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The complete mitochondrial DNA (mtDNA) sequences for 63 Dutch pedigrees with Leber hereditary optic neu-
ropathy (LHON) were determined, 56 of which carried one of the classic LHON mutations at nucleotide (nt) 3460,
11778, or 14484. Analysis of these sequences indicated that there were several instances in which the mtDNAs
were either identical or related by descent. The most striking example was a haplogroup J] mtDNA that carried
the 14484 LHON mutation. Four different but related mitochondrial genotypes were identified in seven of the
Dutch pedigrees with LHON, including six of those described by van Senus. The control region of the founder
sequence for these Dutch pedigrees with LHON matches the control-region sequence that Macmillan and colleagues
identified in the founder mtDNA of French Canadian pedigrees with LHON. In addition, we obtained a perfect
match between the Dutch 14484 founder sequence and the complete mtDNA sequences of two Canadian pedigrees
with LHON. Those results indicate that these Dutch and French Canadian 14484 pedigrees with LHON share a
common ancestor, that the single origin of the 14484 mutation in this megalineage occurred before the year 1600,
and that there is a 14484/haplogroup ] founder effect. We estimate that this lineage—including the 14484 LHON
mutation—arose 900-1,800 years ago. Overall, the phylogenetic analyses of these mtDNA sequences conservatively
indicate that a LHON mutation has arisen at least 42 times in the Dutch population. Finally, analysis of the mtDNA
sequences from those pedigrees that did not carry classic LHON mutations suggested candidate pathogenic mutations

at nts 9804, 13051, and 14325.

Introduction

Forty years ago, van Senus (1963) published his tour de
force study of Leber hereditary optic neuropathy (LHON
[MIM 535000]) in the Netherlands. One explicit purpose
of his investigation was “The formation of archives con-
taining all the data about the Leber patients and their
families in the Netherlands. By this means, possibly future
investigators may be able to build further on the material
collected. In this way we hope to be able to collect material
by means of which new light may be thrown on the he-
reditary problems of Leber’s disease” (van Senus 1963,
p. 1). Although it was not recognized at the time of van
Senus’s (1963) study, it is now understood that the un-
usual pattern of maternal inheritance in pedigrees with
LHON reflects a complex etiology in which the primary
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event is a mutation in the mitochondrial genome (re-
viewed by Howell 1997, 1998). Mutations at nucleotides
(nts) 3460, 11778, and 14484, which occur in mito-
chondrial genes that encode subunits of respiratory chain
complex I, account for ~95% of all pedigrees with LHON
in populations of European descent (Mackey et al. 1996),
although rare LHON mutations continue to be identified
(e.g., see Chinnery et al. 2001; Brown et al. 2002; Val-
entino et al. 2002). The available evidence supports a
complex I-mediated pathogenesis of LHON with apop-
totic death of retinal ganglion cells and optic-nerve de-
generation (Howell 1997, 1998; Carelli et al. 2002; Wong
et al. 2002).

The Dutch pedigrees with LHON, subsequent to their
analysis by van Senus (1963), have been used for a num-
ber of studies, including the identification of the primary
LHON mutations, the correlation of those LHON mu-
tations with the ophthalmological abnormalities, the
evaluation of the role of secondary mtDNA polymor-
phisms in the etiology, and the testing of whether a simple
X-linked modifier locus determines the prevalence of the
optic neuropathy among males (Oostra et al. 1994a,
1994b, 1996; Mackey et al. 1996). It is the aim of the
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analyses reported here to use the Dutch pedigrees with
LHON for another type of mitochondrial genetic
investigation.

In his extensive analysis of Dutch families with LHON,
van Senus (1963) was able to “connect” many of the
original set of 46 matrilineal pedigrees through extensive
genealogical investigations, and he obtained a final total
of 27 maternal lineages with LHON. In the present study,
we have determined the complete mtDNA sequences for
a total of 63 Dutch pedigrees with LHON. We then used
these sequences to derive information about the origin
of LHON mutations within the Netherlands, and we
were able to connect a number of these matrilineal ped-
igrees. In addition, our results reveal an unanticipated
“connection” between Dutch and French Canadian ped-
igrees with LHON, as well as other instances of pedigrees
with LHON that are related by descent.

Material and Methods

DNA Samples and Numbering of Dutch Pedigrees
with LHON

A total of 64 DNA samples from 63 different Dutch
pedigrees with LHON, as well as 1 from an apparently
sporadic case, were included in this study. Twenty-three
of these samples were from the 27 pedigrees reported
by van Senus (1963). Two of those pedigrees (van Senus
numbers S002 and S024) had apparently died out by
the early 1990s, and no mtDNA sequence information
is available. Another pedigree (van Senus number S028)
is now known to be affected with autosomal dominant
optic atrophy rather than LHON, and this family has
not been analyzed here. An additional five pedigrees with
LHON were added by L. N. Went, and these were given
van Senus numbers S040-S044. During the period from
1992 to 1995 at the Netherlands Ophthalmic Research
Institute, additional patients with optic atrophy who
were suspected to have LHON were assigned van Senus
numbers SO050 et seq. Unless noted otherwise, the in-
formation provided for the pedigrees analyzed here was
that available in 1995. In addition, the mtDNA from a
subject with an apparently sporadic case of bilateral op-
tic atrophy has since been found to carry a LHON mu-
tation, and it has been assigned a van Senus number of
S999 in this study. There are additional patients with
LHON who were identified after 1995, but they were
not included in the present study.

