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Purpose: Leber's hereditary optic neuropathy (LHON) is a mitochondrial DNA
(mtDNA)-associated, maternally inherited eye disease. Mutation heteroplasmy level is
one of the leading causes to trigger LHON manifestation. In this study, we aimed to
identify the causative mutation in a large Han Chinese family with LHON and explore
the underlying pathogenic mechanism in this LHON family.

Methods: The whole-mtDNA sequence was amplified by long-range PCR. Mutations
were subsequently identified by next-generation sequencing (NGS) and validated by
Sanger sequencing. The heteroplasmy rates of those family members were
determined by digital PCR (dPCR). Mitochondrial haplogroups were assigned based
on mtDNA tree build 17.

Results: The m.14495A>G mutation was identified as causative due to its higher
heteroplasmy level (>50%) in patients than in their unaffected relatives. All mutation
carriers belong to M7b1a1 and are assigned to Asian mtDNA lineage. Interestingly, our
result revealed that high mtDNA copy number in carrier might prevent LHON
manifestation.

Conclusions: This is the first report of m.14495A>G mutation in Asian individuals
with LHON. Our study shows that dPCR technology can provide more reliable results
in mutation heteroplasmy assay and determination of the cellular mtDNA content,
making it a potentially promising tool for clinical precise diagnosis of LHON.
Furthermore, our results also add evidence to the opinion that higher mtDNA content
may protect mutation carriers from LHON.

Translational Relevance: dPCR can be used for the assessment of LHON disease, and
a new genetic-based diagnostic strategy has been proposed for LHON patients with
the m.14495A>G mutation.

major cause of the disease,” and the following three-

Introduction

Leber’s hereditary optic neuropathy (LHON) is
one of the most common mitochondrial DNA
(mtDNA) diseases, which is characterized by acute
or subacute bilateral central vision loss due to
selective death of retinal ganglion cells (RGCs) and
optic atrophy.' ™ The disease is typically detected in
young adults and more frequently affects males,
predominantly.” Point mutation of mtDNA is the

point mutations, m.3460G>A in MT-NDI,
m.11778G>A in MT-ND4, and m.14484T>C in
MT-ND6, have been found in over 90% of LHON
population.’

Currently, the diversity is presented in the mech-
anisms for triggering the clinical manifestation of
LHON. First, harboring a primary mutation is the
main way of causing LHON. However, not all
carriers would become affected.’”® Only approximate-
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ly 50% of the males and 10% of the females carrying a
primary mutation eventually could manifest visual
symptoms.” Such incomplete penetrance is an unex-
plained issue to date for LHON disease,” suggesting
additional factors, such as mtDNA background,
nuclear background, and environment factors, might
contribute to the disease expression.'”'* Second,
secondary mtDNA mutation could act synergistically
with the primary mutation to modulate the LHON
expression. For instance, two secondary mutations,
m.4216T>C and m.13708GG>A, which co-occurred
with primary mutation m.11778 G>A on haplogroup
J were reported to increase the penetrance of
LHON.'> And another secondary mutation,
m.14502T>C interacting with primary mutation
m.11778G>A can result in a further reduction of
complex I activity and thereby more severe symp-
toms.'® Third, heteroplasmic load of mutation (% of
mutated mtDNA) can also affect the disease expres-
sion. It was reported that approximately 10% to 15%
of LHON mutation carriers are heteroplasmic (a
mixture of mutated and wild-type mtDNA),'”"'® and a
hetroplasmic load of at least 60% is required for
clinical manifestations of LHON.'®'" A newly
published study reported a LHON case with the
heteroplasmic mutation, m.13094T>C, in which
patient showed a rapid visual recovery accompanied
by a decrease of the percentage of mutant mtDNA.>
Here, a known LHON-associated point mutation
(m.14495A>G) was identified and evaluated in a Han
Chinese family. Its heteroplasmic level was deter-
mined by using digital PCR (dPCR) technology due
to the inability of real-time PCR for this mutation.
We also evaluated the contribution of heteroplasmy
to the manifestation of LHON disease in this family
and proposed a reference value of mutational load for
m.14495A>G that may benefit LHON diagnosis.

