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Abstract Leber hereditary optic neuropathy (LHON)
is characterized by the acute or subacute bilateral
painless loss of central vision, predominantly in young
males. G11778A is the most common mitochondrial
DNA mutation responsible for the disease. Thirty-se-
ven percent of our LHON pedigrees (which is a much
higher prevalence than that generally found) carried
heteroplasmic G11778A. Analyses of four large Thai
LHON pedigrees spanning four to six generations
strongly suggested that the transmission of the het-
eroplasmic G11778A mutation is under selective
pressure in favour of the mutated allele and that het-
eroplasmy influences the disease expression.
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Introduction

Leber hereditary optic neuropathy (LHON) is a
maternally transmitted disease characterized by the
acute or subacute loss of central vision as a result of
optic nerve atrophy. It occurs predominantly in
males, usually in the second to third decade of life
(Nikoskelainen et al. 1987; Riordan-Eva et al
1995). Approximately 95% of all LHON families
worldwide carry one of three mitochondrial DNA
(mtDNA) mutations — in the NDI gene at nucleotide
position 3460, in the ND4 gene at position 11778 or
in the ND6 gene at position 14484, with the 11778
mutation being the most prevalent in almost all of the
world’s populations (Mackey et al. 1996; Man et al.
2002), including that of Thailand (Chuenkongkaew
et al. 2001; Phasukkijwatana et al. 2006). In most
LHON pedigrees, these mutations are homoplasmic
(every mtDNA contains the mutant allele). However,
heteroplasmy (a mixture of both normal and mutant
alleles) exists in about 15% of all LHON pedigrees
(Chinnery et al. 2001; Newman et al. 1991; Smith
et al. 1993), most likely reflecting a recent muta-
tional event dating back to only a few generations
(Savontaus 1995). It is still inconclusive as to whether
the transmission of heteroplasmic LHON mutations
from one generation to the next is a random or a
selective process. While the study of a number of
pedigrees has found a trend towards an increasing
proportion of the LHON mutation in successive
generations (Bolhuis et al. 1990; Howell et al. 1994;
Jacobi et al. 2001; Savontaus 1995; Smith et al. 1993),
suggesting a selection for mutant alleles, other stud-
ies have found inconsistent results. Consequently,
currently accepted opinion questions the selective
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process, supporting instead a random process (Chin-
nery et al. 2001; Ghosh et al. 1996; Harding et al.
1995).

Approximately 50% of males and 10% of females
harbouring the LHON mutation develop optic atro-
phy, however, the penetrance in different pedigrees
appears to vary widely (Mackey et al. 1996; Man et al.
2002), and low-penetrance branching has been pro-
posed (Howell and Mackey 1998).

Despite extensive knowledge of the clinical and
mitochondrial genetic features of LHON, some char-
acteristics of LHON pedigrees, such as the biological
phenomenon of low-penetrance branching (Howell and
Mackey 1998) and selective or random transmission of
a heteroplasmic LHON mutation, require additional
supportive empirical data. In an attempt to provide
some of the data necessary to clarify the above com-
plexities and ambiguities of this mitochondrial disease,
we analysed our extensive LHON pedigrees with the
G11778A mutation in a Thai genetic background.

Materials and methods
Subjects and sample collection

Four extensive pedigrees were accessed through four
unrelated probands who came to the Department of
Ophthalmology, Faculty of Medicine Siriraj Hospital,
Bangkok, Thailand, complaining of acute blurring of
vision. Complete eye examinations were performed by
the ophthalmologists, and the clinical presentations
were suggestive of LHON. Blood samples were then
sent to our laboratory for mtDNA analysis with in-
formed consent. History taking for date of birth, age of
onset and visual symptoms was performed as detailed
in Phasukkijwatana et al. (2006). Eye examinations for
visual acuities (Snellen chart), colour vision (Ishihara
colour plates) as well as direct ophthalmoscopic
examination were carried out, and the diagnosis of
LHON was performed by a neuro-ophthalmologist.