As a general procedure for pedigrees S050 et seq.,
the maternal genealogies of patients with LHON were
traced back through five generations (i.e., the earliest
known maternal ancestor would generally have been
born between 1800 and 1850). If this pedigree did not
show genealogical linkage to a previously identified
Dutch pedigree with LHON, it was assigned a unique
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identifier number. Therefore, if the mtDNA sequencing
results (see below) indicate coalescence of two or more
pedigrees, it is reasonable to assume that their common
maternal ancestor was born before this period.

DNA Sequencing

A description of our DNA sequencing approach has
been published elsewhere (Herrnstadt et al. 2002). In
brief, the entire mtDNA was PCR amplified as a set of
68 overlapping fragments, each ~550 bp in length. Se-
quencing reactions were performed with BigDye Ter-
minator chemistry (PE Applied Biosystems), and elec-
trophoresis and “base calling” were performed with a
3700 DNA Analyzer (PE Applied Biosystems). The PCR
primers were designed to provide ~50% sequence over-
lap between adjacent segments of the mtDNA. In ad-
dition, both strands of the mtDNA were sequenced, so
that each nucleotide position was sequenced up to a total
of four times. The mtDNAs of all 63 pedigrees were
assessed for heteroplasmy of the 3460, 11778, and
14484 LHON mutations by visual inspection of the
sequencing electropherograms. This approach is suffi-
ciently sensitive that we can reliably detect heteroplasmy
if the minority allele is present in at least 15%-20% of
the mtDNA molecules.

Efforts to ensure mtDNA sequence accuracy extended
beyond the use overlapping primers. Thus, two samples
from van Senus pedigree S022 were obtained and se-
quenced in a “blinded” fashion. The two mtDNA se-
quences matched perfectly. Furthermore, one sample was
chosen for complete reanalysis, and—again—perfect
agreement was obtained. In multiple instances, we found
pedigrees with LHON whose mtDNA sequences differed
at one or two sites. These sites were reanalyzed to verify
the sequence difference. Finally, the 1.1-kb noncoding
control-region sequences for 22 samples were indepen-
dently obtained with a manual sequencing approach at
a different site (University of Texas Medical Branch; see
the article by Howell and Smejkal [2000] for methods).
Perfect agreement between the two approaches was
obtained.

mtDNA sequences are presented as differences from
the revised Cambridge reference sequence (Andrews et
al. 1999). Only single-base-pair substitutions are re-
ported here, and we did not analyze expansions/con-
tractions of simple repeat sequences. The mtDNA se-
quences of the Dutch pedigrees with LHON are provided
in a supplementary table that can be downloaded from
the MitoKor Web site.

Results

Preliminary Analysis

We determined the complete mtDNA sequences for
63 Dutch pedigrees with LHON. It was found that 7 of
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these did not carry one of the three “classic” LHON
mutations, whereas 56 (89%) carried a LHON mutation
at nt 3460, 11778, or 14484. A breakdown of these
pedigrees by LHON mutation and by European hap-
logroup is given in table 1. The relative prevalence of
the three LHON mutations is in accord with previous
studies of pedigrees with LHON in populations of Eu-
ropean descent (e.g., Mackey et al. 1996). The 11778
mutation is the most prevalent and was found in ~60%
of the Dutch pedigrees that carried a classic LHON mu-
tation. The 3460 and 14484 mutations each occur in
~20% of these families. In contrast to the 3460 and
11778 pedigrees with LHON, the mtDNAs from the
14484 Dutch pedigrees with LHON show a preferential
association with haplogroup J (10 of 12, or ~80%), a
result that has been reported for other European and
North American populations (Brown et al. 1997; Tor-
roni et al. 1997).

In five of the pedigrees (S061]/11778, S064H/3460,
S073H/11778, S083H/3460, and $188H/3460), the fam-
ily member analyzed was heteroplasmic for the LHON
mutation. This heteroplasmy suggests a relatively recent
origin of the LHON mutation, and it is therefore not
surprising that none of these pedigrees were those assem-
bled by van Senus (1963), all of which involve maternal
ancestors that can be traced to the 17th or early 18th
centuries (see his fig. 7).