Material and Methods

Patients

A Han Chinese, six-generation family with LHON
was recruited from the Department of Neuro-
ophthalmology at Weifang Eye Hospital, Shandong
Province. All patients provided informed consent.
The study was approved by the Shenzhen Health
Development Research Center Review Board and
carried out in accordance with the Declaration of
Helsinki. The clinical phenotypes were determined by
ophthalmologic examinations. Blood samples were
collected from 17 members indicated in Figure 1. The

63 family members are composed of 18 affected and
45 unaffected subjects, including 37 carriers who’s
mutant mtDNA follow the maternal inheritance.

Mutational Analysis of mtDNA

Genomic DNA was extracted from peripheral
blood using the NucleoSpin Blood Kit (Macherey-
Nagel, Duren, Germany). The entire mtDNA se-
quence was amplified in three overlapping fragments
using long-range PCR with the following primers: 5'-
CCCACTCCCATACTACTAATCTCATC-3') 5'-
TAAGGAGAAGATGGTTAGGTCTACGG-3’
(amplified region 463-6354), 5'- GAGCCTT-
CAAAGCCCTCAGTAA-3'/ 5-CGAACAATGC-
TACAGGGATGAAT-3" (5539-12623), and 5'-
CTATAACCACCCTAACCCTGACTTC-3") 5'-
TCAGTGTATTGCTTTGAGGAGGTAAG-3’
(12354-614). PCR was performed at 94°C for 1
minute, followed by 30 cycles (10 seconds at 98°C,
30 seconds at 65°C, and 10 minutes at 68°C), and a
final extension for 10 minutes at 68°C. The resulting
PCR products were fragmented and labeled with
barcodes to indicate their sample origin. Electropho-
resis was performed to isolate that 250 to 300 bp of
DNA fragments and these obtained fragments were
subsequently amplified by using different barcoded
primers for each library. Then barcoded libraries were
pooled, purified, and sequenced on the Ion PGM
sequencing platform (IonTorrent; ThermoFisher Sci-
entific, Waltham, MA) according to manufacturer’s
instructions. A mean sequencing depth of more than
1000X was achieved. Data analysis was performed
and Mitomap (www.mitomap.org/MITOMAP) and
mtDB (www.mtdb.igp.uu.se/) were used as reference
database. All the mutations were compared with the
revised Cambridge Reference Sequence (rCRS;
NC 01290) and were finally validated by Sanger
sequencing.

Nd6 Protein Sequence Alignment

ND6 protein sequences were extracted from the
National Center for Biotechnology Information
Homologene database and aligned using DNAMAN
software (version 7) across 15 species, including
mammals, reptiles, amphibians, birds, fish, and
insects.

Mitochondrial DNA Complete Sequencing
and Phylogenetic Analysis

Sanger sequencing of entire mtDNAs was per-
formed in 24 overlapping fragments using 24 sets of
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Pedigree of the LHON family. Family members whose blood samples were collected are marked with an asterisk and the

proband is indicated by a black arrow. Vision impaired individuals are indicated by filled symbols.

primers as described previously.”' Complete mtDNA
sequences of family members have been deposited in
GenBank database with the following accession
numbers: MH973718 and MH973719. They were
then submitted to the https://haplogrep.uibk.ac.at/
for phylogeny construction.

Preparation of Vector Containing m.
14495A>G mutation

DNA from family members (IV-7 and V-21) was
amplified using the primers 5- CCCATCA-
TACTCTTTCACCCA-3" and 5- CCAAGGAGT-
GAGCCGAAGT-3' (amplified region 14341-14859),
respectively. The resulting 519-bp product was
purified and cloned into the pGEM-T Easy Vector
(Promega, Madison, WI). Two clones were selected
for serving as positive templates as follows: one
harboring 14495A (wild type) and the other harboring
14495G (mutant). They could be used as calibrants to
evaluate the reliability of quantitative assay.

