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Summary

As with chromosomal DNA, the DNA located in mitochondria (mitochondrial DNA or
mtDNA) can contain mutations that are highly pathogenic. In fact, many diseases of the
central nervous system are known to be caused by mutations in mtDNA. The possibility
that mtDNA mutations contribute to susceptibility to MS has been approached from
several different angles, the most well-studied of which has been the apparent
connection between MS and the mitochondrial disease Leber hereditary optic
neuropathy.

At this point, no clearly defined connection has been established between mtDNA
mutations and the development of MS. However, the potential for such a connection still
exists, perhaps in a subset of MS patients. There is also a possibility that mtDNA
sequences influence the MS phenotype toward optic nerve involvement and/or that
somatic mtDNA mutations induced by inflammation play a role in subsequent
neurodegeneration. Each of these possibilities must be further clarified before the role
played by mtDNA mutations in MS can be fully understood.

Note: Details of most of the studies mentioned in this document can be found
summarized in the Cure Map genetic studies database, which can be downloaded from
the Accelerated Cure Project web site:
http://www.acceleratedcure.org/downloads/phase2-genetic-studies.xls

Hypotheses

(1) Mutations (either inherited or somatic) or common alleles or haplogroups in
mitochondrial DNA either directly cause MS or influence susceptibility to MS. (2)
Mitochondrial DNA mutations, alleles or combinations of alleles influence the phenotype
or progression of MS.

Experimental tests of the hypotheses

Association between MS and the LHON mutations: Many of the experiments
investigating associations between mtDNA genotypes and MS have explored a possible
connection between MS and the mitochondrial disease Leber hereditary optic
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neuropathy (LHON)". The possibility that MS and LHON might have a common genetic
basis has been suggested by the several observations of LHON patients or carriers of
LHON mutations who also have an “MS-like illness” or other features characteristic of
MS*°. These patients exhibit clinical manifestations of MS and/or demyelination as
confirmed by the presence of lesions in MRI, CSF abnormalities or evoked potential
results. One report noted an MS-like illness in 45% of the female LHON patients studied
who had a mutation at position 11778, a much higher percentage than normally would
be expected™. A recent analysis of LHON pedigrees in Belgium also revealed a higher
number with MS than the authors predicted would have occurred by chance'.

To further explore the connection between MS and LHON, many scientists have
performed genetic screens on MS patients for the mutations involved in or associated
with LHON*?*, Despite the numerous reports of LHON patients with MS-like illness,
none of the studies investigating the “primary” pathogenic mutations at 3460, 11778 and
14484 showed a significant association with MS; in fact, most did not even detect the
presence of these mutations in any of the subjects. Seventeen of the LHON screens
examined one or more of the “secondary” (non-pathogenic) LHON mutations at positions
4216, 4917, 13708 and 15257. Of the twelve case-control studies conducted for these
mutations, seven found no significant differences between patients and controls, while
five found an increased frequency in MS patients of at least one of the secondary
mutations. One of these studies used a very large sample size (5,209 individuals from
five European countries) to study seven mtDNA variants, including two LHON mutations.
Of these, 13708 was found to be significantly associated with MS, but only in cohorts
that were well-matched for age and geography®.

Finally, one study turned the MS/LHON question around and investigated whether HLA-
DR (a region associated with MS) was also associated with LHON, but no evidence for
such an association was found®.

Associations between MS and other mitochondrial loci: In addition to the LHON
mutation studies, scientists have searched for associations with MS elsewhere in the
mitochondrial DNA. For example, researchers have looked at the loci coding for a
homologue for a murine transplantation antigen®, and at the loci coding for COII,
ATPase 6 and 8, ND3, and ND4L subunits of oxidative phosphorylation as well as rRNA
and tRNA*. However, no evidence for any association with MS was found in either
study. Another group looked at the mtDNA that encodes subunits for Complex I; they
found no evidence for association in their first study®® but did find associations with
nt4917 (a secondary LHON mutation) and nt9055 in a follow-up study®. Other studies
have reported an association with MS for a polymorphism in the mt tRNA threonine
gene'® and a possible connection in a small subgroup of MS subjects of first
hypervariable D-loop (displacement loop) sequences in mtDNA?'.