14484 Pedigrees with LHON

There were 10 14484/haplogroup J and 2 14484/hap-
logroup K Dutch families with LHON (table 1). How-
ever, detailed analysis indicated that these 12 families
actually represent no more than four independent
mtDNA lineages. The most striking finding was that the
mtDNA sequences of seven of the 14484/haplogroup ]
families with LHON form a group of four closely related
genotypes. In his genealogical analysis of the original 46
pedigrees, van Senus (1963) found that 10 pedigrees
could be traced back to a common female ancestor who
was born sometime around 1613 in the town of Rhenen
(see his fig. 7), and this constituted his largest pedigree
(S001). Our results show that the mtDNA of the S008

Table 1
LHON Mutations and mtDNA Haplogroups in Dutch Pedigrees
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family with LHON has a sequence identical to that of
S001. Pedigree SO08 was traced to a woman born in
1690 in Utrecht, a city that is ~35 km from Rhenen.
The perfect identity of the mtDNA sequences for these
two pedigrees and the close geographical proximity of
the last known maternal founders, indicate a single mat-
rilineal pedigree with LHON that accounts for a sub-
stantial proportion of the family members with LHON
in the Netherlands. However, the situation was more
complicated than this, and the mtDNAs of five other
families with LHON were very similar to that of the
S001/S008 lineage.

Pedigree SO05 was traced genealogically to a woman
born in ~1655 in Papendrecht. In addition, the mtDNA
sequences of families S011 and S079 are identical to that
of S005. Family SO11 could be traced to a woman born
in ~1636 in Rotterdam (van Senus 1963), whereas ped-
igree SO79 is a small family with four affected members.
Moreover, the mtDNA sequences from these three ped-
igrees are identical to that of “superpedigree” S001/
S008, except for the absence of the nonsynonymous
polymorphism at nt 9682 in the COX3 gene (data sum-
marized in fig. 1). It was also observed that the mtDNA
from van Senus pedigree S023 was identical to the
mtDNA from van Senus pedigrees S005/S011/S079, ex-
cept for the presence of a polymorphism at nt 195 in
the noncoding control region or D-loop (table 1). Ped-
igree S023 was traced by van Senus (1963) to a woman
born in the year ~1745 in Rhenen; that is, the mtDNAs
from pedigrees S001/S008 and from pedigree S023 differ
at two nucleotide positions but trace genealogically to
the same small town in the Netherlands. Finally, the
mtDNA sequence of family S013 differed from that of
S005/5011/S079 at two sites, one in the coding region
(nt 15514) and one in the noncoding control region (nt
16189). The members of family S013 could be traced
to a woman born in ~1678 in Almkerk. The six families
with LHON in this group that were studied by van Senus
(1963) thus originate within 75 km of one another (see
his fig. 7).

The most parsimonious explanation for the close sim-
ilarity of these mtDNA sequences is that they are related

Mutation N

Pedigrees (Haplogroup)

3460 11
11778 33

S017 (H), S063 (H), S064 (H), S069 (H), S083 (H), S166 (H), S188 (H), S016 (J), S027 (J), $196 (J), and $044 (K)
S003 (H), S004 (H), S009 (H), S010 (H), S012 (H), S014 (H), S015 (H), $022 (H), S025 (H), S040 (H), S060 (H),

S062 (H), S065 (H), S073 (H), S080 (H), S130 (H), S136 (H), S138 (H), S007 (U), S042 (U), S066 (U), SO72 (U),
020 (T), S041 (T), SO50 (T), SO55 (T), S172 (T), $192 (T), S189 (V), S026 (J), S061 (J), $999 (J), and S067 (K)

14484 12
None* 7

S001 (J), S005 (J), S008 (J), SO11 (J), SO13 (J), SO19 (J), S023 (J), S056 (), S068 (J), SO79 (J), SO81 (K), and SO88 (K)
S006 (H), S051 (H), S077 (H), S078 (H), S092 (H), S089 (T), and S084 (J)

* “None” indicates that the 3460, 11778, and 14484 mutations are not present; our analyses indicate that some of these pedigrees carry

LHON mutations at other sites.
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Simplified cladogram showing the relationship, at the level of mtDNA sequences, among a cluster of 14484 pedigrees with

LHON. The founder sequence, shown in terms of sequence differences from the revised Cambridge reference sequence, is listed in a table
available from the MitoKor Web site as that of Dutch LHON pedigrees S005, S011, and S079.

by descent to a common ancestral sequence, and a sim-
plified cladogram is shown in figure 1. In this scheme,
we envision that the maternal founder carried the 14484
LHON mutation within a haplotype that we designate
the “founder” sequence. This founder sequence was
transmitted, without further sequence changes, to the
maternal descendants that comprise pedigrees S005/
S011/S079. The mtDNA sequence in the branch that
leads to van Senus (1963) pedigree S023 gained the poly-
morphism at nt 195; the third branch, leading to ped-
igrees S001/S008, gained the nt 9682 polymorphism;
and the fourth branch, leading to family S013, gained
two sequence changes.