Quantification Using Real-Time Quantitative
PCR

A total of 20 pL of PCR reaction was prepared
according to manufacturer’s protocols, containing 0.2
UM of each primer, 0.2 uM of each Tagman-MGB

probe, and serial dilutions of the DNA samples.
Tagman-MGB probes were designed to target the
m.14495A>G mutation, with VIC label for wild-type
allele and FAM for mutant one (primers and probes
sequence information available upon request). Real-
time PCR assays were performed in LightCycler 96
System (Roche Diagnostics, Mannheim, Germany)
with the following PCR conditions: 30 seconds at
95°C, 40 cycles at 95°C for 10 seconds, and at 60°C for
30 seconds and a final cooling at 50°C for 30 seconds.
Experiments were performed three times for all the
samples.

Quantification Using Digital PCR

A total volume of 15 pL of dPCR reaction was
prepared, containing 1X QuantStudio Three-Dimen-
sional (3D) Digital Master Mix v2 (Life Technologies,
Frederick, MD), 0.4 uM of each primer, 0.2 uM of
each Tagman-MGB probe, and 93.33 pg of genomic
DNA equivalent to 28 genomic DNA copies. Then,
14.5 pL of PCR reaction was loaded onto a
QuantStudio 3D v2 dPCR chip (Life Technologies,
Pleasanton, CA) and amplification was performed in
a ProFlex 2X flat block thermal cycler (Life Technol-
ogies, Carlsbad, CA) following a recommended
amplifying method from manufacturer’s protocol.
After imaging the chip using the QuantStudio 3D
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Chip-Reader (Life Technologies), the data were
analyzed by using the QuantStudio 3D Analysis Suite
Cloud Software.

mtDNA Copy Number

In general, 50-ng human DNA is approximately
equal to 15,000 copies of human genomic DNA
according to the manual of 3D digital PCR. We all
know that each cell contains two copies of genomic
DNA, namely two genomic DNA molecules equiva-
lent to one cell. In this study, we guaranteed to load
absolutely equal amount of genomic DNA to each 3D
Digital PCR chip. Thus, mtDNA copy number per
cell could be calculated on the base of dPCR results in
combination with the above parameters.

Statistical Analysis

Statistical analyses were performed using the
Mann-Whitney U test. Statistical significance was
set at P < 0.05.

Clinical Features of LHON Family

The family originated from the city of Zhucheng
in Shandong Province of China. The proband was a
14-year-old boy suffered from sudden progressive
deterioration of vision in the right eye and the same
symptom appeared in the left eye after 1 week. His
vision declined rapidly with best-corrected visual
acuity (BCVA) falling to the level of finger counting
(CF/10 cm) in both eyes. Fundus examination
showed optic disc hyperemia with telangiectatic
vessels (Fig. 2A). Visual field analysis revealed dense
visual field defects connected to the physiological
blind spot in the right eye. Seven months later, the
symptom developed further into a binocular optic
pallor (Fig. 2B), whereas the corneas of both eyes
remained transparent and the pupils responded well
to light. Optical coherence tomography (OCT)
examination showed that the peripapillary retinal
nerve fiber layer (RNFL) became thinner in both
eyes, but no abnormal symptoms appeared in other
body parts. The patient was routinely treated with
nerve nutrition agent and functional drug that
improves blood circulation. One year later, the
BCVA was 0.05 in both eyes, suggesting the
progressive improvement in visual function and the
BCVA of both eyes could be restored to 0.8 in the
following year. His 21-year-old sister and 45-year-

A

Figure 2. Ophthalmic images of patients with LHON. (A) Patient
V-24 manifested as optic disc hyperemia with telangiectatic
vessels. (B) Patient V-24 further developed a binocular optic
pallor or atrophy, but the main direction of vessels is normal. (C)
Patient V-23 exhibited optic atrophy with narrowing vessels. (D)
Patient IV-15 exhibited diffused atrophy of the optic disc in both
eyes. The accompanying OTC images were presented underneath
fundus photographs, showing a significant reduction in RNFL
thickness, especially in patients V-23 and IV-15.
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old mother were also involved in the similar clinical
problems (Figs. 2C, 2D). Overall, patients in this
family presented typical LHON features, including
severe visual impairment, bilateral optic disc pallor,
and narrowed vessels, which finally led to optic
atrophy (Fig. 2). By combining the fact of a clear
maternal family history, we concluded that this
family was subject to a LHON disease.