MtDNA analysis

The PCR-restriction fragment length polymorphism
(RFLP) analytical technique (Lertrit et al. (1999) was
used to test all blood samples for the primary G11778A
LHON mutation. The degree of heteroplasmy of the
G11778A mutation was quantitated using radioactive
restriction analysis and densitometry as described by
Phasukkijwatana et al. (2006). The hypervariable seg-
ment 1 (HVS-1) in the mtDNA D-loop (nt 16024 to nt
16383) from the proband of each family was also se-

quenced. The entire mitochondrial genome from both
the homoplasmic and the heteroplasmic branches of
two pedigrees, F24 (II-2, III-22, in Fig. 1b) and F28
(IV-56, VI-39 in Fig. 1c), was sequenced. The total
mitochondrial genome was also sequenced in three
individuals (I1I-18, III-33 and IV-39, in Fig. 1d) from
three branches of F30.

Statistical analysis

The difference in the average percentage of hetero-
plasmy (of each generation) between three generations
of each family was tested by one-way analysis of vari-
ance (ANOVA). The Mann-Whitney test was adopted
to determine the difference in average final visual
acuities [latest logMAR, which is equal to log (1/
Snellen visual acuity)] between heteroplasmic and ho-
moplasmic patients. These analyses were performed
using SPSS software ver. 13.0 for Windows (SPSS,
Chicago, Ill.). The Kaplan-Meier survival estimates
between the probability of Leber-free survival and age
at onset were performed using the software INTER-
cooLED STATA 9.1 for Windows. The difference be-
tween three groups — group 1, homoplasmy (carrying
the G11778A mutation load greater than 95%); group
2, carrying the G11778 A mutation load between 75 and
95%; group 3, carrying the G11778 A mutation load
less than 75% — was compared using the log-rank test
for equality of survivor functions which is also in IN-
TERCOOLED STATA ver. 9.1 for Windows.

Results and discussion

The pedigrees for the four unrelated LHON families
with the G11778A mutation reported here consisted of
four to six generations (Fig. 1). In each pedigree,
mtDNA was analysed in three to five generations.
Each of these LHON Thai families lived in different
parts of Thailand: in the central part (F09; Fig. 1a, in
Chachoengsao province), in the northeastern part
(F24; Fig. 1b, in Roi Et province and F30; Fig. 1d, in
Buriram province) and in the northern part (F28;
Fig. 1c, in Nan province). Three of these families
contained several people with the heteroplasmic
mutation (F09, F24, F28), while the other family was
homoplasmic (F30). All pedigrees belong to macro-
haplogroup M (Tharaphan et al. 2006).

Heteroplasmic transmission

In this study we took advantage of the three large
heteroplasmic pedigrees to study the transmission
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Fig. 1 Four Thai LHON
families with the G11778A
mutation: F09 (a), F24 (b),
F28 (¢) and F30 (d). The
pedigree symbols are as
follows: (][I M. male,
OO O @ female, & unborn
child, O [J unaffected,

@ W affected, © [ no vision

loss but having suspected
fundus, possibly affected
(having other eye
complication(s) that

interfered with the diagnosis
of LHON), deceased,
proband. The numbers in the
first line under the symbols are
individual identifiers
according to the standard
numbering scheme.
Individuals who were directly
examined are depicted by
asterisks. The third line under
the symbols contains
information about the

N CYO)
SRS S
7 18 19 20 2 2 23
£ & ¥ * & *

57 55HO NN N

G11778A mutation: N

Negative, HO homoplasmic;
numbers represent the level
of heteroplasmy of the
mutation