The evolutionary scenario shown in figure 1—specif-
ically, the single origin of the 14484 LHON mutation
in these six pedigrees—is supported by other results. We
note, however, that it is extremely difficult to prove the
single occurrence of an mtDNA mutation in two closely
related sequences. The probability of a single mutation
is a complex function of multiple factors, including the
frequency of the LHON mutation and the frequency of
the background mtDNA type in the population. As an
extreme example, if the population contains only a single
mtDNA subhaplogroup, then it would be virtually im-
possible to determine whether only a single LHON mu-
tation had occurred or multiple mutations had arisen.

We have begun an extensive phylogenetic analysis of
haplogroup ] mtDNAs, and the first results have been
published (Herrnstadt et al. 2002). Of ~100 haplogroup

J mtDNASs in our current database, there are a total of
16 that belong to the subcluster defined by the presence
of a polymorphism at nt 3394 (data not shown). Of
these 16 mtDNA sequences, 7 represent this cluster of
Dutch pedigrees with LHON. Another three sequences
also carried the 14484 LHON mutation (the two Ca-
nadian families with LHON described below and the
VIC11 Australian family with LHON that can be traced
back to Ireland), whereas two carried the 11778 LHON
mutation. Of the remaining four non-LHON mtDNA
sequences, the one that was most similar to the founder
sequence differed at one position in the coding region
(not counting the LHON mutation) and at four positions
in the control region (data not shown). That is, there is
no evidence that the founder sequence lacking the 14484
LHON mutation occurs in a measurable proportion of
haplogroup ] mtDNAs, and it may be unique in the
human population.

The VIC11 mtDNA sequence, relative to the Dutch
14484 founder sequence (S005/S011/5S079), differed at
one site in the coding region and at three sites in the
control region. We cannot rule out that VIC11 is an
“ancient” member of the Dutch LHON “superlineage,”
but this is unlikely for the following reason. If we take
the four non-LHON sequences and the two 11778
LHON mtDNAs in this subclade of haplogroup J, the
mean pairwise difference between any two of them is
6.7 substitutions. In contrast, the value for the six Dutch
14484 mtDNAs is only 1.5 substitutions (the difference
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between the two distributions is highly significant; P <
.001). In other words, the Dutch 14484 mtDNAs are
much more closely related than a random set of mtDNAs
from this haplogroup J subclade. The four differences
between the VIC11 sequence and that of the Dutch foun-
der sequence more likely indicate an independent origin
of the 14484 mutation in the former. More importantly,
these results support the evolutionary model in figure 1,
in which there has been a single occurrence of the 14484
LHON mutation within the Dutch megalineage.

The mtDNA sequences of 14484/haplogroup ] pedi-
grees S019 and S056 were identical, but this sequence
clearly differed from that of the “superlineage.” No ge-
nealogical connection between these pedigrees has been
established. Pedigree S019 was traced to a woman born
~1657 in Klein-Ammers, whereas S056 is a small family
with 10 affected members. In contrast, the sequence of
the S068 pedigree was clearly different from the other
two groups of genotypes. There were 17 site differences
between the founder sequence (S005/5011/S079) and the
S019/S056 sequence, whereas there were 25 between
S005/5011/S079 and S068 and 30 site differences be-
tween S019/S079 and S068. Therefore, one may safely
conclude that the 14484 LHON mutation occurred in-
dependently in these three groups of sequences. As a
corollary, the 10 14484/haplogroup J Dutch families
with LHON represent only three origins of the LHON
mutation.

It is our intention to analyze a large collection of ped-
igrees with LHON from other countries to determine
whether there have been other such founder events. A
comprehensive comparison of the mtDNA sequences
from the Dutch pedigrees with LHON to those from
other countries is underway. For example, one of the
Australian 14484 pedigrees with LHON (designated
“ACT1”) has a perfect sequence match for the control
region to that of the Dutch founder sequence; a partial
sequence of the coding region was also identical. This
finding was not surprising, because the members of this
family are recent immigrants from the Netherlands, and
the available genealogical information indicates linkage
to Dutch pedigree S001 (D.A.M., unpublished data). As
a final piece of evidence, we have determined that the
ACT1 mtDNA sequence carries the substitution at nt
9682 that is a specific marker for the S001/S008 lineage
(fig. 1).

Thus far, we have not yet “connected” the large cluster
of 14484 Dutch LHON mtDNA sequences to any of
those from the United Kingdom (data not shown), but
an analysis of the available sequence information for
French Canadian families with LHON revealed a strik-
ing and unanticipated result. Macmillan et al. (2000)
have shown that the predominance of the 14484 LHON
mutation in French Canadian families is due to a strong
founder effect. They reported that 26 of 27 14484 fam-
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ilies carried mtDNA with an identical sequence in the
noncoding control region and carried the following poly-
morphisms: C16069T, T16126C, G16213A, A73G,
G185A, G228A, A263G, and C295T. This is the same
control-region sequence that occurs in the van Senus
(1963) S001, S005, S011, S008, and SO79 pedigrees. The
French Canadian and Dutch mtDNAs also share the
3394 polymorphism that signifies a subcluster of hap-
logroup J (Macmillan et al. 2000; see also the haplo-
group J network in fig. 4 of the article by Herrnstadt et
al. [2002]). We have obtained additional evidence for a
connection between Dutch and the French Canadian
families with LHON, from mtDNA sequence analyses
of two apparently unrelated 14484 families with LHON,
designated “CAN4” and “CAN7,” that were referred
to us by physicians in Ontario and in British Columbia,
respectively. The complete mtDNA sequence from both
probands was identical to that of the Dutch LHON
founder sequence. Furthermore, the family with LHON
from British Columbia also has a genealogical connec-
tion to the French Canadian population. The mother of
the affected CAN7 proband has a sister who lives in
Montreal and who also has a visually affected son. These
results indicate that the cluster of Dutch families with
LHON and the cohort of French Canadian families with
LHON share the same founder sequence.