Screening of LHON Mutations

Forty-six variants were identified, 14 of which are
harbored at noncoding region of mitochondrial
genome, and were negative for three most common
point mutations. A total of 12 variants were present
as nonsynonymous (Supplementary Table S1), of
which three, m.4136A>G (p.Y277C) in MT-NDI,
m.14495A>G (p.L60S) in MT-ND6, and
m.15257G>A (p.D171N) in MT-CYB, are private
mutations of this family and they previously were
reported to be associated with LHON. m.4136A>G
that causes a tyrosine to cysteine amino acid
substitution in MT-NDI was initially reported as
pathogenic in a Queensland LHON family,”” where-
as with a low pathogenicity score of 0.374.”% The
frequency data derived from MITOMAP database,
show a frequency of more than 1% (1.08%) in M7b
haplogroup, suggesting that it plays a role of
polymorphism. m.15257G>A was reported to be
associated with 9% of LHON cases,”* but some
controversies exist with respect to its pathogenic
power. It either appears alone or in combination
with a primary mutation like m.11778G>A and
m.14484T>C, respectively, suggesting it more likely
to act as an intermediate mutation.”> A subsequent
study characterized it as a marker of J subclades and
classified as a benign variant.”® Most importantly for
both m.4136A>G and m. 15257G>A, they present
consistent heteroplasmic level between affected and
unaffected individuals according to the ratio of
mutant reads obtained from next-generation se-
quencing (NGS) data analysis (Supplementary Table
S1), indicating that these two mutations are unlikely
to be pathogenic in this family. In contrast, the
m.14495A>G mutation presents altering of hetero-
plasmy with LHON manifestation (Supplementary
Table S1) and showing much higher heteroplasmic
level in affected than in unaffected individuals. Thus,
m.14495A>G mutation was more likely to be
considered as a causative factor for this LHON
family. However, NGS used to quantify the hetero-
plasmic load might not be a very accurate approach
because of the introduction of amplification bias

during the long-range PCR that was produced prior
to sequencing.

Characteristics of m.14495A>G

m.14495A>G was first discovered in 2001, in a
British and a Canadian LHON family, which belong
to haplogroup H,?” but lack enough evidence to
confirm its pathogenicity. Mitchell et al.” subse-
quently developed a scoring system defining the
mutation as possibly pathogenic. In this system, they
also assess the mutation m.4136A>G a neutral
sequence variant, namely polymorphism. The third
appearance of m.14495A>G is in an Italian family
as a primary mutation.’® It should be noted that its
segregating in our LHON family further indicated
that m.14495A>G should be pathogenic. In addi-
tion, protein sequence alignment showed that the
corresponding amino acid residue is evolutionarily
conserved among a wide range of species (Supple-
mentary Fig. S1). The resulting missense mutation
causes the replacement of nonpolar leucine with a
polar serine, which was predicted to change the
hydrophobicity profile of ND6 protein.

Haplogroup Distribution Among Family
Members

The mtDNA haplogroup was assigned based on
the mutations in the mtDNA complete sequences of
family members. All maternally related individual in
this family belonged to the haplogroup M7blal +
(16192), whereas the remaining two individuals, IV-10
and IV-16, belonged to haplogroup B4d3 (Fig. 3). We
also found that some family members, such as III-1,
1V-3, IV-7, and IV-9, harbored the m.11257 mutation
in a heterozygous status, but this mutation does not
change the protein function due its synonymous
substitution.

Assay Evaluation Between Real-time PCR and
dPCR

Urata et al.”® demonstrated that a mutational
load as low as 0.1% can be clinically significant.
Therefore, particular attention should be given to the
accuracy of the quantification. In order to achieve
that, the reliability between real-time PCR and
dPCR technology was first compared by using linear
regression analysis for a serial of DNA mixtures at
different mixing ratios of wild-type and mutated
plasmids. These constructed mixtures were used to
represent the range of mutation loads from 0% to
100%. According to the calibration curves generated
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Figure 3. The phylogenetic tree of LHON family members. The
synonymous and nonsynonymous coding-region variants are
denoted by ‘s’ and 'ns’, respectively. Variants in the transfer RNA
and the ribosomal RNA genes are denoted by ‘t' and r,
respectively. The insertions, deletions, and noncoding variants
are denoted by ‘ins’, ‘d’, and ‘nc’, respectively. Assumed back
mutations are indicated with a ‘@ prefix. Family members whose
mtDNA mutations, both m.11257C>T and m.14495A>G, present
in heteroplasmic state documented by using Sanger sequencing
were marked by star.
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Measured value (%)

