtDNA haplogroup background drove the variability of 
LHON penetrance among individuals[10,15]. Hudson et al[16] described that haplogroup J2 and J1 had 
influences on phenotypes in Europeans with 11778G>A and 14484T>C LHON, respectively. 
Haplogroup B, especially sub-haplogroup B5a1, and haplogroup M likely have a larger influence in 
Southeast Asians with 11778G>A and 14484T>C LHON, respectively[17]. This pair of 14484T>C twins 
had the same haplogroup of D5a2a1, despite the occurrence of discordance.

Giordano et al[18] inferred that mitochondrial biogenesis might influence phenotypic differences of 
LHON expression. Although the measurement of blood mitochondrial genotypes in these discordant 
identical twins seem to be similar, the quantitative difference of mutant mtDNA found in the optic 
nerve of LHON individuals and the amount of tissue heteroplasmy may be potential factors that 
influence their disparity in phenotypic expression.

CONCLUSION
Additional genetic modifications and epigenetic factors are possibly associated with the occurrence of 
discordance for LHON during this 11-year follow-up of monozygotic twins. Future study on the effects 
of other DNA and mtDNA is required. For example, whole transcriptome sequencing to investigate the 
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Table 4 Shows the studies on twins harboring 11778 and 14484 Leber’s hereditary optic neuropathy mutation

Ref. Mono/dizygotic twin 
(Sex) Homo/heteroplsmy Dis-

cordant
Age at onset/onset time difference 
(year)

Epigenetic 
factors

11778

Nikoskelainen et al[7,8], 
1987

NA (m) Homoplasmy No 20/NA NA

M (m) NA Yes NANewman et al[9], 1991

D (m, f) NA Yes NA

NA

Johns et al[2], 1993 M (m) Homoplasmy No 34/11 Alcohol/tobacco 
use

14484

Biousse et al[11], 1997 M (m) Heteroplasmy Yes 17/ NA None

Current study 2021 M (m) Homoplasmy Yes 34/ NA Alcohol/tobacco 
use

M: Monozygotic twin; D: Dizygotic twin; m: male; f: Female; NA: Not available.

effects of differentially expressed genes that might modulate and play a vital role for LHON expression 
in identical twins should be accomplished.
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