The French Canadian population has attracted a great
deal of interest, because of the numerous instances of
founder effects for rare inherited disorders (de Braekeleer
and Dao 1994; Heyer and Tremblay 1995; Heyer et al.
1997; Labuda et al. 1997). It has been estimated that
the French Canadian population of Quebec descends
from ~1,600 women and ~6,850 men who settled in
this region during the 17th century, and it is not sur-
prising that there would be a particularly strong founder
effect for LHON, a maternally transmitted disorder.
Analysis indicated that >90% of the founding popula-
tion in this region of Canada came from France, par-
ticularly from the northwestern region of that country
(e.g., see table 2 of Heyer et al. [1997]). Although the
French Canadian and the Dutch 14484 pedigrees with
LHON are “branches” of the same lineage, the geo-
graphical origin of the common maternal ancestor can
only be the subject of speculation at the present time.
One clear implication of this model, however, is that the
14484 LHON mutation must have arisen before the year
1600. On the basis of the two coding-region substitu-
tions that have arisen in the Dutch/French Canadian
LHON lineage and with a pedigree rate of coding-region
divergence of 0.15 mutations/bp/million years in families
with LHON (Howell et al. 2003), the “age” of this line-
age is ~900 years. Alternative calculations with a con-
trol-region LHON pedigree divergence rate of 1.0 mu-
tation/bp/million years (Howell et al. 2003) and with
the observation of two control-region substitutions in
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this lineage (fig. 1) provide an estimated age of ~1,800
years. In other words, this lineage and the 14484 LHON
mutation appear to have originated 500-1,400 years
before the maternal ancestor of the Dutch pedigrees with
LHON was born. In view of the uncertainty in these
divergence-rate estimates, the twofold disparity in cal-
culated age of the lineage is not surprising.

In addition to the 14484/haplogroup J Dutch families
with LHON, there were two 14484/haplogroup K ped-
igrees (table 1). These two sequences are identical except
for the presence of a substitution at nt 16293 (control
region) in the mtDNA of the SO81 pedigree, which was
lacking in the SO088 pedigree. Both pedigrees are small,
with two and one affected family members, respectively.
In view of the paucity of 14484/haplogroup K pedigrees
with LHON and the shared presence of rare substitutions
at nts 1694, 12795, and 16400 in the two mtDNAs, we
conclude that these two pedigrees with LHON arose from
a common maternal ancestor who carried the 14484 mu-
tation. This conclusion is further supported by the ge-
nealogical information. Pedigree SO081 can be traced to a
woman born in ~1760 in Leeuwarden. The members of
pedigree S088 currently live Groningen, which is ~40
miles from Leeuwarden. However, the genealogy can be
traced to a woman born in ~1815 in Leeuwarden itself.
Although a definitive genealogical linkage between the
two pedigrees has not yet been established, their common
origin is beyond question in our view.

3460 LHON mtDNAs

A total of 11 Dutch pedigrees carry the LHON mu-
tation at nt 3460 (table 1). The haplogroup distribution
comprises one haplogroup K, three haplogroup J, and
seven haplogroup H mtDNAs. There is no evidence that
any of these mtDNAs are related at the sequence level.
For example, the average number of pairwise site dif-
ferences between 3460/haplogroup H mtDNAs is 10.5,
and the smallest number of site differences is 5. In a
similar fashion, the 3460/haplogroup ] mtDNAs differ
from one another at 16-29 sites. Therefore, these 11
pedigrees with LHON, in all likelihood, represent in-
dependent origins of the 3460 mutation.

11778 LHON mtDNAs

The 11778 mtDNAs from the 33 Dutch pedigrees
with LHON are distributed among six different hap-
logroups, and more than half of these pedigrees (18 of
33, or 55%) are members of haplogroup H, the most
common among European populations (e.g., Brown et
al. 1997; Torroni et al. 1997). Inspection of these 18
haplogroup H mtDNAs revealed that four of the pedi-
grees had identical sequences (S014, S060, S062, and
S080), with the exception that the mtDNA from pedigree
S014 lacked the private polymorphism at nt 9750. Ped-
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igree S014 was traced to a woman born ~1633 in Sprun-
del (van Senus 1963). Pedigrees S060, S062, and S080
are relatively small, with two or three affected males
each and no affected females. These pedigrees can be
traced to the same subregion of the Netherlands, but no
closer geographical or genealogical relationship can be
established.