pattern of the heteroplamic G11778A LHON muta-
tion. The prevalence of heteroplasmic LHON pedi-
grees with the G11778A mutation has been shown to
be very high in Thailand — 37% (11 in 30 pedigrees)
(Phasukkijwatana et al. 2006). This is similar to that
found in a recent epidemiological study in the North
East of England (Man et al. 2003), but higher than that
mostly reported in the literature (approx. 15%)
(Huoponen 2001; Man et al. 2002). If heteroplasmy
does actually reflect a recent mutational event (Savo-
ntaus 1995), the recent high incidence of the G11778A
mutation in Thailand presents an intriguing problem.
In two of the pedigrees in our collection the G11778A
mutation appeared to have been recently developed in
each family: one family has been described by Chu-
enkongkaew et al. (2005) (F19) and the other was F09
(Fig. 1a) presented in this study. In each of these two
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families, the G11778 A mutation load was 18% in the
blood of the maternal ancestor, but it was not detect-
able at all in the blood of her siblings, indicating that
the mutation may be a relatively new occurrence in the
germ-line of their mother. However, another possibil-
ity would be that the mutation had existed before but
did not segregate to her siblings (Howell et al. 2005).
MtDNA samples from other informative maternal
relatives would be required to confirm the two de novo
occurrences of the mutation.

An observation of the three large heteroplasmic
pedigrees revealed that the mutation load of the het-
eroplasmic G11778A mutation in the leukocytes tented
to increase in subsequent generations (Fig. la—c),
thereby supporting the hypothesis of a selection pro-
cess in favour of the mutated allele. We then analysed
the mother-offspring heteroplasmic transmission in
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Fig. 1 continued

other eight heteroplasmic families from our collection.
All of the affected probands in these families were
omitted from the analysis to reduce ascertainment bias,
as suggested by Chinnery et al. (2001), leaving 37
mother-offspring transmissions in which we compared
the degree of blood heteroplasmy in the mothers and
offspring. An offspring was classified as harbouring a
higher or lower mutation load than his/her mother if
his/her mutation load was 5% higher or 5% lower than
that of his/her mother, respectively. This analysis re-
vealed that 70% (26/37) of the offspring had a higher
mutation load than their mothers, while only 16% (6/
37) had a relatively lower mutation load; the mutation
load of the remaining 14% (5/37) was approximately
the same as that of their mothers. The average muta-
tion load in the mothers (n=17) was 44.6+26.1%
(median: 44%), while that in the offspring (n = 37) was
64.4+30.1% (median: 70%). These results are in
accordance with those of several other studies (Bolhuis
et al. 1990; Howell et al. 1994; Jacobi et al. 2001; Sa-

vontaus 1995; Smith et al. 1993), but not with a recent
analysis of data from published pedigrees by Chinnery
et al. (2001).

Given that the degree of heteroplasmy influences
the expression of this disease, one argument often used
against the hypothesized mechanism of selective
transmission is an ascertainment bias: i.e. the hetero-
plasmic pedigrees were ascertained through the af-
fected probands who should have a high mutation load.
We therefore reduced the ascertainment bias by
excluding the probands from the analysis. In addition,
the removal of all affected offspring from the analysis
still resulted in only 19% (6/31) of the offspring having
a lower mutation load than their mothers. Therefore,
our results should not be severely biased by the sam-
pling method through affected patients.

We performed further analysis with three informa-
tive heteroplasmic pedigrees (F09, F19 and F24). Each
pedigree was analysed separately, starting with one
heteroplasmic mother in generation 2 (Fig. 2). When
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Heteroplasmy transmission
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Average % of heteroplasmy

Generation

Fig. 2 Graph showing the average percentage of heteroplasmy
of each generation for three pedigrees (F09, F19 and F24), with
the starting point being one heteroplasmic mother of each
pedigree in generation 2. The average percentage of hetero-
plasmy of each generation in the same pedigree was compared
and found to be significantly increased in F19 (P=0.005) using
ANOVA. The average percentage of heteroplasmy of each
generation from F09 and F24 showed a similar pattern, although
it was not statistically significant (P=0.103 in F09 and P=0.245 in
F24)

the average degree of heteroplasmy was compared
with those of the next generations (generations 3 and
4), it was found to be significantly higher (P=0.005;
ANOVA) in F19, the heteroplasmic family previously
reported in Chuenkongkaew et al. (2005). The mean
percentages of heteroplasmy of each generation be-
tween three generations (generations 2, 3 and 4) of FO9
(P=0.103) and F24 (P=0.245) had a pattern similar to
that of F19 (Fig. 2), although the difference was not
statistically significant. Our data therefore supports the
hypothesis that segregation of the G11778 A mutation
during oogenesis is subject to positive selection rather
than being a random process.

