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Primary Pathogenic mtDNA Mutations in
Multigeneration Pedigrees with Leber Hereditary
Optic Neuropathy
To the Editor:
Leber hereditary optic neuropathy (LHON) is an inher-
ited form of bilateral optic atrophy in which the primary
etiologic factor is a mutation in the mitochondrial ge-
nome (reviewed by Brown and Wallace [1994] and
Howell [1994]). The optic neuropathy in LHON shows
incomplete penetrance (the ophthalmologic abnormali-
ties in LHON have been reviewed recently by Riordan-
Eva et al. [1995] and Nikoskelainen et al. [1996]), and
there are additional genetic and environmental etiologic
factors, which are rather poorly defined at the present
time, that influence the onset of the disorder (reviewed
by Johns [1994]).
Although it has been recognized for more than a cen-

tury that the risk of LHON shows strict maternal trans-
mission (Leber 1871), it has been much more recently
that this inheritance pattern has been associated with
the mitochondrial genome (Wallace 1995). Wallace et
al. (1988) first identified a mutation at nucleotide 11778
of the mitochondrial genome as a primary etiologic fac-
tor in LHON. This mutation results in a histidine-for-
arginine substitution at amino acid position 340
(R340H) of the ND4 subunit of complex I (NADH-
ubiquinone oxidoreductase). Subsequently, mutations
at nucleotide 3460 (Howell et al. 1991; Huoponen et
al. 1991) and 14484 (Johns et al. 1992; Mackey and
Howell 1992) were detected in a number of LHON
families. These mutations produce A52T and M64V
substitutions in the ND1 and ND6 subunits of complex
I, respectively.
There is now a consensus that these three sequence

changes are the most prevalent and the most strongly
supported primary pathogenic LHON mutations. Be-
yond this area of agreement, however, there exists con-
siderable debate and uncertainty about the etiologic and/
or pathogenic role of other candidate mitochondrial mu-
tations in LHON. The unresolved issues include the fol-
lowing:

1. Is the mutational spectrum wide or narrow? For
example, Brown and Wallace (1994) list 16 LHON-
associated mutations. The pathogenesis of LHON
should become more accessible when it is established
whether the etiology involves a nonspecific respiratory-
chain defect due to mutations affecting any of complexes
I, III, and IV or-alternatively-whether it is limited to
mutations that specifically derange complex I. Although
the three established primary LHON mutations affect
subunits of complex I, two groups have proposed that
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a mutation at nucleotide 15257 has a primary patho-
genic role (Johns and Neufeld 1991; Brown et al. 1992).
This mutation produces a D171N substitution in the
mitochondrial gene that encodes the proton-motive cy-
tochrome b, a key redox component of complex III (ubi-
quinone-cytochrome c oxidoreductase). Furthermore,
Johns and Neufeld (1993) have suggested a pathogenic
role for mutations that affect subunits of cytochrome
oxidase (complex IV).

2. It has been proposed that there are both primary
and secondary pathogenic LHON mutations. Thus,
Johns and Berman (1991) identified putative secondary
mutations at nucleotides 4216, 4917, and 13708 (also
see Brown et al. 1992). Secondary mutations are found
in normal individuals, but at lower frequencies than in
LHON patients, and they produce more conservative
amino acid substitutions.

There are several factors that have confounded a more
complete understanding of the mitochondrial genetic
etiology of LHON. In the first place, the human mito-
chondrial genome evolves rapidly, and etiologically
important mutations are typically "buried" in a
background of polymorphisms (the signal-to-noise
problem). Second, different groups have used different
methodologies. For example, some investigators favor
the screening of patient populations, including a large
proportion of singleton optic atrophy patients, whereas
others rely more heavily on analysis of large LHON
pedigrees (the approach used here). Finally, inclusion
criteria for analysis are relatively clear-cut in regard to
the ophthalmologic characteristics of LHON but are
much less so for the prevalence and severity of neurolog-
ical abnormalities among family members. In simplest
terms, there seem to be two broad groups of LHON
families. In the first group, the optic neuropathy is the
most prominent, if not the exclusive, clinical deficit, al-
though there may be extra-ophthalmologic abnormali-
ties, including peripheral neuropathy, heart conduction
defects, and a multiple sclerosis-like condition, in a
small proportion of family members (Leber 1871; Ni-
koskelainen et al. 1995; Riordan-Eva et al. 1995). In
contrast, there are other families that present severe neu-
rological abnormalities, which also are maternally in-
herited and which are more prominent than the optic
neuropathy. These "LHON-plus" families involve
pathogenic mutations different from those that produce
the more ophthalmologically limited disorder. For ex-
ample, a mutation at nucleotide 4160 apparently causes
the neurological abnormalities (e.g., dysarthria, spas-
ticity, and juvenile encephalopathy) in a Queensland
LHON family, whereas the optic neuropathy is caused
by the 14484 primary LHON mutation (Howell 1994).
A mutation at nucleotide 14459 causes a "LHON-plus-
dystonia" disorder (Jun et al. 1994). More recently, De