20% -

40% 60% 80% 100% 120%

Theoretical heteroplasmy (%)

0% 20%

Figure 4. Standard curves from cloned wild-type and mutated
DNA samples, which have been mixed at various mutation loads
ranging from 1% to 100%. Standard curve showing a linear
relationship between input and detected values of the
heteroplasmy were created based on the quantification results
from Real-time PCR (dotted line) and dPCR (solid line). Slope and R>
was determined by using linear regression analysis.

from 0.00001 to 0.1 ng of plasmid DNA by real-time
PCR (data not shown), we obtained the absolute
concentration of each plasmid component in 1 pg of
mixtures and thereby could figure out their mutation
load (Fig. 4). For dPCR, 0.0451 pg of plasmid
mixture with different mutation loads was also
quantified. As shown in Figure 4, dPCR is more
reliable than real-time PCR, because the correlation
coefficient (R* = 0.9996) is higher and the slope is
much closer to 1.

Heteroplasmy of m.14495A>G

Estimation of heteroplasmy of m.14495A>G in
the LHON family was performed by using dPCR
system. In order to ensure the equal amount of DNA
was loaded onto the 3D digital PCR chip, quanti-
fication of each DNA sample was performed in
triplicates by using Qubit 2.0 Fluorometer (Life
Technologies) and took the average. As shown in the
Table, patients present higher levels of heteroplasmy,
which are above 50%. We found that patients would
develop LHON at a younger age as heteroplasmy
level increased and the correlation is statistically
significant (Spearman’s r = —0.819, P = 0.002). We
also noted that real-time PCR technology did
encounter some drawbacks and problems. It fails
to detect the wild-type allele in carriers whose
heteroplasmy rate was greater than 90%. Instead, a
heteroplasmy of 100% was usually obtained for them
(Table), indicating a relatively low sensitivity to
m.14495A genotype in the use of real-time PCR for
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Table. Heteroplasmy Rate of m.14495A>G Mutation and Cellular mtDNA Content of All Available Family
Members

Heteroplasmy, % mtDNA Copy Number/Cell
Subject Ageat  NGS  Real-Time PCR dPCR dPCR
ID Sex Onset,y Value Value Value 95% Cl Value 95% Cl
ll-5% M 12 99.20 100.00 96.93 90.65-103.56 172.25 161.21-184.18
IV-3* F 19 7453 69.94 £ 1.70 66.07 61.56-70.86 185.53 172.98-199.14
V-11* F 15 98.01 100.00 96.98  90.15-104.25 143.83 133.80-154.73
IV-13* F 17 8897 9331 = 1.16 8935 82.12-97.14 109.88 101.06-119.56
IV-15*% F 16 89.03 88.07 = 261 86.11 79.42-93.29 125.83 116.15-136.43
V-19* M 10 97.97 100.00 99.70  91.94-108.03 114.74 105.89-124.42
V-21*% M 13 93.33 100.00 98.04  91.62-104.84 167.54 156.68-179.29
V-23* F 13 98.25 100.00 99.88  93.95-106.11 198.05 186.43-210.55
V-24* M 16 92.64 100.00 94.88 88.44-101.72 161.58 150.72-173.35
VI-2* F 1 100.00 100.00 99.58  92.95-106.62 152.20 142.15-163.07
VI-3* M 12 98.32 100.00 99.36  92.84-106.25 165.08 154.37-176.66
-1 F - 28.07 19.21 =159 2427  21.83-26.95 154.71 139.30-171.98
V-7 F - 61.36 4505 = 428 39.78  35.31-44.77 81.50 72.41-91.81
V-9 F - 4750 2695 * 0.87 3238  29.61-35.38 193.56 177.16-211.68
V-5 F - 99.12 100.00 98.45 93.74-103.32 392.96 374.43-412.72
IV-10 M - 0.00 0.00 0.00 NA 138.57 NA
IV-16 M - 0.00 0.00 0.05 0.0095-0.31 141.05 131.57-151.30

F, female; M, male; Cl, confidence interval; NA, not available.