There was an initial concern that haplogroup H
mtDNAs may not have diverged to a degree sufficient
to allow firm conclusions about shared ancestry. How-
ever, when we analyzed the 15 mtDNA sequences
(“counting” the S014/5S060/S062/S080 sequence only
once), the average number of site differences between
any two of the mtDNAs was 11.1 (similar to the average
for the 3460/haplogroup H mtDNAs), with 3 being the
smallest number of differences. Therefore, the proba-
bility of the 11778 mutation arising separately in four
founders within the same haplogroup H mtDNA se-
quence is vanishingly small, and we conclude that there
has been a single 11778 maternal ancestor to these four
pedigrees. We also note that the mtDNA sequences of
the S003 and S136 pedigrees differ at three sites in the
control region. Because these two mtDNAs are so sim-
ilar, relative to the average divergence between any two
of these haplogroup H mtDNAs, the question of a single
origin of the LHON mutation in these two families must
be considered. These two LHON mtDNAs both carry
a rare polymorphism at nt 3333 in the coding region, a
finding that suggests that these sequences are members
of the same small subclade within haplogroup H. We
have found two non-LHON haplogroup H mtDNAs in
the MitoKor database that carry the same polymor-
phism, and these two mtDNAs differ from each other
at two sites in the control region and at one site in the
coding region (data not shown). Thus, when we consider
the specific subclade of haplogroup H rather than the
haplogroup as a whole, the number of sequence differ-
ences between the S003 and S136 mtDNAs is typical for
members of the subclade. Independent origins of the
LHON mutations thus remains the most likely expla-
nation. It is noteworthy, in comparison to the cluster of
14484 sequences (fig. 1), that this is an example of how
analysis of closely related mtDNA sequences supports
independent origins of the LHON mutation.

It was also found that the mtDNA sequences of the
S007 and S066 11778/haplogroup U pedigrees with
LHON were identical. The S007 pedigree was traced to
a woman born in ~1631 in Groningen (van Senus 1963).
Pedigree S066 is very small, with only two affected fam-
ily members, and it has been traced back no further at
this point than a woman born in ~1843 in Leiden. In
addition, the 11778/haplogroup ] mtDNA sequences
from the S026 pedigree and from patient $999 are iden-
tical. Pedigree S026 could be traced to a woman born
~1736 in Wijnaldum (van Senus 1963), whereas patient



1466

§999 had no known family history of optic neuropathy
and was initially thought to have LHON of sporadic
origin.

There were no other instances of shared ancestry
among Dutch pedigrees with LHON that could be iden-
tified among the remaining 11778 mtDNA sequences.
For example, the six 11778/haplogroup T mtDNAs are
sufficiently diverged (an average of 13.8 site differences
between a pair of sequences) that independent ori-
gins of the LHON mutation is the only reasonable
conclusion.

Dutch Pedigrees with LHON That Lack One
of the Three Classic LHON Mutations

A total of seven Dutch pedigrees with LHON lack the
classic LHON mutations at nts 3460, 11778, and
14484: S006, S051, S077, S078, S084, S089, and S092.
We inspected the electropherograms to ensure that a het-
eroplasmic LHON mutation had not been missed by the
sequence analysis software.

Pedigree SO06 was traced to a woman born ~1679 in
Nootdorp (van Senus 1963). In contrast to the other
Dutch pedigrees with LHON, the maternally related
members of this family were affected by severe neuro-
logical abnormalities, particularly dystonia, in addition
to the optic neuropathy. De Vries et al. (1996) have
sequenced parts of the mtDNA of this pedigree, in an
effort to identify the pathogenic mtDNA mutations.
They identified a heteroplasmic mutation at nt 11696
and a homoplasmic mutation at nt 14596, both of which
alter the amino acid sequence of respiratory chain com-
plex I subunits. It was not clear which of these mutations
caused the clinical abnormalities in this family or if they
both did. Inspection of the complete mtDNA sequence
(see table 1 at the MitoKor Web site) does not reveal
any other candidate mutations. The 11696 sequence
change also occurs in the S061 11778 pedigree with
LHON, in which only the typical optic neuropathy oc-
curs and in which the mutation is homoplasmic. Fur-
thermore, this homoplasmic substitution also occurs in
two unrelated but clinically normal individuals whose
mtDNA sequences are in the MitoKor database (>1,200
complete mtDNA sequences; data not shown). Overall,
these results suggest that the nt 11696 mutation may
not be pathogenic.