Sequencing studies have also detected novel mutations in people with MS. For
instance, sequencing of a single MS subject detected a novel mutation at position

LHON is an early adult-onset disease often resulting in legal blindness. 95% of cases
are associated with 3 primary mutations in mtDNA. Penetrance of homoplasmic mutations
ranges from 8%-43% depending on specific mutation and gender (women have lower
penetrance), indicating that other genetic and/or environmental factors are required. LHON is a
relatively rare disease; prevalence in Europe has been estimated at 1-2/100,000.
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4298 sequencing of 26 optic neuritis cases revealed potentially pathogenic novel
mutations at ten locations®’; and sequencing of six mitochondrial genes in 20 MS
subjects detected four new point mutations. One particularly large study sequenced the
entire mitochondrial genome of 159 MS subjects and identified 62 novel variants, none
of which were seen in more than one subject®. On the other hand, a mutation at
position 13966 found during a full mMtDNA sequencing of an MS subject was detected
once again in a separate screening of 49 MS subjects®. It is unclear whether any of
these novel mutations may have played a role in the development of disease in these
subjects, although in the optic neuritis study mentioned above, those subjects with
potentially pathogenic mutations had worse residual visual function after recovery than
the other subjects.

Associations between MS and mitochondrial haplogroups: Other genetic studies have
investigated related groups of mtDNA loci, or haplogroups, with respect to MS. As with
the individual-locus studies mentioned above, these investigations have produced mixed
results. Six studies have found an association between MS or MS with optic neuritis and
haplogroups J or K (or J* or K*)%* 3% 414 Because many of the mutations associated
with LHON occur in haplogroup J, it is conceivable that the LHON-MS association is due
to susceptibility alleles for the two diseases sharing the same haplogroup. However,
other studies have found no association between these haplogroups and MS?® 343945,
Furthermore, speculating that the link between MS and certain mtDNA genotypes is due
to differences in reactive oxygen species production, one team of researchers searched
for a correlation between mtDNA haplogroup J* or K* and reactive oxygen species
production, but no such correlation was found*®.

Other haplogroups that have been associated with MS include haplogroups A*, BM*,
and U**. Many other haplogroups, such as H, |, M, and V, have been analyzed in
various studies but not associated with MS. One possible reason for the discrepancies
among these studies is that subjects from a variety of regions and ethnic groups were
analyzed (e.g., North American, Persian, Basque, and Spanish Caucasian).

Contributions of mutations in mtDNA to phenotype or progression: A few of the studies
referred to above involving the LHON mutations found higher incidences of mutations in
patients with optic neuritis compared to those without optic neuritis. However, others
found no meaningful differences between these two groups of patients. Similarly, of
those LHON screens that included only MS patients with visual involvement, some
showed evidence for association with LHON mutations while others did not.

mtDNA mutations may also influence disease progression in MS. For instance, it has
been suggested that oxidative species released as part of the inflammatory process may
induce somatic mutations in mtDNA, which themselves may then go on to influence the
progression of the disease in certain ways. Three studies demonstrated that nitric oxide
(NO) induces damage to mitochondrial DNA in oligodendrocytes; one of these studies
showed that oligodendrocytes are more sensitive to the effects of NO than are
astrocytes or microglia®”*°. Another two studies documented the presence of oxidative
species or oxidative damage to mitochondrial DNA in plaque tissue®® **. However, in
another study, accumulation of mtDNA deletions, which has been associated with
neurodegeneration and aging, was found to be equally prevalent in MS normal-
appearing brain tissue compared with plaque tissue, and in MS normal-appearing brain
tissue compared with tissue from age-matched controls®.
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Gene expression studies: A small number of studies have assessed mitochondrial gene
expression and activity in tissues from people with MS. For instance, a study of skeletal
muscle detected reductions of complex | activities in MS subjects compared with
controls®®, and another showed that complex | and Ill activities were decreased in the
motor cortex of people with MS®*. However, these alterations may result from something
other than mtDNA mutations (and in fact, one of these two studies did not find any
mtDNA deletions in skeletal muscle from the MS subjects®).