* Represent patients in the family.

the detection of heteroplasmy of m.14495A>G. The
flanking sequence adjacent to position m.14495
contains highly repetitive C and A (Supplementary
Fig. S1), inevitably resulting in a reduction of the
probe specificity. However, dPCR technology can
overcome such embarrassment by allowing merely a
single copy of DNA molecule into each well of chip
and achieve an attempt to reduce the complexity of
templates and thereby increase the sensitivity to
targeted DNA molecules. Herein, dPCR is experi-
mentally validated for reliable use in determining
DNA copy number with accuracy within 5% of
expected values (Supplementary Table S2), which
fully meets the requirements for quantitative analy-
sis. We also noted that the calls of different
genotypes in the scatter plot view are clearly
separated (Supplementary Fig. S2), and more accu-
rate heteroplasmic values could be observed among
family members (Table). Attractively, V-5 had a
high-mutation heteroplasmy (>98%) but did not
develop the disease possibly because the high
mtDNA content compensated for the defects of the
m.14495A>G mutation.

Discussion

The study on heteroplasmy in LHON has long
been a hot topic.””***° Retinal ganglion cells (RGCs)
are one of the most important targeting tissues of
LHON.," but they are inaccessible for genetic test.
Thus, we then asked whether mtDNA assessment in
peripheral blood cells could reflect the heteroplasmic
load in RGCs. Bianco et al.’' investigated the
heteroplasmy of the primary mutation m.3460G>A
in peripheral blood cells. They found that there were
subjects with heteroplasmy of 100% or 15% to
manifest LHON symptoms, while some subjects with
heteroplasmy ranging from 55% to 75% exhibited
without LHON, indicating no correlation between the
clinical expression of LHON and heteroplasmic load
of mutation. However, in our study, the heteroplasmy
level of m.14495A>G was significantly different
between affected and unaffected mutation carriers
(P < 0.01, Supplementary Fig. S3A). This suggests
that high-heteroplasmy level for the m.14495A>G
mutation is a crucial factor in LHON pathogenesis
and its value over 60% in the peripheral blood is a risk
signal for the development of LHON. In addition,
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patients in our study remain asymptomatic except
visual loss. Because RGCs are the most common
LHON affected cells, the reduction of mutation load
in the blood is likely to be accompanied by a decrease
in the RGCs mutation load. Our result is in line with
the threshold value of 60% proposed previously in a
study involving 17 families.'"® As a more secure
strategy for LHON prevention, we propose here that
heteroplasmy of less than 50% for m.14495A>G is
considered to be safe. In summary, the heteroplasmy
threshold required for LHON manifestation may be
variable for different mutations.

Mitochondrial DNA haplotype was also reported to
influence the clinical expression of LHON. In western
European, the J2 and J1 haplogroups have been
reported to contribute to increased risk of visual failure
in families with m.11778G>A and m.3460G>A
mutations, respectively.'” An investigation in Chinese
population showed that haplogroups M7b and M10a
increased penetrance in individuals with m.11778G>A,
whereas haplogroup F might confer a protective effect
against LHON.?” Achilli et al.” reported an Italy
family with m.14495A>G mutation in the H66
haplogroup,”® and the penetrance was calculated to
be 25% (4/16 maternally related individuals), which is
lower than 51.4% (18/35) in our family. The higher
penetrance found in our family suggested that M7b
haplogroup might confer risk for LHON, but this
conclusion 1is insufficient due to small sample sizes.
After all, only a very few studies so far focused on
haplogroup investigation of LHON cohorts who were
harboring the m.14495A>G mutation, with limited
data available. Recently, in addition to M haplogroup
being reported again as a high-risk factor for LHON,
another interesting finding has been noted that in South
Indian population, the number of mtDNA mutations is
higher in LHON patients than in healthy controls.*” In
the present study, a total of 46 mutations were found in
each matrilineal relative (Supplementary Table S1), far
exceeding the reported average number of variations in
healthy controls (26.23 *+ 4.17),” further indicating
that individual with our mtDNA haplogroup back-
ground would become more susceptible to LHON.