Vries et al. (1996) have suggested that mutations at nu-
cleotides 11696 and 14596 are associated with the
LHON plus spastic dystonia in a large Dutch family.
The purpose of the present report is, first, to survey

a large assembly of LHON pedigrees to determine the
spectrum of primary mutations and, second, to assess
the pathogenic role of the 15257 mutation by this ap-
proach. Each collaborative-research group pooled their
LHON pedigrees and the results of mtDNA screening.
The LHON families were northern European in origin
and are from Australia and New Zealand, the United
Kingdom (including Ireland), the Netherlands, Den-
mark, and Finland. Some previously published LHON
families are not included in the present report, because
they are no longer available for DNA screening. To
avoid inclusion of pedigrees with autosomal dominant
or autosomal recessive optic atrophy, the only pedigrees
that were analyzed were those in which there were at
least two affected individuals related through an unaf-
fected woman. Furthermore, most of the pedigrees
spanned several generations, and strict maternal trans-
mission was confirmed. The genealogical analyses of
these LHON families have been extensive, and we are
confident that, as a general rule, they have not shared a
maternal relative during the previous 200 years. Finally,
the LHON families were limited to those in which optic
neuropathy was the major, if not exclusive, clinical defi-
cit. Thus, we exclude LHON-plus-dystonia (Jun et al.
1994; De Vries et al. 1996) and the Queensland LHON
(Howell 1994) families. This winnowing of LHON-plus
families is unlikely to skew our results, because they
account for -5% of all matrilineal pedigrees with an
LHON-like optic neuropathy.
A total of 159 LHON families, selected by use of the

inclusion criteria described above, were analyzed here;
the results are summarized in table 1. These pedigrees
comprise >12,000 maternally related individuals and
>1,500 affected individuals. Of these 159 families, 153
(97%) carried one of the three previously identified pri-
mary LHON mutations at nucleotides 3460 (13% of the
159 LHON families), 11778 (69%), or 14484 (14%).
Conversely, the results in table 1 also indicate that 5
(3%) of these 160 LHON families in this survey do not
carry one of these mutations and thus are predicted to
carry as-yet-unidentified primary mutations.

It was further observed here that the 15257 mutation
occurs in 6 of these 159 LHON families. However, in
every one of these instances, it is associated with one of
the three established primary LHON mutations: 11778
(4 of 78 families), 3460 (1 of 14 families), and 14484
(1 of 23 families). Because it does not occur in isolation
of an established primary LHON mutation, the present
results do not support a primary pathogenic role for
the 15257 mutation. This conclusion, however, must be
tempered with caution, for the following reasons. In the
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Table 1

Primary Mutations in LHON Families

No. of No. of No. of Total No. of
Mutation Families Affected Males Affected Females Matrilineal Progeny

Australia/New Zealand:
11778 12 208 51 3,193
3460 1 4 2 38
14484 3 89 29 885
Unidentified 0 0 0 0

United Kingdom/Northern Ireland:
11778 48 146 40 1,029a
3460 10 38 14 171
14484 8 25 0 96a
Unidentified 1 2 0 Unknown

The Netherlands:
11778 25 203 35 2,690
3460 5 28 10 294
14484 11 211 36 1765
Unidentified 1 2 1 10

Denmark:
11778 19 171 41 1,154a
3460 2 26 0 170a
14484 1 12 1 206a
Unidentified 0 0 0 0

Finland:
11778 6 48 14 303
3460 3 8 5 95
14484 0 0 0 0
Unidentified 3 4 6 61

Totals:
11778 110 776 181 8,369a
3460 21 104 31 768a
14484 23 337 66 2,952a
Unidentified 5 8 7 71

a Pedigree data are incomplete; the numbers shown are the minimum estimates and are based on previously
published studies.

first place, this study was specifically designed to assess
which primary LHON mutations cause optic neuropa-
thy with a penetrance sufficiently high to produce a
clear-cut, multigenerational pattern of maternal in-
heritance. Thus, it cannot be ruled out that the 15257
mutation is a primary mutation but with a very low
penetrance, thus obscuring maternal inheritance. Fur-
thermore, the 15257 mutation has been detected in nor-
mal controls, in contrast to the three established primary
mutations (Brown et al. 1992; E. Stone, personal com-
munication), a finding that is compatible with no (or
very low) pathogenicity. Alternatively, this mutation
may have a secondary etiologic role, and its association
with optic neuropathy would thus require other risk
factors. A secondary role, however, has not been sup-
ported in previous studies (Howell et al. 1993; Oostra
et al. 1994).