There were offspring, however, who carried a lower
blood mutation load than their mothers, indicating that
if selective transmission does actually occur, it is either
not total or may be subject to other modifying factors.
A recent study shows that there is a directional selec-
tion for different mtDNA genotypes in a heteroplasmic
mouse model and that the selection is partly controlled
by nuclear quantitative loci (Battersby et al. 2003).

Various studies report the rapid segregation of
LHON mutations from a low level of heteroplasmy to
a practically homoplasmic level in only a few genera-
tions (Bolhuis et al. 1990; Howell et al. 1994; Huopo-
nen 2001; Jacobi et al. 2001; Vilkki et al. 1990). This
was also observed in our pedigrees, the most evident of
which was the shift from 18% (F09, II-1) to homo-
plasmy (F09, I1I-10 and III-15) over only one genera-
tion (Fig. 1a).

Pedigree F28 (Fig. 1c) was quite interesting in the
way that it could clearly be separated into two distinct,
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homoplasmic (descended from individual II-11) and
heteroplasmic (descended from individual II-8) bran-
ches. With the exception of showing heteroplasmy for
G11778A, two individuals, one from each branch,
carried the same mitochondrial genome (Table 1).
Analysis of this pedigree clearly revealed that disease
penetrance was higher in the homoplasmic branch than
in its heteroplasmic counterpart. When only individu-
als in the maternal line older than 30 years were con-
sidered, the estimated penetrance was 50% (5/10) in
the homoplasmic branch and 13% (3/23) in the het-
eroplasmic branch. The other two heteroplasmic fam-
ilies, F09 (Fig. la) and F24 (Fig. 1b), also
demonstrated a low penetrance of the disease. Only
individuals with a high mutation load (more than 85%)
in these heteroplasmic families became affected, al-
though some individuals with almost a homoplasmic
mutation load in the same pedigree were unaffected.
From the patients in our pedigree collections, the
difference in the average final visual acuities (latest
logMAR) between heteroplasmic and homoplasmic
patients was compared using Mann-Whitney test and
found to be significantly different (P=0.023). A Kap-
lan-Meier survival estimation was carried out to pre-
dict the probability of Leber-free survival from two
heteroplasmic groups (one group carrying a mutation
load between 75 and 95% and the other group carrying
mutation load less than 75%) and one homoplasmic
group (carrying a mutation load greater than 95%)
(Fig. 3). The difference between these three groups
was significantly different (P<0.0005; log-rank test for
equality of survivor functions). These results on the

Kaplan-Meier survival estimates

T = 1

Probability of Leber-free survival
000 020 040 060 080 1.00

T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Years (Age at onset)

Fig. 3 A Kaplan-Meier survival estimate using software INTER-
cooLED STATA 9.1 for Windows was performed between the
probability of Leber-free survival and age at onset for three
groups of patients: group 1, carrying a greater than 95%
mutation load; group 2, carrying a mutation load between 75
and 95%; group 3, carrying a less than 75% mutation load. The
difference between these three groups was compared by a log-
rank test for equality of survivor functions and found to be
significant (P<0.0005)



J Hum Genet (2006) 51:1110-1117

Table 1 Mitochondrial DNA
polymorphisms in the two
individuals from different
branches of pedigree F24, two
individuals from different
branches of pedigree F28 and
three individuals from
different branches of
pedigree F30