The other six pedigrees were classified as having
LHON on the basis of the optic neuropathy, and it is
thus possible that some of these cases do not involve a
pathogenic mtDNA mutation. For multiple reasons, it
is difficult to identify with confidence rare LHON mu-
tations (Howell 1994), but one reasonable criterion is
to consider only those candidate mutations that alter
subunits of respiratory chain complex I. For example,
the complete mtDNA sequences from S078 and S084
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do not harbor substitutions that can be pathogenic; that
is, the mtDNA carries only polymorphic changes that
have been observed in European population surveys and
that are haplogroup-associated (Herrnstadt et al. 2002).
In addition, both S078 and S084 are pedigrees with only
single affected individuals, and we conclude that these
are not true LHON pedigrees. In a similar fashion, ped-
igree SO89 carries a polymorphism at nt 3338 that results
in the substitution of Ala for Val at position 11 of the
ND1 subunit of complex I. This is a poorly conserved
region of the protein; it is unlikely that the nt 3338
polymorphism is pathogenic.

The SO077 mtDNA carries a transition at nt 14325,
which changes the Asn residue at position 117 of the
ND6 subunit to Asp. This sequence change does not
occur in any of the >1,200 mtDNA sequences in the
MitoKor database. LHON mutations in the ND6 gene
are predicted to localize to a specific region (see fig. 4
of the article by Chinnery et al. [2001]). The Asn residue
at position 117 does not map to this “pathogenic” do-
main. Furthermore, the SO77 pedigree contains only a
single affected individual. The 14325 substitution is a
candidate LHON mutation, but the available evidence
is weak at this point. Pedigree S051, which includes two
affected brothers and their visually affected maternal
aunt, carries a mutation at nt 13051 that results in the
substitution of Ser for Gly at position 239 in the ND35
subunit and that does not occur among the other >1,200
mtDNA sequences in the MitoKor database. Mutations
at nts 13513 and 13514 cause an LHON/MELAS (mi-
tochondrial myopathy, encephalopathy, lactacidosis,
and stroke) overlap syndrome (see, e.g., Corona et al.
2001). More recently, Liolitsa et al. (2003) identified a
MELAS mutation at nt 13045, which changes the Met
residue at position 237 to Leu. They noted that this
patient was also affected with an LHON-like optic neu-
ropathy. The proximity of the nt 13045 and nt 13051
mutations is striking, as is the stringent evolutionary
conservation of this region of the ND5 subunit (see fig.
3 of the article by Liolitsa et al. [2003]).

The mtDNA from pedigree S092 did not carry any
suspect substitutions in the genes that encode complex
I subunits, but it did have a candidate mutation at nt
9804 that results in a substitution of Thr for the Ala at
position 200 of the CO3 subunit of cytochrome oxidase.
Johns and Neufeld (1993) were the first to propose that
this mutation causes LHON. In our previous analyses,
the nt 9804 mutation appeared as a polymorphism as-
sociated with a small cluster of haplogroup H sequences
(see fig. 3 of the article by Herrnstadt et al. [2002]),
including the S166 3460 pedigree with LHON. In the
MitoKor database, the nt 9804 mutation has been found
in five other haplogroup H mtDNAs, none of which is
from a clinically normal individual. These five patients
included two patients with Alzheimer disease, two with
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insulin-dependent diabetes, and an individual affected
with progressive supranuclear palsy. In addition, we
have also observed the mutation in a patient with optic
atrophy (data not shown). In contrast to the other
mtDNAs, that from this last patient belongs to African
haplogroup L2b. Therefore, this nt 9804 mutation rep-
resents an independent mutational event that also results
in an optic nerve disorder. Taken together, these results
suggest that the nt 9804 mutation may be pathogenic,
but the diversity of associated clinical abnormalities con-
founds any simple interpretation at this time.

Discussion

The major finding from this study is that there was a
founder event for the Dutch 14484 pedigrees with
LHON, and we were able to “link up” seven of the
Dutch pedigrees with LHON that had been first assem-
bled by van Senus (1963). Some of these pedigrees have
accumulated additional sequence changes, a phenome-
non that has been observed elsewhere (e.g., Heyer et al.
2001; Howell et al. 2003). Furthermore, the founder
mtDNA for the Dutch 14484 pedigrees with LHON was
also identified as the source of the founder effect pre-
viously observed for French Canadian pedigrees with
LHON (Macmillan et al. 2000). Because the maternal
origin of the van Senus S001 pedigree can be traced to
~1613 and because French Canadian settlement first
dates to the early 17th century, the 14484 LHON mu-
tation arose some time before 1600. We estimate here
that the mutation arose 900-1,800 years ago. The geo-
graphical origin of the common 14484 mutational event
is not known, but it is hoped that these results will cat-
alyze further studies of the population history of LHON
mutations.

There were five other instances in which we could
identify a relation by descent among different Dutch
pedigrees with LHON. Taking these results into con-
sideration, we make the conservative estimate that one
of the three classical LHON mutations has arisen 42
times in the Dutch population. In other words, our
sequencing analyses identify a total of 42 different
mtDNA lineages that carry an LHON mutation at nt
3460, 11778, or 14484. In these pedigrees, the genea-
logical studies of van Senus (1963) could trace a ma-
ternal ancestor to the 17th or early 18th centuries, a
result that suggests an even earlier origin of the LHON
mutation for these Dutch pedigrees with LHON.