Second, how much bias was introduced into our study
by exclusion of singleton LHON cases? Among the pa-

tient populations evaluated for this survey, there were
111 males and 37 females who were singleton cases of
bilateral optic atrophy and who carried one of the three
established primary LHON mutations. This figure repre-
sents - 10% of the total affected family members (table
1). Put another way, within these populations, an af-
fected individual who carries one of the three primary
mutations has a 90% chance of a positive family history.
In a similar fashion, only -8% of Australian bilateral
optic atrophy patients without a positive family history
carry one of the three primary LHON mutations (Chan
et al. 1996). These findings provide further support for
the conclusion that the three established primary LHON
mutations produce a high-penetrance disorder (in the
sense of a positive history of maternal transmission). On
the other hand, they also indicate that there are relatively
large populations of patients who might carry rare, un-
identified pathogenic mitochondrial mutations. We
would submit, however, that it will be extremely diffi-
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cult, if not impossible, to distinguish benign polymor-
phisms from primary or secondary pathogenic muta-
tions that have very low penetrance (see below). That
ambiguity is why we favor the use of more stringent,
more conservative criteria for pathogenicity.

Third, it is possible that our survey, although the
largest of its kind, was biased and that other population
samples would include LHON families who carry only
the 15257 mutation and no other primary mutation. In
this regard, there is a report of a German LHON family
that carries the 15257 mutation but that lacks any of
the three established primary mutations (Obermaier-
Kusser et al. 1994). However, there is also the possibility
of an unidentified primary mutation in the German
LHON family, as is the probable case for five of the
LHON families in the present study. It has been shown
that LHON patients in Japan have a very high incidence
of the 11778 primary mutation (Mashima et al. 1993);
one inference to be drawn from this result is that there
will also be a dearth of cases in which the 15257 could
occur in isolation of a recognized primary LHON muta-
tion.
One final point merits comment. The pathogenic role

of the 15257 mutation was adduced on the basis of its
increased frequency among LHON patients relative to
its frequency among normal controls (Johns and Neu-
feld 1991; Brown et al. 1992). At first glance, this crite-
rion is intuitively attractive. However, the 15257 muta-
tion is almost always found in association with the
putative secondary LHON mutations at nucleotides
4216 and 13708, and analysis indicates that the 15257
mutation arose once within a branch of this phylogenetic
cluster (Howell et al. 1995; N. Howell, unpublished
data). One consequence of this situation is that the in-
creased frequency of the 15257 mutation among LHON
patients can be explained solely in terms of population
history and genetics, rather than as a reflection of its
pathogenic role (Howell et al. 1995).
We have suggested that no single criterion should be

used to establish the pathogenic role of a mutation in
LHON (Howell 1994). Nevertheless, the available data
suggest that the strongest support occurs for those muta-
tions that are associated with an unambiguous pattern
of maternal transmission and that have arisen multiple
times within the human population. The pathogenicity
of mitochondrial mutations in LHON patients is an im-
portant issue because of its relevance for diagnosis, for
genetic counseling, and for elucidation of the pathway
connecting the mutation to degeneration of the optic
nerve. Furthermore, the possible role of mitochondrial
mutations in the pathogenesis of the late-onset neurode-
generative diseases is being explored (Brown et al.
1996), and LHON will serve as a useful model system
for these pathogenically complex disorders in which ma-
ternal inheritance is not an overt etiologic feature.
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Even a Deficit of Shared Marker Alleles in Affected
Sib Pairs Can Yield Evidence for Linkage
To the Editor:
The affected-sib-pair method has been widely used in
linkage analysis, especially for mapping genes involved
in complex diseases, for which the mode of inheritance
is difficult to specify. By this method, the observed distri-
bution for the number of marker alleles shared identical
by descent (ibd) is compared to the expected distribution
in case of no linkage. It is generally believed (see, e.g.,
Lander and Schork 1994) that only an observed excess
of alleles shared ibd should be considered as indicative
for linkage between a marker locus and the disease. The
following example demonstrates that this view may not
be completely correct:
Suppose that in a sample of n affected sib pairs, 2/3 of

the sib pairs share zero marker alleles and 1/3 share two
marker alleles ibd. The likelihood for this observation
in case that there is no linkage between marker and
disease is LHO = (1/4)fl Now consider the diallelic single
locus model, which is specified by the penetrances f,
(i = 0, 1, 2) of the genotypes at the disease locus and
the disease allele frequency p. Let z, (j = 0, 1, 2) denote
the probability that affected sib pairs share i marker
alleles ibd. For [2 = 2 and p = fA = fo, these probabili-
ties become z2 = 1/3, z1 = 4/9 and zo = 2/9 when the