1115

Position Replacement  rCRS* F24 F28 F30

22 112 VI-39 IV-56 1V-39 1II-18  III-33
73 A-G A G G G G G G G
150 C-T C T T T
152 T-C T C C
199 T-C T C C C
207 G-A G A A
225 G-A G A A
249 del A A del A del A del A del A
263 A-G A G G G G G G G
310 T-CTCor TC T CTC CTC TC TC CTC CTC CTC
316 G-A G A A
489 T-C T C C C C C
514 del A A del A del A
515 del C C del C del C
709 G-A G A A
750 A-G A G G G G G G G
1438 A-G A G G G G G G G
2706 A-G A G G G G G G G
3200 T-C T C C
3434 A-G A G G
3714 A-G A G G
3970 C-T C T T
4048 G-A G A A A
4071 C-T C T T T
4164 A-G A G G G
4385 A-T A T T
4769 A-G A G G G G G G G
4772 T-C T C C
5237 G-A G A A
5460 G-A G A A A
5585 G-A G A A
5823 A-G A G G
5894 A-G A G G
5913 G-A G A A
5978 A-G A G G
6392 T-C T C C
6455 C-T C T T T
6680 T-C T C C C
7028 C-T C T T T T T T T
7151 C-T C T T
7433 C-T C T T
7684 T-C T C C C
7853 G-A G A A A
8701 A-G A G G G G G
8707 C-T C T C/T
8853 A-G A G G
8860 A-G A G G G G G G
9127 A-G A G G
9175 C-A C A A
9512 C-T C T T
9540 T-C C C C C C
9824 T-C T C C C
10274 T-C T C C
10310 G-A G A A
10320 G-A G A A
10398 A-G A G G G
10400 C-T C T T T
10679 A-G A G G
10873 T-C T C C C C C
11719 G-A G A A A A A A A

@ Springer
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Table 1 continued Position  Replacement rCRS® F24 F28 F30
Im-22 112 VI39 1IV-56  Iv-39 1III-18  1II-33
11778 G-A G A G° A G/A A A A
11914 G-A G A A
12354 T-C T C C
12405 C-T C T T T
12621 C-T C T T
12696 T-C T C C
12705 C-T C T T T T T
12738 T-C T C C C
12811 T-C T C C C
13928 G-C G C C
14110 T-C T C C
14578 C-T C T T T
14766 C-T C T T T T T T T
14783 T-C T C C C C C
14971 T-C T C C
14974 C-T C T T
15043 G-A G A A A A A
15301 G-A G A A A A A
15326 A-G A G G G G
15483 C-T C T T
15691 A-G A G G
16086 T-C T C C
16093 T-C T C C
16111 C-T C T T
16129 G-A G A A A A A
16192 C-T C T T T T T
16209 T-C T C C
? rCRF is reference 16223 C-T C T T T T T
Cambridge sequence 16249 T-C T C
(http://www.mitomap.org/ 16272 A-G A G G
mitoseq.html) 16297 T-C T C C C
® G11778A could not be 16298 T-C T C C
detected in this individual by 16355 C-T C T T
DNA sequencing but was 16362 T-C T C C C C
quantitated to be 4% by 16390 G-A G A A

radioactive PCR-RFLP

pedigrees and analyses clearly supported the hypoth-
esis that heteroplasmy is one of the factors influencing
disease penetrance.

Low-penetrance branches

Within the framework of the biological phenomenon
of low-penetrance branching in LHON pedigrees, as
proposed by Howell and Mackey (1998), homoplasmic
pedigree F30 (Fig. 1d) was of great interest as it was
quite clear that all of the affected members of the
family clustered in only one branch that descended
from individual II-2. In comparison, those branches
descended from individuals II-5 and II-8 contained no
affected family members among 35 maternal relatives
spanning three generations, despite the fact that all ten
individuals tested carried the G11778 A mutation in a
homoplasmic fashion. The results of the analysis of this
large, extended LHON family supported the premise
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that “low-penetrance branching in LHON matrilineal
pedigrees is a biologically real phenomenon” (Howell
and Mackey 1998) that cannot be explained by the
G11778 A mutation itself. Therefore, there must be
other factors interacting with the G11778 A mutation
and influencing disease penetrance. Since the low-
penetrance branches possessed the same mtDNA
nucleotide variants as the relatively high-penetrance
branch, as confirmed by total mitochondrial sequence
(Table 1), one possibility is that the paternal nuclear
allele(s) might be involved in promoting or suppressing
disease expression in the offspring. Alternatively,
environmental factors, such as chemical exposure,
alcohol drinking or smoking, may contribute to the
difference in disease penetrance.
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