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Mitochondrial DNA copy number differentiates the Leber’s hereditary optic
neuropathy affected individuals from the unaffected mutation carriers
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Sir,

We read with great interest the article by Giordano and
colleagues (2014) reporting that cellular activation of com-
pensatory mitochondrial biogenesis, as measured by mito-
chondrial DNA (mtDNA) copy number, is a major
determinant of incomplete penetrance in Leber’s hereditary
optic neuropathy (LHON), a mitochondrial disease charac-
terized by bilateral subacute loss of central vision due to
optic atrophy (Carelli et al., 2004; Yu-Wai-Man et al.,
2011). In most known mitochondrial diseases due to
mtDNA mutations the penetrance or the severity of the
condition depends on the level of heteroplasmy of the

mutation (Schon ef al., 2012). However, LHON is due to
mtDNA mutations that exemplify a different paradigm.
The three primary mutations, namely the m.3460G> A/
ND1, m.11778G>A/ND4 and m.14484T>C/ND6, are
generally found as homoplasmic. One of the three primary
mtDNA mutations is necessary but not sufficient to cause
optic neuropathy and disease penetrance can vary in differ-
ent families harbouring the same mutation, and even within
different branches of the same family (Howell and Mackey,
1998). The study by Giordano and colleagues (2014) high-
lights how in large LHON cohorts of individuals of
European descent, higher mtDNA content in blood cells
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discriminates the unaffected mutation carriers from LHON
affected and control subjects. A significantly higher mtDNA
copy number was observed in asymptomatic maternal rela-
tives, hereafter called ‘Carriers’, moving progressively to-
wards lower values from carriers to affected subjects to
controls. Previously, different data were reported on this
issue. The mtDNA copy number was significantly higher
in blood cells of affected and carrier Chinese subjects har-
bouring the m.11778 A-LHON compared to control sub-
jects, but no difference was found between affected and
carrier subjects (Yen et al., 2002). In another study, using
blood samples from a Japanese LHON pedigree harbouring
the m.14484C allele, a significantly higher mtDNA level
was found in carriers with respect to both affected and
control subjects (Nishioka er al., 2004).

Herein, we add our observations on Italian and Spanish
populations harbouring the LHON homoplasmic muta-
tions. The Italian cohort, from Apulia, includes 16 affected
and 11 carrier subjects from six different pedigrees, and
39 controls. Including both affected and unaffected,
18 subjects (67%) harboured the m.11778G> A mutation
and nine (33%) the m.3460G > A mutation. The Spanish
cohort includes 24 affected and 28 carriers from 13 differ-
ent pedigrees, including 25 (48%) and 27 (52%) subjects
who harboured the m.3460A and m.11778A alleles, re-
spectively, and 27 controls. Quantification of mtDNA
copy number was performed on total DNA extracted
from blood samples by real-time PCR using the relative
method (Zoccolella et al., 2012) for the Italian population
and the absolute method (Marcuello et al., 2005) for the
Spanish cohort. We found significantly higher mtDNA con-
tent in carriers compared with affected and control subjects
both in the Italian and Spanish populations (Fig. 1). Thus,
our results reproduce in two independent cohorts of sub-
jects the Giordano et al. (2014) findings showing that
mtDNA content in carriers’ blood samples is higher than
in affected subjects. Specifically, in the Italian sample the
frequency distribution of the mtDNA copy number showed
that the peak of mtDNA content shifted progressively
towards higher values from controls to affected subjects
to carriers assessing a threshold value estimated at ~400
mtDNA copies, very similar to the ~500 copies estimated
by Giordano and colleagues, presumably for having used a
similar experimental approach. According to the male
prevalence of LHON (Man et al., 2003), we also found
in the overall Italian and Spanish population an unbalanced
gender distribution between affected and unaffected LHON
mutation carriers. Males are more susceptible to suffer
from LHON; consequently our patients’ samples could be
enriched in male individuals. Moreover, because LHON
mutations are transmitted along the maternal lineage,
mothers but not fathers, are usually included in genetic
analysis of mtDNA diseases and thus carriers can be
enriched in female individuals. In the overall population,
male patients represented 62.5% and female carriers repre-
sented 68%. This bias in sex distribution was also found in
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Figure | Analysis of mtDNA content in affected subjects
and carriers versus controls. Mitochondrial DNA copy number
(mtDNA/nDNA) with means £ SD was evaluated for affected
subjects, carriers with respect to the controls whose mean was set
as 100%. Experiments were performed in triplicate for all samples.
Data were analysed by using GraphPad Prism package applying the
ANOVA test. One-way analysis of variance was significant for both
Italian (P < 0.0001) and Spanish (P = 0.0025) cohorts. Tukey's
Multiple Comparison Test was applied to evaluate the statistical
significance of differences of affected subjects, carriers and control
data both in Italian (A) and Spanish (B) samples. Statistical signifi-
cance was set at P < 0.05. Carriers showed increased mtDNA
content compared with affected individuals (Italian, P < 0.0001;
Spanish, P < 0.05). Graphical representation is corrected by
Whiskers: Tukey. *P < 0.05; **P < 0.001; ***P < 0.0001.

other reports (Yen et al., 2002; Nishioka et al., 2004;
Giordano et al., 2014).

The results herein point to an increase of mitochondrial
proliferations as the outcome of subtle and non-severe
damaging mutations affecting mitochondrial activity,
which is compensated by the proliferation of mitochondria
that are underperforming due to the LHON mutation. In
several mitochondrial diseases, a compensatory strategy to
mitochondrial dysfunction is commonly observed as mas-
sive proliferation of mitochondria in skeletal muscle fibres
known as ragged red fibres (DiMauro and Schon, 2003).
Subsarcolemmal accumulation of defective mitochondria is
probably triggered by energy depletion due to heteroplas-
mic pathogenic mtDNA mutations affecting the mitochon-
drial protein synthesis apparatus, while it is usually not
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reported for mutations either homoplasmic or associated to
defects in protein-coding genes such as exemplified by
LHON mutations (De Vivo, 1993; DiMauro and Schon,
2003). It has been demonstrated that all three LHON mu-
tations decrease complex I-driven ATP synthesis rate and
lead to chronic increase of reactive oxygen species produc-
tion that predispose cells to apoptosis (Vergani et al., 1995;
Ghelli et al., 2003; Floreani et al., 2005). Probably, the
overall weak pathogenic potential of LHON mutations
leads to a general increase of mitochondrial mass accom-
panying mtDNA replication that can overcome the com-
plex I defect and compensate the ATP deficit, suggesting
a possible molecular explanation for the variable pene-
trance of the LHON primary mutations.

In conclusion, mtDNA copy number may be an import-
ant factor in determining conversion to disease in mutation
carriers. It is conceivable that assessing mtDNA content
may become a predictive genetic biomarker and, in con-
junction with other clinical and metabolic markers, assist
in the prognosis. Even more importantly, the activation of
mitochondrial biogenesis could be exploited as a thera-
peutic strategy for LHON (Viscomi et al., 2015).
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