Of the six instances in which we could connect fam-
ilies with LHON through their mtDNA sequences, three
involve additional substitutions that have arisen in a
branch of the lineage. That result supports our previous
suggestion that divergence in the mtDNA coding region
is substantially higher at the level of the pedigree than
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the divergence rate estimated with phylogenetic or pop-
ulation-based approaches (Howell et al. 1996, 2003).

Previous investigations have identified an association
of the 14484 LHON mutation with haplogroup J, and
this association was interpreted to mean that there was
a higher penetrance of the mutation when it arose in
this mtDNA background (Brown et al. 1997; Torroni
et al. 1997). It is worthwhile to consider whether the
strong founder effects in the Dutch and French Cana-
dian populations have contributed to this identification
of this association. The prevalence of the 14484 LHON
mutation is actually quite low in Denmark, Finland, and
the United Kingdom (e.g., see table 1 of the article by
Mackey et al. [1996]) and is apparently low in the Ital-
ian population (Torroni et al. [1997] identify two fam-
ilies). It appears that the 14484/haplogroup ] associa-
tion has relied heavily on analysis of families with
LHON from North America (e.g., Johns et al. 1993;
Brown et al. 1995). We therefore considered the pos-
sibility that the 14484/haplogroup ] association de-
tected in North American families with LHON may
have been inflated by “overcounting” pedigrees that
carry the Dutch/French Canadian founder sequence
(e.g., see Johnsetal. 1993; Brown et al. 1995). However,
Brown et al. (2002) performed a phylogenetic analysis
of mtDNA sequences from 18 haplogroup J pedigrees
with LHON (see their fig. 3). Only two of the seven
14484 mtDNAs belong to the 3394 subclade, thus set-
ting an upper limit on bias due to Dutch LHON founder
effects.

As noted above, we are analyzing the LHON mtDNA
sequences from a number of populations of European
descent. Although these analyses are not yet complete,
our results for the Australian population are relevant.
Thus far, we have mtDNA sequences for 46 Australian
pedigrees with LHON, 10 (22%) of which carry the
14484 mutation (1 of these 10 also carries the 11778
LHON mutation; Howell et al. 2002). Of these 10, 4
(40%) mtDNAs belong to haplogroup J, and the LHON
mutations represent independent events (N.H. and
D.A.M., unpublished data), a proportion that is lower
than the reported association of ~75%. In summary,
these various results indicate that there is a positive
association of the 14484 mutation with haplogroup ]J,
although the association may not be as marked as ob-
served in the initial studies. Although the Dutch LHON
founder sequence may have caused some overestimation
of the association, the relatively large number of inde-
pendent 14484 mutational events in different popula-
tions of European descent provides convincing evidence
that there is a positive haplogroup J association with
the 14484 mutation.

Of additional interest, only 1 (10%) of the 10 Aus-
tralian 14484 mtDNAs belongs to haplogroup H, a re-
sult that agrees with results from the Dutch pedigrees
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(table 1). Therefore, our results indicate that the pen-
etrance of the 14484 THON mutation is lowered in a
haplogroup H background (see the article by Howell et
al. [in press] for details). That is, there also appears to
be a negative association of this LHON mutation with
haplogroup H.

A 11778/haplogroup ] association has also been sug-
gested (Brown et al. 1997; Torroni et al. 1997), and our
preliminary results indicate such an association among
the Australian pedigrees with LHON (N.H. and D.A.M.,
unpublished data). However, there is no such association
among the Dutch pedigrees with LHON, and only ~10%
of these pedigrees carry a haplogroup ] mtDNA (table
1), a value in accord with the frequency of this haplo-
group in the European population. More recently, Brown
et al. (2002) have found an association between a LHON
mutation at nt 10663 and haplogroup J, although none
of the Dutch pedigrees with LHON carry this mutation.
How the mtDNA background determines or modifies the
phenotypic and clinical expression of pathogenic muta-
tions is just one of the questions that further analysis of
pedigrees with LHON will help to answer. There is much
to be gained from the meta-analysis of large numbers of
pedigrees for which mtDNA sequence information is
available.

Note added in proof.— Since the submission and re-
view of this article, we have completed the sequencing
of the mtDNAs from pedigrees S018 and S021, both of
which carry the 11778 LHON mutation. The mtDNA
from pedigree S018 does not match that from any other
Dutch pedigree with LHON. The mtDNA from pedi-
gree S021 (haplogroup T) matches perfectly that from
pedigree S041. Pedigree S021 was traced to a woman
born in ~1724 in Scharmer (van Senus 1963), whereas
pedigree S041 can be traced to a woman born in 1749
in Spijk, a town that is ~35 km from Scharmer. These
sequences have been included in the Dutch LHON
database.
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