Copy number variations: One study analyzed the copy number of a particular mtDNA
gene compared with that of an invariable nuclear gene, and found this ratio to be
increased in normal-appearing gray matter in MS subjects (compared with normal-
appearing white matter and plaques from MS subjects or gray matter from non-
neurological disease controls). The authors suggested that this increase in mtDNA copy
numbers may reflect an attempt to compensate for axonal loss in MS gray matter®™. A
similar study of 26 optic neuritis subjects (six of whom had clinically definite MS)
reported that the ON group had a higher lymphocyte mtDNA content, but lower
mitochondrial respiratory activity, than controls®. Sixteen of the ON subjects were also
found to harbor potentially pathologic mtDNA variants.

Conclusions

Because transmission of mtDNA is maternally-based, diseases that are caused solely by
defects in mtDNA are marked by the absence of father-child affected pairs. Father-child
affected pairs do exist in MS, and indeed some (although not all) studies have found
them to be relatively overrepresented in MS compared with mother-child affected pairs®®.
Therefore, MS is not caused solely by inherited mtDNA mutations. (It is hypothetically
possible, if we assume that MS is a group of diseases, that inherited mtDNA mutations
could be the sole and sufficient cause in a subset of MS families where the transmission
is maternal. In such a situation where an mtDNA mutation alone can trigger a form of
MS, heteroplasmy might explain why some of the offspring in these families develop MS
and some do not. At present there is no evidence for this particular model of MS.)

A more realistic possibility is that susceptibility to MS is influenced by inherited mtDNA
mutations or alleles. Circumstantial evidence in the form of patients with LHON
reporting MS-like symptoms has led to multiple studies searching for associations with
MS in the mitochondrial genome. At this time no locus has been definitively linked with
MS although the “secondary” LHON mutations, which showed mixed results, may merit
further research, as may other polymorphisms that have been identified in single studies.
The primary LHON mutations have largely produced negative results in screens of MS
patients. However, the increased prevalence of MS in LHON families suggests that
primary LHON mutations may nevertheless increase susceptibility to MS, and that the
failure to find an association in the MS patient studies is due to the rarity of these
mutations. Alternatively, the LHON mutations may belong to a haplogroup which also
contains a mutation predisposing to MS.

Because many of the studies of mtDNA in MS patients were limited in population size or
number of loci examined, a comprehensive screen including all candidate loci and a
sufficient number of patients and controls would be helpful in resolving whether certain
inherited mtDNA genotypes increase MS risk. Careful matching of cases to controls is
important, as highlighted in one analysis®* which found that variants differed in frequency
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between older vs. younger people and among people from different geographic locations
to a degree that can affect the outcome of genetic studies. In addition, results from
some of the LHON screening studies raise the possibility that mtDNA mutations
influence MS phenotype, specifically the presence and extent of visual involvement.
However, the nature of this influence is not yet well-defined and would also benefit from
further study.

The possibility that somatic mtDNA mutations accumulating over time may be an initial
cause of MS has not been extensively explored. It is possible that tissue-specific clonal
expansion of mtDNA point mutations or deletions may take place in CNS or other tissue
leading to CNS degeneration. This phenomenon appears to become more pronounced
with age and has been suggested to play a role in aging or degenerative disease®’. As
mentioned above, however, one study found no evidence that the type of deletions
associated with aging were more common in the brain tissue of people with MS than in
age-matched controls. Itis also possible that some factor (e.g., a mutagen or defect in
MtDNA repair) acting on mtDNA in a tissue-specific manner may trigger MS.

With regard to MS progression, the few studies examining the inducibility and presence
of mtDNA somatic mutations in MS suggest that mtDNA damage incurred during the
course of MS may contribute further to the pathogenesis of the disease. It has been
demonstrated that oxidative species are capable of damaging mtDNA in vitro, that
oxidative markers are present in MS plaques and proximal areas, and that oxidative
damage to mtDNA can be found in chronic active plagues. Again, more research is
needed to define the exact contribution of this damage to the neurodegeneration seen in
MS.
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