It is of interest to note that individual V-5 is
unaffected but present a heteroplasmy of 98.45%
(Table) and such a high heteroplasmy level can result
in an elimination of statistical difference between
unaffected carriers and affected (data not shown). We
found that she possesses higher mtDNA content as
compared with other unaffected mutation carriers.
Giordano et al.** had put forward the idea that
estrogens play a protective role to rescue the viability

of LHON cell lines through the activation of
mitochondrial biogenesis by using in vitro study
approach.””> And they clearly documented that
efficient mitochondrial biogenesis drives incomplete
penetrance in LHON.?® This view is supported by our
study in which V-5 as a female carrier had a
significantly higher mtDNA amount. But this phe-
nomenon is not limited to female subjects, a male
subject who harbors the m.11778G>A mutation at a
high-heteroplasmy level, was reported to be unaffect-
ed due to high mtDNA copy number.”' This suggests
that the high mtDNA content protecting mutation
carriers from LHON is independent of sex. Whether
estrogen is still considered to modify the severity of
male mitochondrial dysfunction, no relevant studies
have been reported so far. But its neuroprotective
effect may exist even in male individual.’’® Tt is
readily understood that increased mtDNA copy
number could compensate mitochondrial dysfunction
and therefore impede the development of LHON.*”
According to a mechanism study on mitochondrial
energy metabolism, defective mitochondria exhibit
strong fusion ability for normal mitochondria and
lead to a quick achievement of the energy compen-
satory.*’ Therefore, high mtDNA copy number
means that cell may provide sufficient amount of
normal mitochondria to rescue the metabolic damage
caused by mutant mtDNA. There is emerging
evidence supporting high mtDNA copy number as
the protective factor from LHON manifestation,”'
although with some controversies.*'** Clearly, to
increase the cellular mtDNA content would be
considered a promising therapeutic strategy for
LHON, and a list of compounds have been recom-
mended.*’ But for those who possess 100% mutation-
al load without wild-type mitochondria, whether
simply by increasing the number of defective mtDNA
also can prevent the expression of LHON may be
questionable.’’ We also noted that the penetrance of
this family was 18.9% in males (7/37) and 29.7% in
females (11/37), respectively, which is different from
male prevalence in LHON,* suggesting that hetero-
plasmy level instead of sex is the leading risk factor
for carriers with m.14495A>G mutation.

As reported by Bianco et al.,”' unaffected individ-
uals harboring one of both mutations (m.11778G>A
and m.3460G>A) usually possess higher mtDNA
content compared with the affected. However, in the
current study, carriers versus affected did not reach
statistical significance (Supplementary Fig. S3B, ¢-
test) in mtDNA content except individual V-5, further
indicating heteroplasmy of m.14495A>@G rather than
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mtDNA content plays a more important part in
determining the clinical manifestations of LHON.
Based on our result, we propose a modified diagnostic
procedure for patient with heteroplasmic mutation,
like m.14495A>G. As shown in Supplementary
Figure S3C, subjects with mutation loads below
50% would be considered as healthy individuals.
Once the observed value is greater than 50%, we need
to assess the cellular mtDNA content of the patients.
If the blood mtDNA level was below normal value,
they would be considered as LHON risk individuals
and must have periodical medical check-ups.

In conclusion, this is the first report of
m.14495A>G mutation in Asian LHON cohort. We
demonstrated that its heteroplasmy level in blood cells
can be used as a diagnostic indicator of LHON risk. In
addition, this study consolidated the previous finding
that higher mtDNA content may protect mutation
carriers from LHON even when the heteroplasmy level
is high. Overall, these findings provide new insights
into the understanding of genesis mechanisms of
LHON and also provide valuable suggestion on
efficient diagnosis for heteroplasmic patients who
might account for an approximately 15% of LHON
cohort.'” Otherwise, we also proved that digital PCR is
a promising technology for precise diagnosis of LHON
especially in the patients with heteroplasmic mutation.
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